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  Pref ace   

 The ‘soft’ ionization technique  matrix - assisted laser desorption / ionization  
(MALDI) is without doubt one of the great success stories of modern mass spec-
trometry (MS). In particular, the further development of MALDI and in general 
‘soft’ laser ionization, focusing on their unique characteristics and advantages in 
areas such as speed, spatial resolution, sample preparation, and low spectral com-
plexity, have led to great advances in mass spectral profi ling and imaging with an 
extremely auspicious future in (bio)medical analyses. 

 Nonetheless, in some of today’s main MS application fi elds (e.g., in proteomics), 
electrospray ionization (ESI) rather than MALDI is mostly still the technique of 
choice despite MALDI’s many ‘unique selling points.’ There are many reasons for 
this such as ESI’s easy online coupling to liquid chromatography and formation of 
multiply charged ions with the associated advantages in structure analysis as well as 
being a superior match to high-performing mass analyzer technologies. However, 
MALDI and other ‘soft’ laser ionization techniques have been making great strides 
in these strong domains of ESI. Although often based on direct coupling to ESI, 
these have in recent years progressively been made by borrowing ideas from ESI’s 
fundamental aspects and sometimes arguably by merging with these to become a 
new form of MALDI (or ‘soft’ laser ionization). 

 These two parallel mainstreams of developments have led to a multitude of 
promising new applications for MALDI and laser-induced ‘soft’ ionization. Many 
of these have now reached the level where they are becoming increasingly interest-
ing to the scientifi c community at large, looking for alternative analytical solutions 
or performance that can go beyond the current standard. 

 This book provides a practical guide with ‘road-tested’ protocols, focusing on 
some of the most intriguing and unique techniques and applications that also prom-
ise to be analytically valuable and not just an interesting fringe phenomenon in the 
vast array of possible laser-based ‘soft’ ionization techniques. As such, these appli-
cations and techniques will also be of interest to the nonexpert scientist who would 
like to explore and try new methods in the (bio)analytical sciences that might offer 
complementary and/or superior analytical capabilities. 
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 Finally, I would like to dedicate this book to my former supervisor, mentor, and 
close collaborator on many of my (MA)LDI studies. As a brilliant scientist and co- 
inventor of MALDI, his knowledge about ‘soft’ laser desorption and ionization was 
second to none. 

  In memoriam Franz Hillenkamp .  

  Reading, UK     Rainer     Cramer     
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      Employing ‘Second Generation’ Matrices       

       U.     Bahr      and     T.  W.     Jaskolla    

    Abstract     The ‘fi rst generation’ of matrix-assisted laser desorption/ionization 
(MALDI) mass spectrometry (MS) matrices was found randomly during the early 
days of MALDI by empirical testing of hundreds of small molecules with molecular 
weights of typically about 150–250 g/mol and high absorption at the wavelength of 
the laser used for irradiation. For the ‘second generation’ matrices the structures of 
established matrix molecules were systematically modifi ed by varying the nature, 
number, and position of their functional groups. The objective was to gain a better 
understanding of how the physicochemical processes essential for matrix and ana-
lyte ion generation are affected by the matrix molecular structure. With the uncover-
ing of key ionization steps, predictions regarding the MALDI performance of 
in-silico designed matrix compounds came within reach by computational calcula-
tions. This marked a milestone in matrix development and provided valuable infor-
mation for the creation of optimized compounds. The most comprehensive 
modifi cations were done on the core structure of the most widely used matrix 
α-cyano-4-hydroxycinnamic acid (CHCA) as chemical lead. Three derivatives 
proved to be outstanding and found their way in different fi elds of application. The 
Cl-substituted derivative of CHCA, 4-chloro-α-cyanocinnamic acid (ClCCA), was 
selected as the most potent matrix for the analysis of several substance classes 
including peptides. Compared to the hitherto favored CHCA, this new matrix is 
superior in detecting small amounts of in-solution as well as in-gel digested proteins 
leading to typically higher sequence coverages. Due to its higher protonation effi -
ciency, discrimination of less basic peptides is strongly diminished which enables 
more uniform peptide detection. In addition to the more sensitive analysis of acidic 
peptides, the higher sensitivity also allows for the detection of low-abundant pep-
tides such as phosphopeptides, enzymatically digested peptides with higher  numbers 
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of missed cleavages or less or even nonspecifi c cleavage sites (e.g., generated by 
elastase, slymotrypsin or proteinase K). This matrix can also be used for the analy-
sis of substance classes such as lipids in positive ion mode and labile glycans in 
negative ion mode. Another CHCA derivative, α-cyano-2,4-difl uorocinnamic acid 
(DiFCCA), was successfully applied for the most sensitive production of positive 
ions from phosphatidylcholines. In negative ion mode, a third derivative, α-cyano-
4-phenylcinnamic acid amide (Ph-CCA-NH 2 ), showed promising results in lipid 
analysis. Finally, 1,8-bis(dimethylamino)naphthalene (DMAN) as a very strong 
base is predestined for negative ionization of acidic compounds. This matrix only 
generates its intact protonated form [matrix + H] +  and is suitable for the analysis of 
small molecules in positive and negative ion mode.  

1           Introduction 

 The apparent characteristics of a matrix-assisted laser desorption/ionization 
(MALDI) matrix are suffi ciently high absorption at the irradiation laser wavelength, 
analyte incorporation into an excess of matrix (i.e., co-crystallization resulting in 
crystal lattice defects and/or generation of lacunas fi lled with solvent and, eventu-
ally, analytes) 1  and the ability of protonation or deprotonation. Hundreds of small 
organic molecules have been tested especially in the fi rst years after MALDI was 
invented but only a few are left today and have found broad application. 

 Different classes of analytes often require different types of matrix molecules, 
which can be explained by the necessity of matrix–analyte co-crystallization, the 
way of charge transfer to the analyte and/or the exclusion of impurities. Examples 
for the latter are matrices such as 2,5-dihydroxybenzoic acid (DHB), which are 
advantageous in sample purifi cation through desalting crude analyte samples (or 
more precisely, through the selective exclusion of ions with high charge density 
such as alkali metal ions). This is also the case for the binary matrix DHBs (a 9:1 
mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) for 
the detection of large proteins or 3-hydroxypicolinic acid with the addition of diam-
monium hydrogen citrate for oligonucleotide analysis. However, today’s most 
widely used matrix is α-cyano-4-hydroxycinnamic acid ( CHCA  ) (Beavis et al. 
 1992 ) since this compound offers high sensitivity for protein and peptide analysis 
which is currently one of the main applications of MALDI MS. Its advantage over 
other matrices is the formation of small matrix–analyte crystals, uniform in spatial 
distribution on the sample target as well as crystal size, either by dried-droplet or 
thin-layer preparation. 

 Due to these reasons, Jaskolla et al. started systematic matrix design studies in 
2008 with  CHCA   as lead substance and synthesized derivatives of CHCA by 
 systematically varying its functional groups (Jaskolla et al.  2008 ). Based on these 

1   In the case of liquid MALDI samples analytes are naturally well-incorporated into an excess of 
matrix (cf. the chapters on liquid MALDI MS). 

U. Bahr and T.W. Jaskolla
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studies, 4-chloro-α-cyanocinnamic acid ( ClCCA  ) was designed as most potent 
matrix molecule which exhibits a clearly higher protonation effi ciency compared to 
CHCA, an effi cient conversion of its matrix radical cation to the corresponding 
protonated species, an absorption maximum close to the wavelength of the nitrogen 
(N 2 ) laser typically used in many MALDI mass spectrometers (337 nm), suffi cient 
stability upon irradiation and transfer into (ultra-)high vacuum, effi cient analyte 
incorporation due to its carboxylic acid group, an isotopic pattern which does not 
impede analyte detection and, last but not least, a crystal morphology appropriate 
for MALDI MS. 

 With this compound, a considerable improvement in MALDI performance for 
proteomics analysis was achieved regarding sensitivity, signal-to-noise (S/N) ratio, 
sequence coverage, and a more uniform peptide mapping with lower bias for pep-
tides with the strongly basic residue arginine (Jaskolla et al.  2008 ,  2009a ; Leszyk 
 2010 ; Papasotiriou et al.  2010 ). 

1.1     A Detailed Background for the MALDI Enthusiast 
(Can Be Skipped by the MALDI Novice) 

 At the beginning of the rational MALDI matrix design studies by Jaskolla et al., a 
plethora of measurements were conducted to obtain crucial matrix and MALDI pro-
cess information. Since the fi rst newly devised matrix candidates were derivatives 
of  CHCA  , these were compared to CHCA with respect to the detectable ion species, 
ion intensities, and sequence coverage in peptide mass fi ngerprint experiments. 
With this information as well as the physicochemical properties of the individual 
derivatives a knowledge database was created from which conclusions between 
matrix structure and performance could be drawn. It was realized that an acidic 
functional group is essential for sensitive detection of analytes exhibiting basic 
groups such as peptides. Upon (matrix) crystallization with crystal lattice formation, 
structurally different compounds (such as analytes) are usually excluded from the 
growing crystal, a process typically used for purifi cation purposes. Nevertheless, it 
was assumed that the growing matrix crystal surface also contains deprotonated 
matrix molecules which are capable of temporary binding dissolved protonated ana-
lytes by ion–ion interactions. Upon proceeding crystallization at the surrounding 
crystal surface, the bonded analyte ion would be incorporated into the matrix crystal 
rather than bulk-separated as in crystallization for purifi cation purposes. Such an 
analyte incorporation would be the more effi cient the stronger the matrix–analyte 
pairing would be. Consequently, ion–ion interactions between matrix and analyte 
will result in highest analyte intensities which is in agreement with experiments 
testing matrix derivatives with carboxylic acids, -amides or -esters as functional 
group of the α-cyanocinnamic acid (CCA) side chain (Jaskolla et al.  2008 ). 
Depending on the pH of the sample preparation, only a fraction of the acidic matrix 
molecules will be deprotonated and available for analyte bonding—especially if an 
acid such as trifl uoroacetic acid (TFA) is added for analyte protonation. However, 

Employing ‘Second Generation’ Matrices
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taking into account typically used MALDI conditions with matrix:analyte ratios 
of about 10 3 –10 8 :1 it is obvious that the deprotonated matrix percentage generally 
outnumbers the analyte amount. 

 Following this idea, the sulfonic acid derivative of  CHCA   was synthesized which 
should be able to incorporate analytes even more effi ciently due to a higher percent-
age of deprotonated matrices resulting from a lower sulfonic acid p K  a  (in addition 
to an also more effi cient analyte protonation in the gas phase; see below). Although 
extraordinarily high sensitivities were achievable during the fi rst few shots of laser 
irradiation, all tested sulfonic acid CCA derivatives were extremely volatile at pres-
sures of up to 0.1 mbar. Responsible for this lacking stability is the missing planar-
ity of such matrix compounds which impedes intermolecular π–π-stacking as is the 
case for CCA derivatives with planar carboxylic acid groups. Furthermore, sulfonic 
acids contain an unbalanced 1:2-ratio of hydrogen bond donor and -acceptor which 
is less suitable for intermolecular matrix attraction compared to carboxylic acid 
groups which exhibit a well-balanced 1:1-ratio of hydrogen bond donor and -acceptor. 
As a result, the latter matrix compounds are stabilized in the solid state by hydrogen-
bridged dimerized carboxylic acid groups as was shown for 4- hydroxycinnamic 
acid (Bryan and Forcier  1980 ), 3,4-dihydroxycinnamic acid (Garcia-Granda et al. 
 1987 ), sinapic acid (Beavis and Bridson  1993 ), and 2,5-DHB (Haisa et al.  1982 ). 
Another disadvantage results from restricted π–π-orbital overlapping between 
CCA-sp 2 -carbon atoms and the tetrahedral sulfonic acid head group compared to 
the trigonal planar carboxylic acid head group which also exhibits a sp 2 -carbon 
atom. As a result, sulfonic acid derivatives of CCAs comprise less pronounced 
chromophore systems and blue-shifted absorption profi les compared to their car-
boxylic acid analogs. Dependent on the chosen auxochrome(s), such compounds 
exhibit insuffi cient absorption properties at the commonly used MALDI wave-
lengths of 355 or 337 nm (see Table  1 ).

   This leads to the important prerequisite of suffi cient absorption at the irradia-
tion wavelength. Elimination of the carboxylic acid head group of CCAs not only 
lowers the effi ciency of analyte incorporation/co-crystallization but also results in 
a blue- shifted absorption profi le with insuffi cient or at least strongly lowered 
absorption properties dependent on the selected irradiation wavelength and sub-
stituents at the phenyl moiety. The same is true for the elimination of the α-cyano 
group (see Table  1  and the examples of (α-cyano-)4-methyl- and (α-cyano-)4-
methoxycinnamic acid). 

 Upon analysis of the composition of the phenyl moiety, several effects have to be 
discussed. First, the size of its aromatic system and the possible mesomeric and 
inductive effects of the substituents affect the overall absorption profi le of the CCA 
derivative. Increasing the chromophore, e.g., by replacing the phenyl residue with a 
naphthyl group or extending the vinyl side chain, results in distinct bathochromic 
shifts of the corresponding absorption profi le compared to that of CCA. 

 This is also the case for substitution by functional groups with positive  mesomeric 
(+M)-effects such as hydroxyl or methoxy groups or, to a lesser extent, with positive 
inductive (+I)-effects. Halogen substituents exhibit a combination of +M- and 
 comparably strong −I-effects. From fl uorine to iodine, the +M-effect weakens due 

U. Bahr and T.W. Jaskolla
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to enlarging p-orbitals resulting in diminished overlaps with the p-orbitals from 
the neighbored carbon. At the same time the electronegativity decreases from fl uo-
rine to iodine resulting in diminishing deactivating −I-effects. The overlap of both 
effects leads to a comparably low absorption at the standard wavelengths for 
the 4-fl uoroCCA derivative (FCCA) but continuously rises upon substitution with 
higher period halogens. 

 Substitution at the 2- or 6-position instead of the 4-position changes the mor-
phology of the MALDI sample for the CCA derivatives but has only little conse-
quences for the absorption profi le if the substituent does not sterically interfere with 
the CCA side chain. As an example, the molar absorptivities for 2- and 4- fl uoroCCA 
are comparable, whereas more bulky chlorine leads to a reduction in absorption by 
switching from the 4- to the 2-position (see Table  1 ). 

 Even worse is the combination of bulky substituents at the 2- and the 6-position. In 
this case the vinyl side chain rotates out of plane which prevents optimal π– π- orbital 
overlapping between phenyl- and vinyl-group and leads to lacking absorption (see 
Fig.  1  and Table  1 ).

   With respect to the vinyl side chain carrying the electron-withdrawing cyano- and 
carboxylic acid group, +M-substituents (e.g., halogens) act as auxochromes at ortho- 
and para-positions leading to red-shifted absorption profi les. By contrast, halogen 
substitution at meta-positions causes hypsochromic shifts due to their −I-effect. The 
infl uence of the positions of the substituents is demonstrated in Table  1  by the exam-
ple of α-cyano-2,4-difl uoroCCA ( DiFCCA  , +M-effect at ortho- and para-positions 
causes red-shift) and α-cyano-3,5-difl uoroCCA (−I-effect at meta-positions causes 
blue-shift). 

 Elimination of the +M-effect of halogens at o-/p-positions is possible by insert-
ing an additional methylene group between halogen and chromophore. One exam-
ple for such a combination is para-substitution by a trifl uoromethyl group. The 
resulting compound α-cyano-4-(trifl uoromethyl)cinnamic acid (F 3 CCCA) does not 
absorb anymore at 355 nm and exhibits only very low absorption at 337 nm due 
to the eliminated +M-effect in combination with the distinct −I-effect of the 
substituent. 

  Fig. 1    Planar and out of plane structures of 2,3,5-trichloroCCA ( left ) and 2,3,6-trichloroCCA 
( right ) after optimization by  DFT  -B3LYP/6-311G(2d,2p). Image reproduced from Jaskolla ( 2010 )       
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 What happens if (nearly) all phenyl-hydrogens are substituted against halogens? 
2,3,4,5,6-Pentafl uoroCCA is a low melting crystalline compound without any absorp-
tion at 337 and 355 nm due to cumulated −I-effects. 2,3,4,5-Tetrachloro- and 
2,3,4,5-tetrabromoCCA as well as 2,3,4,5,6-pentabromoCCA exhibit suffi cient 
absorption at both 337 and 355 nm due to the above discussed weakening −I-effect at 
higher periods (see Table  1 ). The pentabromoCCA derivative exhibits two bulky sub-
stituents at the 2- and 6-position which cause an angulated geometry as discussed for 
2,3,6-trichloroCCA. However, due to the para-bromo substituent this compound still 
exhibits suffi cient absorption. Nevertheless, two disadvantageous effects prevent these 
compounds to be used as effective MALDI matrices. The fi rst is their extensive isoto-
pic pattern resulting from their high amount of chloro- and bromo-substituents. The 
corresponding matrix spectra show several matrix clusters which cover  m / z -ranges of 
up to 30 per ion species due to broad isotopic patterns which impede certain analyte 
detection. The second disadvantage results from the cumulated electron-withdrawing 
effects of the halogens, the cyano-, and carboxylic acid group which cause destabiliza-
tion and induce intense photofragmentation upon irradiation. 

 Another effect regarding the composition of the phenyl moiety refers to the reac-
tivity of the protonating agent [matrix + H] + . Two factors infl uence the effi ciency of 
a protonation reaction: the basicity of the analyte (which typically cannot be altered) 
and that of the proton donating agent (the matrix). The latter point is described by 
the matrix proton affi nity (PA). A low PA equates to a high protonation power due 
to an energetically unfavorable situation of the [matrix + H] + -ion and enables greater 
proton transfer and thus more sensitive analyte detection. To decrease the PA of a 
matrix, its protonated counterpart has to be destabilized which can be realized by 
confi ning the extent of delocalization of its positive charge. This can be simply 
accomplished by inserting electron-withdrawing substituents, which generate posi-
tive partial charges in the phenyl moiety. As a result, the positive charge of 
[matrix + H] +  cannot be delocalized over the whole conjugated system with the 
result of high charge densities at the remaining delocalization possibilities which 
is energetically unfavorable in the gas phase provided under MALDI conditions. As 
can be seen from Fig.  2 , the charge density localized at the vinyl side chain increases 
from 57% for  CHCA   with an electron-donating hydroxyl group to 64 and 71% in 
case of one (4-chloroCCA,  ClCCA  ) or two (2,4-difl uoroCCA,  DiFCCA  ) electron- 
withdrawing halogens.

  Fig. 2    Charge density distribution of protonated  CHCA  ,  ClCCA  , and  DiFCCA   separated into the 
phenyl moiety and side chain sections. The energetically lowest isomers were calculated by means 
of  DFT  (B3LYP)/6-311++G(3df,3pd). The charge density calculations were performed by Mulliken 
population analysis (UHF/6-311G(d,p)). The sum of all partial charges is 1       
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   As a result of the restricted charge delocalization, the PA drops with increasing 
halogenation as can be seen in Fig.  3 . The PA values were calculated by means 
of  DFT  (B3LYP)6-311++G(3df,3pd) as well as the more accurate MP2(Full)/
6- 311+G(2d,2p) level of theory. Experimentally determined PA values of DHB 
(Burton et al.  1997 ),  CHCA   (Jørgensen et al.  1998 ; Porta et al.  2011 ), and  ClCCA   
(Porta et al.  2011 ) are between the two calculated values and follow the general 
trend of the calculated values (see Fig.  3 ).

   Experiments using Cook’s Kinetic Method have shown that a lower matrix PA 
results in a higher proton transfer effi ciency (Jaskolla et al.  2008 ). Solely based on 
PA, a perhalogenated CCA derivative would be most reactive for proton transfer. 

 Another important point for designing highly reactive matrices is the formation 
effi ciency of the required matrix species. Ehring et al. have speculated that the pro-
tonated matrix species [matrix + H] +  is obtained from hydrogen atom transfer from 
a neutral matrix to a matrix radical cation generated by photoionization (matrix + 
matrix •+  → [matrix − H] •  + [matrix + H] + ; Ehring et al.  1992 ). This assumption is in 
agreement with fi ndings of Land and Kinsel which support photoionized matrix 
radical cations to be the essential precursors for analyte protonation with the possi-
ble intermediate generation of protonated matrix species (Land and Kinsel  1998 ). 

 Starting from the neutral matrix, the question arises which of its hydrogens are 
accessible for transfer to matrix radical cations. Although it seems reasonable that 
the carboxylic acid hydrogen will be the most easily one to cleave, substituting 
the phenyl hydrogens against halogens or other hydrogen-free substituents might 
signifi cantly lower the hydrogen transfer probability and impede [matrix + H] + -
formation. For this purpose, CCA- d6  (MW = 179 g/mol) was synthesized with only 
one hydrogen left at the carboxylic acid group and compared to underivatized 
 1 H- CCA  (MW = 173 g/mol; see Fig.  4 ).

   The CCA- d6  peak ratio  m / z  180:181 corresponds to that of CCA at  m / z  174:175. 
Therefore, the peak at  m / z  181 in the CCA- d6  spectrum refers to the  13 C-isotope of 
[matrix + H] +  but not to the generation of [matrix + D] + . Consequently, the hydrogen 

  Fig. 3    Calculated and experimentally determined proton affi nity values of DHB,  CHCA  , and several 
halogenated CCA derivatives. See text for further details       
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required for [matrix + H] +  formation originates more or less exclusively from the 
CCA carboxylic acid group. 2  From this result, elimination of the phenyl- and vinyl- 
hydrogens should not limit the effi ciency of [matrix + H] +  formation. 

 However, Soltwisch et al. have investigated the infl uence of the irradiation wave-
length and laser fl uence on the resulting matrix and analyte ion intensities (Soltwisch 
et al.  2012 ). Matrices of interest were, amongst others,  CHCA   as well as the halo-
genated counterparts  ClCCA  ,  DiFCCA  , and TriFCCA. From these data it is evident 
that there is a shift from the product [matrix + H] +  to the precursor matrix •+  with 
increasing halogenation (see Fig.  5 ).

   As discussed before, reduced amounts of available phenyl hydrogens as a result 
of matrix halogenation do not directly correlate with restricted [matrix + H] + -
formation. Consequently, the apparent impeded conversion of matrix •+  to [matrix + 
H] +  with increasing halogenation seems to result from energetically unfavorable 
[matrix + H] +  formation enthalpies. To verify this hypothesis, the neutral, radical 
cationic, protonated, and hydrogen radical abstracted structures of  CHCA  ,  ClCCA  , 
 DiFCCA  , and TriFCCA were energetically minimized using density functional 
theory ( DFT  ) and the highly extended UB3LYP/6-311++G(3df,3pd) basis set. 
Starting from optimized geometries, the self-consistent fi eld energies, zero- point 
energies, vibrational energies and entropies were calculated at 298.15 K for each 
structure of the four matrices and used for calculating the respective overall 
free reaction enthalpy Δ G  r  of matrix + matrix •+  → [matrix − H] •  + [matrix + H] + . The 
(zero-point) vibrational energies were corrected by a scaling factor of 0.9877 
according to Andersson and Uvdal ( 2005 ). The results obtained are given in Table  2 .

   The formation of protonated matrices according to matrix + matrix •+  → [matrix − 
H] •  + [matrix + H] +  is endergonic for all investigated cases. Formation of [ CHCA   + H] +  

2   Note that hydrogens of phenolic hydroxyl groups can be abstracted even more easily as will be 
discussed later with the example of  CHCA . 

  Fig. 4    Comparison between matrix spectra of CCA and CCA- d6  recorded in positive ion mode 
with 500 single shots per spectrum. An amount of 10 nmol of each matrix was prepared in 0.5 μL 
of 70% ACN ( c  = 20 mM), dried and measured at 337 nm using an Applied Biosystems Voyager 
DE-STR TOF MS. Low laser fl uences were chosen for undisturbed isotopic ratios       
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  Fig. 5    Heat maps displaying the detected matrix •+  (ma •+ ) and [matrix + H] +  ([ma + H] + ) intensities 
in dependence on the irradiation wavelength ( ordinate ) and laser fl uence ( abscissa ). The intensities 
are given in arbitrary units with  red  representing highest intensities. Neat matrix samples (i.e., 
samples without any additives or analyte) of  CHCA  ,  ClCCA  ,  DiFCCA  , and TriFCCA were inves-
tigated. For more details, see Soltwisch et al. ( 2012 )       
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requires the least amount of energy, which is in agreement with the detected effi -
cient conversion of CHCA •+  to [CHCA + H] +  (Fig.  5 ). This is mainly due to the fact 
that the most stable [CHCA − H] •  structure refers to the phenoxy radical whereas the 
most stable halogenated [CCA − H] •  structures are carboxy radicals. Hydrogen 
abstraction from the carboxylic acid group requires clearly more energy (with Δ G  r s 
of 1753–1754 kJ/mol) than is necessary for phenols (Δ G  r  of only 1666 kJ/mol, see 
Fig.  6 ). As a result of this difference, the overall free reaction enthalpies rise for the 
halogenated matrices (see Table  2 ). Calculations of the spin densities of the haloge-
nated [CCA − H] • -structures reveal that the radical is localized at the carboxylic acid 
head group only, which explains the nearly identical free reaction enthalpies of the 
hydrogen abstraction step for the investigated halogenated CCA derivatives.

   Generation of [matrix + H] +  by the addition of a hydrogen atom to matrix •+  is a 
strongly exergonic process which releases the more energy the higher the matrix 
halogenation state is (see blue data in Fig.  6 ). In this context the charge conditions 
within the matrix radical cations are important. Here, both the radical and positive 
charge aspect destabilize the matrix radical cation due to the defi ciency in electrons 
and negative charge. The addition of a hydrogen atom neutralizes the radical and 
stabilizes the resulting ion [matrix + H] +  which explains the exergonic free reaction 
enthalpies. The radical as well as the positive charge of the matrix radical cation is 
delocalized throughout the conjugated system. These delocalizations are the less 
effi cient the more electron-withdrawing (halogen) substituents are present. There-
fore, elimination of energetically unfavorable matrix •+ -states gets more exergonic 
with higher degrees of halogenation (see Fig.  6 ). Generation of the F 3 CCCA matrix 
radical cation requires more energy than in the case of TriFCCA. However, the free 
reaction enthalpy for subsequent [F 3 CCCA + H] +  generation does not increase since 
the protonated F 3 CCCA species is more reactive, i.e., energetically higher than that 
of TriFCCA. 

 Summation of the free reaction enthalpies of both partial reactions results in 
the overall free reaction enthalpy Δ G  r  given in Table  2 . However, this still does not 
explain why CCA derivatives generate increasingly less [matrix + H] +  ions 
with increasing halogenation. Since the generation of protonated matrix ions is 
 endergonic, the amount of energy available for this process needs to be considered. 
For this purpose, the ionization energies (IE) for the generation of the discussed 
matrix radical cations were calculated (see Table  2 ). The available energy deposited 

       Table 2    Calculated free reaction enthalpies Δ G  r  for matrix + matrix •+  → [matrix − H] •  + [matrix + H] + , 
matrix ionization energies (IE), and the sum of both for several CCA derivatives using  DFT   and 
the UB3LYP/6-311++G(3df,3pd) basis set   

 Matrix  Δ G  r  at 298.15 K (kJ/mol)  IE at 298.15 K (kJ/mol)  Σ(Δ G  r  + IE) (kJ/mol) 

  CHCA    13.84  795.88  809.72 
  ClCCA    86.83  833.93  920.76 
  DiFCCA    75.11  851.56  926.67 
 TriFCCA  64.72  864.06  928.78 
 F 3 CCCA  64.66  876.68  941.33 
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into a specifi c matrix volume by irradiation (which depends on the laser fl uence and 
the specifi c matrix extinction coeffi cient at the irradiation wavelength) will be par-
tially used up for the photoionization step. Consequently, the remaining energy 
available for secondary reactions such as the formation of protonated matrix ions 
will be the lower the more energy was consumed for previous photoionization. One 
has therefore to summarize the photoionization energy and Δ G  r  for the subsequent 
formation of [matrix + H] +  which is given in Table  2 . Although further factors (e.g., 
secondary energy loss channels such as fragmentation, fl uorescence, or radiation-
less relaxation) have to be considered as well as somewhat lowered IEs of large 
clusters compared to the calculated single molecules, the rising energy amounts 
explain why highly halogenated matrix compounds exhibit restricted conversion 
effi ciencies to the [matrix + H] +  species necessary for analyte protonation. This 
observation is one of the limiting steps in efforts to increase matrix reactivity. For 
instance, protonated TriFCCA is a highly reactive species but the generated amount 
is too low for making TriFCCA an effi cient MALDI matrix. 

 A further aspect to discuss refers to the morphology of MALDI samples, which 
is essentially identical to neat matrix samples. Upon analysis of dozens of CCA 
derivatives, two usually occurring morphologies have been recognized: Branched 
needles with typically high surface coverage and small compact crystals with a low 
surface coverage (see Fig.  7  for the examples of FCCA and  ClCCA  , and Jaskolla 
et al.  2008 ).

   High analyte intensities were only detectable in the case of compact crystals. The 
exact reasons are unknown so far but we assume the surface:volume ratio of the 

  Fig. 6    Free reaction enthalpies for matrix + matrix •+  → [matrix − H] •  + [matrix + H] + , separated in 
the hydrogen abstraction step matrix → [matrix − H] •  (in  red ) and the matrix protonation step 
matrix •+  → [matrix + H] +  (in  blue ). The free reaction enthalpies were calculated for the fi ve CCA 
derivatives  CHCA  ,  ClCCA  ,  DiFCCA  , TriFCCA, and F 3 CCCA. All values are calculated by means 
of the energetically lowest isomers using  DFT   and the UB3LYP/6-311++G(3df,3pd) basis set at 
298.15 K. For further details, see text       
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crystals to be one of the performance indicators. The branched needles exhibit 
surface:volume ratios, which clearly exceed those of the compact crystals (see 
Fig.  7 ). Analytes such as peptides are typically incorporated at the end of the matrix 
crystallization near the crystal surface (Jaskolla et al.  2009c ). Consequently, crystal 
morphologies with relatively large surfaces will probably exhibit lower analyte con-
centrations near the surface than in cases of compact morphologies with lower 
degrees of crystal coverage. Unfortunately, the crystal morphology is neither pre-
dictable nor constant. Impurities or additives as well as different surface properties 
of the sample target might change the morphology in an unpredictable matter. 
Therefore, sample preparation is a crucial point for improving the analytical perfor-
mance of matrix compounds (Wiangnon and Cramer  2015 ). 

 One last point in evaluating a MALDI matrix is its effective temperature. 
Matrices with high effective temperatures cause intense analyte fragmentation 
(Gabelica et al.  2004 ; Schulz et al.  2006 ). For  ClCCA  , the effective temperature is 
signifi cantly lower than that of  CHCA   and a little bit higher than that of DHB 
(Jaskolla et al.  2008 ).   

2     Applications 

 The expectation that the rationally designed  ClCCA   matrix enhances the detection 
of labile compounds was met for labile peptides (Jaskolla et al.  2009a ; Leszyk  2010 ; 
Openshaw et al.  2010 ) as well as sialylated glycans and carbohydrates in negative 
ion mode (Selman et al.  2012 ). The new matrix ClCCA was also successfully 
applied for the analysis of chlorinated phospholipids such as dichloramines and 

  Fig. 7    The two typical MALDI sample morphologies for CCA derivatives using the examples of 
FCCA ( left ) and  ClCCA   ( right ). A volume of 0.5 μL of a 20 mM matrix solution in 70% ACN 
was prepared on a stainless steel target and ‘air-dried’ under ambient conditions for both CCA 
derivatives       
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chlorimines of phosphatidylethanolamine or phosphatidylserine in positive ion 
mode (Jaskolla et al.  2009b ; Flemmig et al.  2009 ). In addition, low-molecular 
metabolites can also be detected with high sensitivity using ClCCA (Schild et al. 
 2014 ; Schöner et al.  2014 ). 

 With some restrictions regarding the effi ciency of [matrix + H] +  generation and 
absorptivity at 355 nm, a second halogenated derivative,  DiFCCA  , proved to exhibit 
outstanding properties for the analysis of phosphatidylcholines in positive ion mode 
(Jaskolla et al.  2009b ). 

 Very recently the CCA lead structure was used again to design a new hydropho-
bic matrix suitable for negative ionization of lipids (Fülöp et al.  2013 ). The carboxyl 
group, which facilitates the incorporation as well as protonation of analytes with 
basic groups, was replaced by a neutral amide group. To enhance the hydrophobic-
ity of the molecule and to achieve a bathochromic shift in absorption, the electron 
withdrawing chlorine in  ClCCA   was replaced by a phenyl group with electron- 
donating +I-effect. 4-Phenyl-α-cyanocinnamic acid amide (Ph-CCA-NH 2 ) was 
identifi ed as the most suitable matrix for analysis and imaging of various lipid 
classes by MALDI MS in negative ion mode. Compared to other matrices used for 
lipid analysis, Ph-CCA-NH 2  exhibits superior sensitivity and reproducibility and a 
relatively low matrix background in the corresponding MALDI spectra. 

 Another promising new matrix which favors the ionization in negative ion mode 
is  DMAN   (Shroff and Svatoš  2009a ). DMAN was chosen because it belongs to a 
class of highly basic compounds called ‘proton sponges’ which are able to abstract 
protons from even weak acids. Moreover, this compound has a strong UV absorption 
between 330 and 350 nm and can be used in MALDI instruments with a nitrogen as 
well as Nd: YAG laser  . A further outstanding feature of DMAN is the absence of all 
matrix-related ion peaks in the negative ion mode and only one ion signal correlating 
to protonated DMAN in positive ion mode which makes this compound ideally 
suited for the analysis of small molecules (<800 Da) such as fatty acids (Shroff and 
Svatoš  2009b ; Shroff et al.  2009 ). A mixture of DMAN and 9- aminoacridine was 
applied for the direct lipid analysis of whole bacterial cells (Calvano et al.  2013 ). 
However, analyte amounts in the high pmol-range on target (μM analyte concentra-
tions) are typically required (Shroff and Svatoš  2009a ,  b ; Shroff et al.  2009 ). 

 In the following, examples for these new matrices in different application fi elds 
are given. The structures of these optimized derivatives are shown in Fig.  8 .

2.1       Proteomics: Analysis of Peptides 

 MALDI MS is an important tool for many proteomic studies. In general, protein 
identifi cation is achieved by peptide mass fi ngerprinting (PMF) or MS/MS analysis 
of proteolytic (typically tryptic) peptides followed by protein or DNA sequence 
database searching. Proteins separated by one- or two-dimensional (1D or 2D) 
sodium dodecylsulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) are 
digested directly from excised gel bands. Due to the relatively high ruggedness of 
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MALDI MS, a sample clean-up is often not necessary. Admixtures such as salts and 
buffers do commonly not disturb the MALDI process (but might change the sample 
morphology, cf. earlier discussion in Sect.  1 ).  CHCA   is still the matrix of choice 
in MALDI-based proteomic experiments. The simple ‘dried-droplet’ preparation 
yields a relatively homogeneous layer of small compact crystals enabling automated 
high-throughput analysis. Motivation for the continuing search for a better matrix 
for proteomic analysis is on one hand the detection limit for peptides of about 
1 fmol and much higher for peptides from tryptic in-gel digestion, and on the other 
hand the preferred ionization of strongly basic arginine-containing peptides (Krause 
et al.  1999 ) at the cost of small and/or less basic ones. The latter limits the achievable 
sequence coverage and impedes the identifi cation of peptides with low abundance. 

 In the following sections comparative experiments between  ClCCA   and  CHCA   
will be discussed for different kinds of proteomic analysis. 

2.1.1     Signal Intensity and S/N Ratio 

 In-solution digestion of bovine serum albumin (BSA) was used as test sample 
applying 1 fmol digestion solution onto the MALDI target (Jaskolla et al.  2008 ; 
Karas and Jaskolla  2011 ). Figure  9  exemplifi es the enhanced performance of  ClCCA   
compared to  CHCA  , displaying the sections between  m / z  1100–1400 of the MALDI 
spectra for both matrices. Ion intensities (throughout the complete spectrum) are a 
factor of 2–75 higher for ClCCA, while the S/N ratio increased by an average factor 
of 22. From an average of three independent experiments and a selected mass toler-
ance of ±20 ppm for CHCA and ±10 ppm for ClCCA, only seven tryptic peptides 
were identifi ed out of the CHCA matrix compared to 34 from the ClCCA matrix. 
The sequence coverage jumped up from 12 to 48%.

   Results were overall confi rmed in a recent study, in which 200 amol BSA were 
found to be near the limit of detection (Leszyk  2010 ). The improvement is particu-

  Fig. 8    Matrices discussed in this chapter: 4-chloro-α-cyanocinnamic acid ( ClCCA  ), α-cyano-2,
4- difl uorocinnamic acid ( DiFCCA  ), α-cyano-4-phenylcinnamic acid amide (Ph-CCA-NH 2 ), and 
1,8-bis(dimethylamino)naphthalene ( DMAN  )       
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larly distinct for low protein concentrations (Jaskolla et al.  2009a ). Among other 
proteins and enzymes, tryptic in-solution BSA digests at concentrations of 0.25, 1, 
and 10 fmol/μL were compared. In all cases, 1 μL analyte solution was applied onto 
the MALDI target. While the sequence coverages determined at 10 fmol were 
nearly identical for both matrices,  ClCCA   exhibited a tenfold higher sequence cov-
erage than  CHCA   at 0.25 fmol BSA (Jaskolla et al.  2009a ). 

 Ion intensities from tryptic in-gel digestions of BSA showed the same trend. 
With sensitive silver staining, detection limits are about 1 ng protein/gel band which 
refers to about 25 fmol BSA (1.65 ng). While protein identifi cation via the MASCOT 
search engine was possible from faintly visible 25 fmol BSA bands when using 
 ClCCA   as matrix (MOWSE score of 77 with 17 identifi ed peptides and 48% 
sequence coverage) the identifi cation from  CHCA   failed (no identifi ed peptides). 
PMF MALDI mass spectra from a tryptic digest of a silver-stained 25 fmol BSA 
band of a 1D-SDS-PAGE gel can be found in Jaskolla et al. ( 2009a ). 

 The simple and fast PMF protocol using MALDI with the  ClCCA   matrix yielded 
with respect to sequence coverage comparable results to those reported for nanoLC-
 MS (Winkler et al.  2007 ). 

 Comparative analysis with tryptic and less-specifi c enzymes such as chymotrypsin, 
elastase, proteinase K and pepsin using the examples of several small to large, acidic, 
neutral, and basic proteins shows the same enhancement using  ClCCA   as matrix (see 
Jaskolla et al.  2008 ,  2009a ; Papasotiriou et al.  2010 ; and exemplarily Fig.  10 ).

  Fig. 9    MALDI mass spectra ( m / z  1100–1400) of a tryptic in-solution digest of BSA using  ClCCA   
( upper ) or  CHCA   ( lower ) as matrix. The sequences of identifi ed peptides are annotated; total 
sample load was 1 fmol (Karas and Jaskolla  2011 )       
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   Nonetheless, for de novo sequencing, it has to be mentioned that as a result of the 
cooler nature of  ClCCA   its PSD fragmentation effi ciency is generally weaker than 
that of  CHCA  . However, the peptide fragmentation effi ciency can be enhanced 
by 4-sulfophenylisothiocyanate (SPITC) derivatization, which results in a tenfold 
increase in fragment ion intensities under PSD and  CID   conditions for ClCCA com-
pared to CHCA (Leszyk  2010 ; Openshaw et al.  2010 ).  

2.1.2     Ion Suppression 

 Besides the higher ion intensities and S/N levels, additional analyte peaks appear in 
 ClCCA   spectra (see Figs.  9  and  10 ) which cannot only be explained by lower noise 
levels. While in  CHCA   spectra the most abundant peaks represent peptides with an 
arginine (R) residue at the C-terminus and only a few low-intensity ion peaks result 
from cleavages after lysine (K), the ClCCA spectra exhibit a wealth of K-ending 
peptides and even peptides with only the N-terminus as basic function, e.g., as a 
result of chymotrypsin or pepsin digestion (Jaskolla et al.  2009a ,  b ,  c ; Papasotiriou 
et al.  2010 ) or tryptic cleavage at the protein’s C-terminus (e.g., LVVSTQTALA 
in the case of BSA; Jaskolla et al.  2008 ; Jaskolla  2010 ). These fi ndings were 

  Fig. 10    Positive ion mode MALDI mass spectra of a tryptic in-solution digest of β-casein recorded 
with ( a )  ClCCA   and ( b )  CHCA   as matrix. The total analyte load on target was 50 fmol of digested 
protein. Adapted with permission from Jaskolla et al. ( 2008 ). Copyright (2008) National Academy 
of Sciences, USA       
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confi rmed by Leszyk ( 2010 ) and can be explained by the lower proton affi nity 
of ClCCA which allows for more unbiased protonation of peptides independent of 
their basicity (see Fig.  11 ). As a result, the detectable peptides represent much better 
the actual amino acid distribution of the digested protein, which typically has nearly 
identical numbers of lysine and arginine residues (Eitner et al.  2010 ). 3 

2.1.3        Detection of Phosphopeptides 

 Detection of phosphopeptides in digestion solutions is not only diffi cult because of 
the often low relative concentration of these peptide species and the ion suppression 
due to their acidic nature but they are also labile and can easily loose the phosphate 
group under MALDI ionization conditions. Because of the cool nature of the matrix 
 ClCCA   its performance in analyzing labile peptides such as phosphopeptides was 
explored (Jaskolla et al.  2008 ,  2009c ; Leszyk  2010 ). In the mass spectra of an in- 
solution tryptic digest of 50 fmol β-casein containing about 10% α-casein, substan-
tially more phosphopeptides were detectable with a signifi cant increase in signal 
intensity and S/N using ClCCA compared to  CHCA   (see Table  3 ).

   Leszyk analyzed a commercially available phosphopeptide standard containing 
four synthetic phosphopeptides which appear in tryptic digests of yeast enolase. The 
mixture comprises a variety of phosphorylation sites and peptides such as singly 
phosphorylated at Ser, Thr, and Tyr and doubly phosphorylated at Ser. A tenfold 
improvement in sensitivity and negligible neutral loss of the phosphate group was 
observed with  ClCCA   as matrix (Leszyk  2010 ).   

3   Note that as mentioned in Sect.  1  the sample morphology can have a large effect on the overall 
MALDI performance. Wiangnon and Cramer have reported that improvements in peptide ion sig-
nal intensity and suppression as published earlier for  ClCCA  are dependent on the use of the 
MALDI target plate and were not obtained with AnchorChip target plates (Bruker), which lead to 
markedly different sample morphologies compared to preparations on normal steel target plates 
(Wiangnon and Cramer  2015 ). 

  Fig. 11    PMF mass spectra comparison using 100 fmol BSA tryptic digest and  CHCA   ( upper ) or 
 ClCCA   ( lower ) as matrix. Some of the peptides with C-terminal R or K are indicated. The peptide 
at  m / z  1880.89 refers to RPCFSALTPDETYVPK (CAM-C) with an arginine at C- and a lysine at 
N-terminus resulting in increased signal intensity in the case of CHCA (Leszyk  2010 ). Image used 
with permission from the  Journal of Biomolecular Techniques  (JBT), © Association of Biomole-
cular Resource Facilities,   www.abrf.org           

 

Employing ‘Second Generation’ Matrices

http://www.abrf.org/


24

2.2     Analysis of Lipids 

 MALDI MS is increasingly used for lipid analysis because of its simple and fast 
sample preparation, its robustness against impurities present in crude tissue or body 
fl uid extracts and its high sensitivity (Fuchs and Schiller  2009 ). Because lipid spe-
cies have variegated structures, positive and negative ions need to be measured to 
cover the complete lipid range. Different matrix compounds are established in the 
fi eld of lipid analysis with the most frequently used ones being DHB in negative and 
positive ion mode and 9-aminoacridine (9-AA) in negative ion mode. In addition, 
 p -nitroaniline (PNA), 2-mercaptobenzothiazole (MBT), and 2-(2-aminoethylamino)-
5-nitropyridine (AAN) are used for the analysis of negative lipid ions. Applications 
using newly designed matrices in positive and negative ion mode will be described 
separately. 

2.2.1     Positive Ionization 

 Until recently, mass spectrometric detection of phosphatidylethanolamine (PE) and 
phosphatidylserine (PS) chloramines and -imines was only possible by ESI MS 
whereas MALDI MS failed to detect these substances. By using  ClCCA   as matrix 
the MALDI MS detection of these species became possible as Na -  adducts (Jaskolla 
et al.  2009b ; Flemmig et al.  2009 ). It can be assumed that the generation of sodiated 
chloramines results from protonation of the neutral [PEchloramine − H +  + Na + ] spe-
cies and, thus, can be attributed again to the high protonation power of ClCCA. 
[PEchloramine − H +  + Na + ] can be protonated at its negatively charged phosphate 
group with generation of the detectable species [PEchloramine + Na + ]. However, 

   Table 3    Detectable singly phosphorylated phosphopeptides originating from 50 fmol of a tryptic 
in-solution digest of β-casein containing α-casein with  CHCA   or  ClCCA   as matrix   

 α-/β- 
Casein   Sequence 

  CHCA     ClCCA   

 Intensity 
(counts)  S/N 

 Intensity 
(counts)  S/N 

 β  (K) AVPYPQR (D)  –  2340  256 

 β  (K) FQSEEQQQTEDELQDK (I)  –  4168  627 
 β  (K) IEKFQSEEQQQTEDELQDK (I)  –  62  10 
 α  (K) KISQRYQK (F)  74  19  283  33 
 α  (K) TVDMESTEVFTK (K)  –  531  69 
 α  (K) TVDMESTEVFTK (K) Met-Ox.  –  74  10 
 α  (K) KTVDMESTEVFTK (K)  –  121  16 

 (K) TVDMESTEVFTKK (T) 
 α  (K) NMAINPSKENLCSTFCK (E) 

Cys unmod. 
 39  11  218  29 

  The sum spectra of fi ve independent mass spectra with 500 shots each were analyzed (modifi ed 
from Jaskolla et al.  2008 ; Copyright (2008) National Academy of Sciences, USA)  
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direct protonation of neutral PEchloramine leading to the not observable species 
[PEchloramine + H] +  is even beyond the protonation power of ClCCA due to the two 
electron-withdrawing chlorine substituents at the amino group which is the most 
basic proton acceptor of neutral PEchloramine. Further information and calculation 
results regarding PAs and sodium cation affi nities (SCAs) of these species are pro-
vided in Jaskolla et al. ( 2009b ). 

  DiFCCA   was also compared to the established matrices DHB, 9-AA, PNA, 
MBT, and AAN (Teuber et al.  2010 ). An organic extract from hen egg yolk was 
used as a test sample comprising, amongst others, the lipid classes of triacylglycer-
ols (TAGs), phosphatidylcholines (PCs), PEs, phosphatidylinositols (PIs), and 
sphingomyelins (SMs). Analysis using the different matrices at 337 nm wavelength 
pointed out that lipids such as TAGs and cholesterols with basicities too low for 
protonation by currently known matrix compounds are exclusively registered as 
sodium adducts. Here, DHB showed the highest intensity followed by PNA due to 
their comparably low SCAs (Zang et al.  2002 ). Detection of lipids with basic resi-
dues such as PCs and PEs suffers from this behavior because the analyte intensity is 
distributed over protonated and sodiated species. Moreover, detection may be ham-
pered by overlapping peaks.  ClCCA   and DiFCCA have SCAs higher and PAs 
clearly lower than DHB which results in effi cient formation of protonated species 
(see above discussion regarding the formation of sodiated chloramines and -imines). 
For PCs, DiFCCA exhibits the lowest detection limit of about 200 fmol and highest 
S/N of all tested matrices. The detection of protonated SMs which account for only 
about 1.5% (m/m) of all phospholipids in hen egg yolk (Fuchs et al.  2007 ) was pos-
sible only with this matrix (shown in the example of SM 16:0 in Teuber et al.  2010 ). 
From these experiments it can be concluded that DiFCCA is recommendable for 
protonable lipids.  

2.2.2     Negative Ionization 

 The above mentioned matrices DHB, 9-AA, 2,6-dihydroxyacetophenone (DHA), 
AAN, and MBT have also been used for negative lipid analysis. DHB tends to form 
large crystals and therefore causes poor spot-to-spot reproducibility. The analyte sen-
sitivity is poor and accompanied by strong background noise (Schiller et al.  2007 ). 
9-AA has a high ion intensity variability especially in automated data acquisition and 
an absorbance minimum at 355 nm which leads to a high ionization energy threshold 
(Fülöp et al.  2013 ). 

 The newly designed matrix Ph-CCA-NH 2  was tested for its applicability to the 
analysis of a broad range of lipid classes extracted from rat brain (Fülöp et al.  2013 ). 
The ion intensities of selected lipid species out of the brain extract were compared 
using automated measurements to avoid experimenter bias. In the mass range between 
 m / z  400 and 2000 the most abundant peaks were identifi ed as hydroxylated and non-
hydroxylated sulfatides (SM4s isoforms). With low intensity, phospholipids such as 
PIs, PSs, negatively charged 1,2-diacyl-PEs, and plasmalogenic PE species as well as 
gangliosides (GM1) were detected. 
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 Figure  12  displays the comparison between the 9-AA and Ph-CCA-NH 2  matri-
ces. While SM4s are of comparable intensities with both matrices, some of the PE 
and PS species show higher intensities with the new CCA matrix derivative. 
Gangliosides were only be detectable with Ph-CCA-NH 2 . Furthermore, the matrix 
ion background was inspected. The matrix spectrum of 9-AA showed intense matrix 
cluster ions at a laser intensity near ion detection threshold. Fewer background sig-
nals appeared when Ph-CCA-NH 2  was used and most of them disappeared in the 
presence of a lipid extract. This feature was utilized for negative ion detection of 
sulfatides and other lipids present in rat brain cryosections by MALDI MS imaging 
(MALDI MSI, Fülöp et al.  2013 ). While sulfatides could also be detected with 
9-AA, imaging and localizing of other lipids such as PEs, PIs, and some phosphati-
dylglycerol species were only possible with Ph-CCA-NH 2 .

   Even lower matrix background was observed by combining  DMAN   matrix 
(described in detail in Sects.  2.4  and  3.4 ) with 9-AA (Calvano et al.  2013 ). This 
binary matrix system was used for lipid fi ngerprinting of intact gram-positive 
( Lactobacillus sanfranciscensis ) and gram-negative ( Escherichia coli ) bacteria. 
About 50 major membrane constituents could be identifi ed comprising free fatty 
acids, mono-, di- and triglycerides, phospholipids, glycolipids, and cardiolipins 

  Fig. 12    Negative ion mode MALDI mass spectra recorded at 355 nm showing the detectable lip-
ids from a Sprague–Dawley rat brain total lipid extract. The  upper  spectrum was recorded with 
9-AA, the  lower  one with Ph-CCA-NH 2 . Reprinted with permission from Fülöp et al. ( 2013 ). 
Copyright (2013) American Chemical Society       

 

U. Bahr and T.W. Jaskolla



27

with  m / z  values between 200 and 1600. Compared to the tested single matrices, the 
reduced chemical noise and the absence of matrix-cluster ions increased the achievable 
analyte S/N and makes this mixture effective for lipidome characterization. 4    

2.3     Analysis of Glycans and Glycopeptides 

 MALDI MS has found broad application in the fi eld of glycan and glycopeptide 
analysis (Harvey  1999 ,  2009 ; Selman et al.  2010 ). Standard matrices in this fi eld 
are DHB and  CHCA  . Other matrices frequently applied include sinapic acid, 
3-hydroxypicolinic acid, DHA, and 2,4,6-trihydroxyacetophenone (THAP). Selman 
et al. compared the most often used matrix DHB with the new matrix  ClCCA   for 
analysis of glycopeptides originating from tryptic digestions of immunoglobulin Gs 
(IgGs), bovine fetuin, and human apo-transferrin (Selman et al.  2012 ). Positive as 
well as negative ions detected in either a refl ector or linear TOF mass analyzer were 
evaluated. Due to the homogeneous distribution of ClCCA microcrystals (cf. Fig.  7 ), 
this matrix provides a higher shot-to-shot reproducibility than DHB and facilitates 
automated high-throughput profi ling of glycopeptides. Resulting from higher reso-
lution, mass accuracy, and ion intensity, the limit of detection for glycopeptides was 
a factor of 2–5 lower when using ClCCA compared to DHB which was in absolute 
amounts spotted onto the target approximately 220 amol in negative and 44 amol in 
positive ion refl ector mode. 

 Special attention was paid to the detection of sialylated glycopeptides. It is known 
that labile substituents such as sialic acids may be lost by in-source and metastable 
decay and that this loss is strongly dependent on the chosen MALDI matrix. ‘Hot’ 
matrices such as  CHCA   transfer comparatively large amounts of energy to the ana-
lyte and lead to an almost complete loss of sialic acids. DHB and  ClCCA   as ‘cooler’ 
matrices enable the analysis of intact sialylated ( N -acetylneuraminic acid) glycans 
and glycopeptides in particular when negative ions are registered in a linear TOF 
(Selman et al.  2012 ). Negative ion mode MALDI- TOF mass spectra revealed similar 
abundant peaks from DHB on an AnchorChip target and ClCCA on a common steel 
target (see Fig.  13 ).

   In a recent study, large-scale IgG1 and IgG2&3 Fc N-glycosylation profi ling by 
negative ion MALDI-TOF MS was performed with  ClCCA   as matrix and compared 
to hydrophilic interaction liquid chromatography (HILIC) of enzymatically released 
and fl uorescently labeled glycans (Baković et al.  2013 ). The age and sex specifi city 
of sialylation, galactosylation, fucosylation, and the occurrence of bisecting GlcNAc 
in a large number of human individuals was analyzed. Although signifi cantly higher 
signal levels of galactosylation, bisecting  N -acetylglucosamine and sialylation were 
obtained by HILIC analysis glycosylation profi ling was comparable between 
MALDI-TOF MS and HILIC.  

4   Note that the combination of both substances leads to homogenous crystallization, a prerequisite 
for MALDI imaging. 
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2.4      Analysis of Small Molecules 

 MALDI MS of small molecules is a challenge as typical MALDI matrices yield 
intense matrix signals up to  m / z  500 and sometimes even above (van Kampen et al. 
 2011 ). Interferences from the matrix limit the detection and quantifi cation of small 
molecules. Therefore, matrices without interfering signals at the investigated 
 m / z  range improve analyte detection. Recently, Porta et al. synthesized two new 
α-cyanocinnamic acid derivatives, ( E )-2-cyano-3-(naphthalen-2-yl)acrylic acid 
( NpCCA  ) and (2 E )-3-(anthracen-9-yl)-2-cyanoprop-2-enoic acid (AnCCA, Porta 
et al.  2011 ). These substances differ from  CHCA   in the size of the aromatic ring 
system with a naphthyl (NpCCA) or anthracenyl group (AnCCA) instead of a phe-
nyl moiety but keep much of the chemical functionality of CHCA. The concept was 
that together with CHCA and  ClCCA   a series of chemically similar matrix 
 compounds are available with ‘tunable’ matrix background. Out of this series an 
appropriate matrix might be selectable without mass spectral interference for the 
investigated analyte(s). A total of 47 analytes, mostly pharmaceuticals, were 
selected to compare the four matrix substances with regard to the achievable S/N in 
selected reaction monitoring mode. Compared with the standard matrix CHCA, 

  Fig. 13    Negative ion refl ectron mode MALDI mass spectra of a tryptic digest of human apotrans-
ferrin recorded with DHB spotted on an AnchorChip target ( left ) and  ClCCA   spotted on a polished 
steel target ( right ). Identifi ed glycopeptides are marked by  arrows , post source decay fragments by 
 asterisks. Blue square ,  N -acetylglucosamine;  green circle , mannose;  yellow circle , galactose;  red 
triangle , fucose;  purple diamond ,  N -acetylneuraminic acid Reprinted with permission from Selman 
et al. (2012). Copyright (2012) John Wiley and Sons.       
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ClCCA yielded an at least 30% increased S/N value for 60% of the compounds and 
NpCCA and AnCCA led to a higher S/N value for about 30% of the low-molecular 
weight analytes. The results again show that the matrix with the lowest proton affi n-
ity (AnCCA > CHCA > NpCCA > ClCCA) provides the highest absolute analyte ion 
signals. 

 Another promising new matrix which favors the ionization in negative mode is 
 DMAN   (Shroff and Svatoš  2009a ). DMAN was chosen because it belongs to a class 
of highly basic compounds called ‘proton sponges’ 5  which are able to abstract pro-
tons from even very weak acids. Moreover, DMAN has a strong UV absorption 
between 330 and 350 nm and can be used in MALDI instruments with nitrogen as 
well as Nd: YAG laser  s. 

 This matrix was used for studying a wide range of metabolites such as fatty 
acids, amino acids, fatty acid-amino acid conjugates, plant and animal hormones, 
vitamins, and short peptides (Shroff and Svatoš  2009a ,  b ; Shroff et al.  2009 ). 
In negative ion mode only deprotonated analyte signals were measured with detec-
tion limits in the low picomole/femtomole range. As can be seen in Fig.  14  for a 
selection of fatty acid spectra no matrix-related signals are detectable; only deprot-
onated ions are registered. It is assumed that the absence of matrix ions in the entire 
low mass region (<1000 Da) can be attributed to the fact that this highly basic matrix 
gets protonated by the acidic analyte forming an extremely stable hydrogen che-
lated cation which is observable in the positive ion mass spectrum.

   To study the metabolite distribution in roots and root nodules of  Medicago trun-
catula  during nitrogen fi xation, MALDI mass spectrometry imaging (MSI) was 
used (Ye et al.  2013 ). The detection of metabolites with DHB in positive ion mode 
was complemented by negative ion detection with  DMAN  . A large array of organic 
acids, amino acids, sugars, lipids, fl avonoids and their conjugates were found.   

3     Materials and Protocols 

3.1     Analysis of Peptides 

3.1.1     Chemicals 

 The matrix compound  ClCCA   is commercially available from Sigma-Aldrich, 
Taufkirchen, Germany, in MALDI matrix quality at ≥95% (order no. 94141) and 
97% (order no. 741140) purity. Acetonitrile (ACN) should be used in HPLC grade, 
TFA in the highest available purity and water in ultrahigh purity.  

5   ‘Proton sponges’ can contaminate MS instruments with the effect of reduced signal intensities in 
subsequent positive ion mode measurements. Therefore, ‘proton sponges’ need to be carefully 
employed in mass spectrometry. 
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3.1.2     ‘Dried-Droplet’ Sample Preparation 

 For preparation of the  ClCCA   matrix solution, a few milligrams of ClCCA are dis-
solved in 70% ACN/0.1% TFA (v/v) to obtain a concentration of 5 mg/mL. Analyte 
solutions of in-solution digests, phosphopeptides and in-gel digests can be prepared 
at concentrations down to 1 nM in 30% ACN/0.1% TFA. For digestion conditions, 
see the literature. 

 A volume of 1–2 μL of the diluted analyte solution and 0.5–1 μL of the matrix 
solution are typically mixed directly on a polished stainless steel target. Optionally, 
1 μL of an aqueous 10 mM NH 4 H 2 PO 4  can be added to suppress matrix-cluster ions 
(Smirnov et al.  2004 ). The sample is then dried, typically in a stream of ambient air. 

  Comments : 
 It is recommended to use 0.5 μL of 20 mM  ClCCA   solutions (about 4 mg/mL) 

for ‘dried-droplet’ preparations. Analytes should be diluted to nanomolar concen-
trations. The ACN percentage of the combined analyte/matrix solution on the 
MALDI target should not be below 50% (v/v). A somewhat higher percentage of 
organic solvent is benefi cial for the formation of uniform crystal morphology upon 
drying, comparable to  CHCA  . Using a lower proportion of organic solvent can 

  Fig. 14    MALDI mass spectra of several saturated and desaturated fatty acids using  DMAN   as 
matrix in negative ion mode. The analyte amount on target was 100 pmol in all cases. ( a ) Palmitic 
acid; ( b ) stearic acid, ( c ) arachidic acid, ( d ) oleic acid, ( e ) linoleic acid, and ( f ) linolenic acid. 
Reprinted with permission from Shroff and Svatoš ( 2009b ). Copyright (2009) John Wiley and Sons       
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 sporadically lead to the erratic formation of needle-like crystals with nonuniform 
analyte intensities (Jaskolla et al.  2009a ).  

3.1.3     MALDI MS Measurement 

 MALDI-(Q/IT)-TOF or MALDI orbitrap mass spectrometers can be used for mass 
analysis. The achievable performances are higher if 337 nm N 2  lasers are used but 
 ClCCA   also works well at 355 nm (Porta et al.  2011 ; Selman et al.  2012 ; Jaskolla 
and Karas  2013 ). To maintain an optimal S/N value, the laser irradiance should be 
about 10% above the threshold for ion detection. For each mass spectrum at least 
100–500 single laser shots should be accumulated. 

  Comments : 
 Compared to  CHCA   the  ClCCA   matrix exhibits a hypsochromic shift due to the 

previously discussed electron-withdrawing chloro-substituent resulting in reduced 
absorption at 355 nm (see Table  1 ). As a consequence, highest performance is achiev-
able at N 2  lasers emitting at 337 nm. Also, 10–15% more laser power is necessary for 
threshold signals than what is typically required for CHCA. ClCCA has a somewhat 
higher vapor pressure than CHCA and therefore is more volatile under vacuum. The 
matrix spot shows noticeable disappearance by optical inspection and loss in signal 
intensities after 1 day under vacuum. The consequence is that samples have to be 
analyzed within the fi rst several hours after being placed in vacuum or the plate 
should be ejected if samples cannot be analyzed on the same day. Under atmospheric 
pressure the matrix crystals are stable for at least several days (Leszyk  2010 ).   

3.2     Analysis of Lipids 

3.2.1     Chemicals 

 Both  ClCCA   and  DiFCCA   are commercially available as MALDI matrix (Sigma- 
Aldrich). All solvents should be obtained in the highest commercially available 
purity. The matrix Ph-CCA-NH 2  is not yet commercially available but its synthesis 
is described in Fülöp et al. ( 2013 ).  

3.2.2    Sample Preparation and Mass Spectrometry 

 Because of the poor solubility of many lipids in commonly used matrix solvents, 
sample preparation on a stainless steel target is performed by applying 0.5–1 μL 
of lipid (extract) solution in an organic solvent such as chloroform and methanol 
followed by air-drying. The organic solvent might cause sample spreading over the 
target surface. During sample deposition it might therefore be helpful to position the 
pipette tip close to the target surface followed by slow solvent delivery with imme-
diate evaporation. In the next step the same or a lower volume of matrix solution is 
added and air-dried. Solution concentrations for the different matrices are:
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 –    30 mM (6.21 mg/mL)  ClCCA   in 70/30 ACN/1.5% TFA (v/v)  
 –   10 mg/mL  DiFCCA   in 70% ACN (v/v)  
 –   5 mg/mL Ph-CCA-NH 2  in 80% ACN or 90% acetone (v/v)    

  ClCCA   and  DiFCCA   are preferably used in MALDI instruments with a nitrogen 
laser (337 nm) whereas Ph-CCA-NH 2  requires an optimum irradiation wavelength 
of 355 nm (Nd: YAG laser  ). 

  Comment : 
 Although the absorption of Ph-CCA-NH 2  at 337 nm is suffi ciently high, only low 

ion intensities of lipids are typically registered. Therefore, it is suggested to use 
9-AA as matrix for the detection of negatively charged lipids when MALDI instru-
ments are used that are equipped with a nitrogen laser (Fülöp et al.  2013 ).   

3.3     Analysis of Glycans and Glycopeptides     

3.3.1     Chemicals 

 As before  ClCCA   is available in matrix quality from Sigma-Aldrich.  

3.3.2    Sample Preparation and Mass Spectrometry 

 A volume of 1–3 μL of aqueous glycopeptide or glycan solution is spotted onto a 
polished steel target plate and allowed to dry at room temperature. Subsequently, 
1 μL of  ClCCA   matrix solution (5 mg/mL in 50–70% ACN) is applied on top of 
each sample and allowed to dry. MALDI-TOF instruments with 355 and 337 nm 
lasers can be used in positive and negative ion mode.   

3.4      Analysis of Small Molecules 

3.4.1    Chemicals 

  DMAN   was purchased from Sigma-Aldrich. All solvents should be of HPLC grade.  

3.4.2    Sample Preparation and Mass Spectrometry 

 Approximately 2 mg/mL  DMAN   is dissolved in ethanol. Standard samples or 
 purifi ed extracts can also be dissolved in ethanol. Identical volumes of matrix and 
analyte solution are premixed in an Eppendorf tube, and 1 μL of the resulting mix-
ture is spotted on a MALDI target plate and allowed to dry, e.g., under a gentle 
stream of argon as described in (Shroff and Svatoš  2009a ). MALDI-TOF instru-
ments are typically used with 337 nm (N 2  between laser) or 355 nm (Nd:YAG laser) 
in negative ion mode. 
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  Health and safety note : 
   DMAN     is a strong base and could be harmful if swallowed. Use gloves and eye 

protection when working with this substance. In case of contact with the eyes ,  rinse 
immediately with plenty of water and seek medical advice (Shroff and Svatoš   2009a  ) .       
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      Effi cient Production of Multiply Charged 
MALDI Ions       

       Pavel     Ryumin      and     Rainer     Cramer    

    Abstract     This chapter details a newly developed MALDI method which allows the 
generation of multiply charged ions of peptides and proteins similar to those pro-
duced by electrospray ionization (ESI) with high sensitivity and low sample con-
sumption. A straightforward modifi cation of a commercially available mass 
spectrometer with an atmospheric pressure (AP) ion source, and the necessary 
MALDI sample preparation protocol are described. This new method allows the 
combination of MALDI with mass analyzers of limited  m / z  range (e.g., quadru-
poles, ion traps) for MS analysis of large biomolecules and ETD/ECD fragmenta-
tion for enhanced MS/MS analyses. In combination with ion mobility spectrometry 
(IMS) the signal-to-noise ratio of the multiply charged analyte ions can be signifi -
cantly increased by fi ltering out the singly charged MALDI chemical noise ions.  

1          Introduction 

 Analysis of organic molecules, specifi cally biomolecules, is an important applica-
tion where mass spectrometry has become a tool of choice helped by the discovery 
of  soft ionization techniques   such as electrospray ionization (ESI) by Fenn et al. 
( 1989 ) and matrix-assisted laser desorption/ionization (MALDI) by Karas et al. 
( 1987 ) and Karas and Hillenkamp ( 1988 ). 

 Both  ESI    and MALDI   have been extensively developed in conjunction with 
 corresponding mass analyzers which have progressively improved in sensitivity 
and versatility. Due to their different nature, in particular with respect to ion forma-
tion and the resulting ion charge states, some mass analyzers are better suited for 
one ionization method than the other. Compared to  conventional   MALDI, ESI is a 
continuous ionization technique performed at atmospheric pressure (AP). More 
importantly, a distinctive feature of  ESI   is the predominantly multiply charged ion 
yield, which is well suited for many mass analyzers and ion transport systems 
that perform best at low  m / z  ranges. In contrast, conventional MALDI provides 
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predominantly singly charged ions, resulting in simpler and easier-to-interpret spectra 
but suffering from the above mentioned technical challenges such as ion transmis-
sion of molecular ions with large  m / z  values from ambient or sub-ambient pressures 
to the high vacuum analyzer region. 

  Multiply charged MALDI ions   would allow taking advantage of the ion transport 
systems and mass analyzers developed for ions with low  m / z  values such as in 
ESI. Thus, using the same mass separation technology as for ESI would immedi-
ately widen the range of MS performance for MALDI and also signifi cantly reduce 
the cost of instrumentation. For instance, in  Fourier transform (FT)-based mass ana-
lyzers   such as  Orbitraps or FT-ICR instruments      the measured oscillation frequency 
depends on the  m / z  ratio, providing higher resolving power for the same acquisition 
time (Makarov  2000 ; Marshall et al.  1998 ). In ion detection, the gain of microchan-
nel plate detectors (Xian et al.  2012 ) depends on the  m / z  value of the ion, typically 
leading to the discrimination of heavier molecules. 

 Another major  advantage   of a higher charge state is that multiply charged mol-
ecules such as peptides are also more amenable to fragmentation both by collision- 
induced dissociation ( CID  ) and electron transfer dissociation (ETD)/electron 
capture dissociation (ECD). According to a plethora of publications (e.g., Cramer 
and Corless  2001 ; Huang et al.  2005 ; Good et al.  2007 ), CID fragmentation spectra 
of  doubly charged peptide precursor ions   provide different information compared to 
the spectra obtained by fragmentation of singly charged ions. The recently devel-
oped ECD by Zubarev et al. and ETD by Syka et al. preserve labile post- translational 
modifi cations and therefore provide complementary information to CID. At the 
core of the ECD/ETD fragmentation lays the capture of an electron by the precursor 
cation, reducing its charge state and demanding at least two charges at the precursor 
ion for obtaining fragment ions that can then be detected. 

 As MALDI is relatively tolerant to contaminants, has high spatial resolution for 
imaging applications and is a time-controlled ,  pulsed desorption/ionization event  ,  
which has the potential to signifi cantly reduce sample wastage/consumption, there 
are some distinct  analytical advantages   compared to ESI. The possible combination 
of these and the ability to generate predominantly multiply charged ion yields simi-
lar to ESI are of great interest and have inspired the MS community to develop 
methods which would deliver such powerful combination. 

 Recently one promising technique has been developed (Cramer et al.  2013 ) 
allowing the generation of persistent yields of highly charged ions for peptide and 
protein analysis by utilizing an AP-UV-MALDI  source         and glycerol-based liquid 
sample preparations, leading to durable multiply charged ion signals with  femto-
mole detection   limits and very low sample consumption.  

2      Applications   

 Conventional MALDI has been successfully applied to the analysis of peptides 
(Karas et al.  1987 ), polymers (Bahr et al.  1992 ), and large proteins (Karas and 
Hillenkamp  1988 ; Tanaka et al.  1988 ), to name but a few. Recently, it has particularly 
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become important in the fi eld of clinical microbiology (Fournier et al.  2013 ), 
 lipidomics (Köfeler et al.  2012 ), and MALDI imaging (Angel and Caprioli  2012 ). 

 Various studies have been reported on the generation of multiply charged ions in 
 MALDI sources  , with increasing frequency in recent years. In 2001, Cramer and 
Corless were able to generate up to 25% of the ion yield of  [Glu 1 ]-fi brinopeptide B   
as doubly charged ion species using intermediate vacuum and an infrared (IR) laser 
in their studies of CID fragmentation pathways for ESI- and MALDI-generated ions 
(Cramer and Corless  2001 ). For UV-MALDI, the doubly charged ion production 
was reported to be less than 10% of the total analyte ion current. In  2003 , Frankevich 
et al. were able to generate multiply charged ions from an electron-free PEEK sub-
strate suffi cient enough to acquire ECD fragmentation spectra of the peptide  brady-
kinin   (Frankevich et al.  2003 ). Later, Kononikhin et al. were able to generate 
multiply charged MALDI ions of proteins from electrosprayed sample layers using 
on-target protein amounts above 200 pmol (Kononikhin et al.  2005 ), while König 
et al. have shown the generation of predominantly multiply charged peptide ions at 
the picomole level using  an IR-MALDI source   at atmospheric pressure and glycerol 
as matrix (König et al.  2007 ). The latter group was also able to couple a commercial 
ion trap and a modifi ed MALDI source for the analysis of small proteins such as 
ubiquitin, cytochrome C, and myoglobin. However, as IR-MALDI requires a more 
complex and expensive setup, and the reported detection limits were relatively high, 
the proposed method was not widely adopted. Finally, Trimpin et al. have intro-
duced the so-called  laserspray ionization technique      for the generation of multiply 
charged ions and were able to perform ETD fragmentation but the reported laser 
fl uence has been substantially higher than in  MALDI   and leads to rapid sample 
consumption (Trimpin et al.  2010 ). 

 The approach described in this book chapter has so far been applied to the ioniza-
tion of peptides and proteins. The detection limits of down to 50 fmol were reported 
with laser energies as low as 1–10 μJ (Cramer et al.  2013 ). It was shown that one 
important aspect for this promising methodology was the employment of (glycerol- 
based)  liquid MALDI samples  . Previously, the liquid nature of glycerol-based liq-
uid MALDI matrices/samples could be utilized for high-throughput  proteomics   
analysis (Cramer and Corless  2005 ), for accurate tuning and quantitation in 
UV-MALDI MS (Palmblad and Cramer  2007 ) and also for varying the solvent 
properties, e.g., the pH level for advanced analyte and  reaction   monitoring (Towers 
and Cramer  2007 ).  

3     Materials and Protocols 

3.1     AP-MALDI Source Design 

 Here we describe the modifi cation steps we undertook to build an  AP-MALDI source   
capable of producing multiply charged ions. In our setup, a  Waters Synapt G2-Si qToF 
mass spectrometer      has been adapted to be equipped with a  home-built AP-MALDI   ion 
source but previously similar sources were developed for other instruments such as a 
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 Q-Star Pulsar i instrument      (AB Sciex, Toronto, Canada; see Cramer et al.  2013 ). Thus, 
this technology can be easily implemented on a variety of available MS instruments, in 
particular on instruments that already provide AP ion sources and a heated ion transfer 
capillary or tube (see below) as found in many of the orbitrap instruments. 

3.1.1      Mass Spectrometer Modifi cation   

 A schematic diagram of the instrument modifi cation is shown in Fig.  1 . The standard 
ESI source enclosure of the instrument is removed, leaving the electrospray ion source 
block as an ion guide from the AP region to the mass spectrometer. The resistance 
interlock and the mechanical microswitch interlock are overridden with custom-made 
interlock defeats. 1  The standard cone adaptor is replaced with a custom- made adaptor, 

1   Note that any instrument modifi cation and development work (including defeating interlocks and 
setting up lasers) will have Health and Safety implications and can invalidate the warranty and 
certain service/maintenance contracts for commercial instrumentation. For the former, please 
 consult your local Health and Safety offi cer and the pertinent local rules and regulations. 

  Fig. 1    Schematic view of an ion source for the production of multiply charged MALDI ions using 
liquid AP-MALDI. The laser beam is guided onto a MALDI target plate, which is mounted in front 
of a heated ion transfer tube. A high voltage potential is applied between the target plate and ion 
transfer tube       
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which has a 1/8″-Swagelok thread for mounting a custom- made heated ion transfer 
tube. This heated ion transfer tube (details of the manufacturing are provided below) 
is easily exchangeable, attached to the MS and helps the charged droplets to  desolvate  . 
A low-voltage DC power supply (0–30 V; 0–5 A) is used to power the heating 
element.

   In front of the heated ion transfer tube a MALDI target plate is mounted on an 
 X – Y  translational stage within a distance of 3 mm from the end of the ion transfer 
tube. In order to promote the ionization process as well as create additional force 
which drives the charged droplets inside the mass spectrometer a high voltage 
potential is applied between the target plate and the ion transfer tube. The target 
plate is typically insulated from the rest of  the   setup, e.g., by a home-made PEEK 
target plate holder. 

 To accommodate the optical system the top cover of the instrument is removed 
and an optical breadboard is mounted to the instrument frame. In our current setup, 
a 337-nm (nitrogen) laser (MNL 103 LD from LTB Lasertechnik GmbH, Berlin, 
Germany) with a laser pulse duration of 3 ns, 100 μJ pulse energy and a laser pulse 
repetition rate of 2–30 Hz is used to irradiate the sample. 2  A laser attenuator as well 
as guiding mirrors and a focusing lens with a focal length of 150 mm are used to 
moderate the laser power and subsequently steer and focus the laser beam onto a 
small (~200 μm in diameter) spot on the target plate. The on-target laser focus/spot 
location should be aligned with  the   ion transfer tube axis.  

3.1.2     Procedure for Manufacturing a Heated Ion Transfer Tube 

    Materials   

•   Stainless steel tubing with an inner diameter of ~1.6 mm and an outer diameter 
of 1/8″  

•   Tube cutting tool  
•   Deburring tool  
•   High-temperature chemical set cement, e.g., OMEGABOND ®  600 Powder 

 purchased from Omega Engineering Ltd, Manchester, United Kingdom  
•   35SWG 80/20 nichrome wire purchased from RS components, Weldon, United 

Kingdom  
•   Reagent grade methanol for cleaning   

   Protocol   

•   Cut the stainless steel tubing to a length of 60 mm  
•   Deburr rough ends  
•   Submerge in methanol and clean in an ultrasonic bath for 30 min  
•   Prepare the thermal cement mixture according to the manufacturer’s instructions  
•   Coat the outer wall of the capillary with the thermal cement, thus providing 

 electrical insulation  

2   Note that other UV lasers have been successfully used (e.g., Cramer et al.  2013 ). 
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•   Leave it to dry for 24 h under ambient conditions  
•   Evenly wind the nichrome wire around the cement-coated tube making sure that 

the total resistance will be ~10 Ω  
•   Coat the wound tube once more with the thermal cement  
•   Leave it to dry for 24 h under ambient conditions      

3.2     Sample Preparation for Liquid AP-MALDI 

    Materials   

•   2,5-Dihydroxybenzoic acid (DHB) in MALDI matrix purity (e.g., cat. no. 85707 
from Sigma-Aldrich, Poole, UK)  

•   α-Cyano-4-hydroxycinnamic acid (CHCA) in MALDI matrix purity (e.g., cat. 
no. 70990 from Sigma-Aldrich)  

•   Acetonitrile (ACN; e.g., cat. no. BIO-01204101 from Greyhound, Birkenhead, 
United Kingdom)  

•   Glycerol (e.g., cat. no. G9012 from Sigma-Aldrich)  
•   Trifl uoroacetic acid (TFA; e.g., cat. no. 85183 from Sigma-Aldrich)   

   Glycerol/DHB-Based      Liquid Matrix Preparation Protocol 

•   Dissolve 10 mg of DHB in 100 μL of 70% ACN  
•   Whirl-mix for 30 s  
•   Sonicate in an ultrasonic bath for 15 min  
•   Add 60% glycerol by volume  
•   Whirl-mix for 30 s  
•   If needed, help the mixing process with a clean pipette tip, e.g., by breaking 

phase layers if phase  separation   has occurred  
•   Whirl-mix for 30 s  
•   Sonicate in an ultrasonic bath for 15 min   

   Glycerol/CHCA-Based      Liquid Matrix Preparation Protocol 

•   Dissolve 10 mg of CHCA in 1 mL of 70% ACN  
•   Whirl-mix for 30 s  
•   Sonicate in an ultrasonic bath for 15 min  
•   Add 60% glycerol by volume  
•   If needed, help the mixing process with a clean pipette tip, e.g., by breaking 

phase layers if phase separation has occurred  
•   Whirl-mix for 30 s  
•   Sonicate in  an    ultrasonic   bath for 15 min    

 Analytes are typically dissolved in 0.1% TFA solution. 
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 A volume of 0.5 μL of analyte solution and 0.5 μL of matrix solution are spotted 
onto a stainless steel MALDI target plate. The spotted sample is then left to mix 
under ambient conditions for 5 min and will remain liquid during the subsequent 
MS analysis. 3   

3.3     MS Data Acquisition 

3.3.1     Mass Spectrometer  Settings   

 In our lab, default  Synapt G2-Si acquisition parameters      for the ESI mode are typi-
cally used to acquire the data. All data are collected in the sensitivity mode. The  m / z  
range window is set to 50–2000 for small peptides and to 50–5000 for protein data 
acquisition. Each spectrum is normally obtained from the combination of 60 scans 
with a scan duration set to 1 s.  

3.3.2    Ion Source  Parameters      

 The MALDI target plate is typically placed in ~3 mm distance from the heated ion 
transfer tube entrance. The laser is guided onto the target plate under the smallest 
practically possible incidence angle, which is ~30° in our setup. The power for heat-
ing the nichrome wire, and thus the ion transfer tube, has to be optimized. In our lab, 
it is set to ~30 W, resulting in a tube wall outer temperature of ~300–350 °C. With 
the described setup it has been found that increasing the applied high voltage poten-
tial between the MALDI target and ion transfer tube leads to an increase in the ion 
yield. Thus, it should be set to the maximum safe setting, which does not produce 
arcing (~3.5 kV in our setup). During initial trials using the above described experi-
mental setup, it was observed that at the scan acquisition time of 1 s the laser pulse 
repetition rate of 10 Hz is suffi cient to produce a stable continuous ion yield. 
Therefore, this setting was used for all data acquisitions. The laser energy per shot 
varies in the range of 5–30 μJ with a typical value of ~15 μJ for obtaining good 
spectra of multiply charged peptide ions for the above described setup. One of the 
particular advantages of the liquid matrices is the self-healing property after laser 
ablation which provides high signal durability over thousands of laser shots. This 
feature facilitates the optimization of the ion yield by varying essential parameters 
such as the distance between the focal lens and the target while monitoring the ion 

3   The sample remains liquid under ambient conditions for weeks using this sample preparation 
protocol. For the DHB-based sample preparation, it was observed that for relatively high amounts 
of analyte (e.g., 5 pmol on target) the deposited sample may be used for at least 2 weeks, providing 
good analyte signal. 
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 signal   response on the mass spectrometer. For the above parameter and our setup, 
the optimal laser spot  diameter   was found to be ~200 μm. 4   

3.3.3    Example Data 

 Under the above described conditions we were able to acquire spectra of  multiply 
charged [Val-5]-Angiotensin 1   (see Fig.  2 ). The analyte solution was spotted 
alongside with the glycerol/CHCA-based matrix solution as described previously. 
Even for a small peptide the most abundant ion signal and base peak of the spec-
trum originates from the triply charged analyte ion. The singly charged chemical 
noise ions can be  fi ltered out by applying IMS fi ltering, leading to the much 
improved spectrum shown in Fig.  3 .

    In Fig.  4  a spectrum of  multiply charged ubiquitin ions   is shown, using the 
 glycerol/DHB-based liquid matrix preparation protocol. Again, 500 fmol of analyte 

4   For this the MALDI target plate was coated with a saturated solution of CHCA in acetone, which 
immediately dries, leaving a thin layer of CHCA crystals behind. The thin fi lm was then irradiated 
by the laser at the maximum energy for a suffi ciently long period of time, making sure that the 
matrix on this spot was completely ablated. The size of the ablation spot was then measured under 
a microscope. 

  Fig. 2    AP-UV-MALDI spectrum of [Val-5]-Angiotensin I using the glycerol/CHCA-based liquid 
matrix. A total of 500 fmol of the analyte was deposited on the target. The triply ( m / z  428.28), 
doubly ( m / z  641.92), and singly ( m / z  1282.80) charged analyte ion species are observed       
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  Fig. 3    AP-UV-MALDI spectrum of [Val-5]-Angiotensin I from Fig.  2  with IMS fi ltering applied, 
eliminating singly charged ion signals       

  Fig. 4    AP-UV-MALDI spectrum of ubiquitin using the glycerol/DHB-based liquid matrix. A total 
of 500 fmol of the analyte was deposited on the target. Analyte ion charge states from 5 to 10 can 
easily be observed       

 

 

Effi cient Production of Multiply Charged MALDI Ions



46

was spotted on the target. This spectrum is similar to the  ubiquitin spectra   typically 
 generated by ESI on this instrument.

   Further information about the data supporting these fi ndings and requests for 
access to the data can be directed to Professor Rainer Cramer.       

  Acknowledgement   This work is supported by the EPSRC through grant EP/L006227/1.  
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      Ionic Liquids and Other Liquid Matrices 
for Sensitive MALDI MS Analysis       

       Mark     W.     Towers      and     Rainer     Cramer    

    Abstract     Although liquid matrix-assisted laser desorption/ionization (MALDI) 
has been used in mass spectrometry (MS) since the early introduction of MALDI, 
its substantial lack of sensitivity compared to solid (crystalline) MALDI was for a 
long time a major hurdle to its analytical competitiveness. In the last decade, this 
situation has changed with the development of new sensitive liquid matrices, which 
are often based on a binary matrix acid/base system. Some of these matrices were 
inspired by the recent progress in ionic liquid research, while others were developed 
from revisiting previous liquid MALDI work as well as from a combination of these 
two approaches. As a result, two high-performing liquid matrix classes have been 
developed, the ionic liquid matrices (ILMs) and the liquid support matrices (LSMs), 
now allowing MS measurements at a sensitivity level that is very close to the level 
of solid MALDI and in some cases even surpasses it. This chapter provides some 
basic information on a selection of highly successful representatives of these new 
liquid matrices and describes in detail how they are made and applied in MALDI 
MS analysis.  

1          Introduction 

 The key to high-quality mass spectrometry (MS) data from a matrix-assisted laser 
desorption/ionization (MALDI) experiment at high sensitivity is sample prepara-
tion and the most important factor of the preparation is the matrix and how it inter-
acts with the analyte. As might be expected the matrix chosen will have a 
considerable effect on the ionization effi ciencies of the various analytes (cf. Chapter 
‘Employing ‘Second Generation’ Matrices’), pattern of interference from the matrix 
ions and potential for fragmentation of the  analyte   during the ionization process. In 
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general the only steadfast rule for a matrix is that it needs to absorb the wavelength 
of the laser light used and promote the formation of analyte ions. However, a num-
ber of other qualities are also highly desirable. For instance, if MALDI is to be 
performed under vacuum the matrix needs to be vacuum stable, the matrix should 
also not induce chemical reactions that lead to an altered analyte, and in order to 
simplify the data acquisition and facilitate quantitative measurements (cf. Chapter 
‘Quantitative MALDI MS Using Ionic Liquid Matrices’) the sample spot should 
ideally be formed of a complete homogenous layer of matrix and analyte. In real-
ity, most matrices do not possess all of these qualities and so compromises must 
be made based on the application. 

 The most commonly used matrices are derivatives of weak organic acids, for 
example α-cyano-4-hydroxycinnamic acid (CHCA) (Beavis et al.  1992 ) (cf. Chapter 
‘Employing ‘Second Generation’ Matrices’) and 2,5-dihydroxybenzoic acid (DHB) 
(Strupat et al.  1991 ; Karas et al.  1993 ). These  matrices   are generally employed 
using a ‘dried-droplet’ method where the matrix is dissolved in a suitable solvent 
and placed on a target with the analyte solution to crystallize. By adjusting the sol-
vents and the drying conditions the spot morphology can be fi ne-tuned for the desir-
able outcome. Two notable examples of this are the  matrix layer technique   for DHB 
(Garaguso and Borlak  2008 ) and the  thin-layer affi nity technique   for CHCA 
(Gobom et al.  2001 ). However, in practice these more elaborate methods can be 
time-consuming and diffi cult for the inexperienced to replicate reproducibly. 

 Other interesting  sample preparation methods   can be found in  liquid MALDI.   
The principle behind liquid MALDI is that rather than the matrix and analyte form 
a co-crystallized layer, the matrix material remains in solution co-dissolved with the 
analyte. Liquid matrices have been utilized in MALDI for almost as long as MALDI 
has existed as a technique. In 1988, Tanaka et al. used a suspension of tungsten 
powder in glycerol for their Nobel-prize winning work ionizing proteins and poly-
mers with masses of up to 100 kDa (Tanaka et al.  1988 ). Liquid matrices, and thus 
liquid MALDI, however lost favor due to their substantially lower analytical sensi-
tivity compared to matrices leading to crystalline (solid) MALDI samples. Recently, 
new liquid matrix systems have been developed which promise to re-address this 
sensitivity gap. 

 There are typically two forms of  liquid matrices   that are applied in liquid MALDI 
MS, the ionic liquid matrix (ILM) and the liquid support matrix ( LSM  ). For the lat-
ter, the matrix material (the component that mainly promotes the desorption/ioniza-
tion process) is typically dissolved or suspended in a vacuum-stable liquid. For 
instance, binary matrix systems are frequently dissolved  in glycerol   but even metal 
powder chromophores have been used as matrix suspended in glycerol. 1  The more 
recent ILMs have branched off from research on ionic liquids, which are commonly 
defi ned as salts that melt below 100 °C, are non-explosive/-fl ammable, stable below 
250 °C, and possess negligible vapor pressure (Wasserscheid and Keim  2000 ). 
Another key reason for research into ionic liquids is the countless combinations 

1   Although metal powder (metal nanoparticles) can effi ciently absorb the MALDI laser energy and 
thus provide the necessary energy for desorption, other liquid MALDI sample components are 
most likely more important for the ionization process (proton transfer reactions). 

M.W. Towers and R. Cramer



53

possible. Alteration of the  cation/anion content   gives ionic liquids a high degree of 
tuneability which makes them highly interesting with regard to the creation of novel 
tailor-made solvent systems. These properties therefore make ionic liquids also 
highly attractive as potential liquid matrices for MALDI. However, early studies 
showed that the classical ionic liquids did not perform well as MALDI matrices 
(Armstrong et al.  2001 ), although it was thought that the ionic nature should effi -
ciently support analyte ionization. There could be many reasons for this such as 
insuffi cient laser energy absorption, unfavorable analyte incorporation and/or sam-
ple morphology, and last but not least factors that lead to reduced (gas phase) charge/
proton transfer reactions. This research did however result in a new class of ionic 
liquids, which are suitable as  MALDI matrices   and were termed ILMs. These new 
matrices were formed from combinations of  classical crystalline matrices   such as 
 DHB    and CHCA   co-dissolved in an organic solvent along with an organic base such 
as 3-aminoquinoline (3-AQ); subsequent removal of the solvent resulted in the for-
mation of the ILM (Armstrong et al.  2001 ; Zabet-Moghaddam et al.  2004a ,  b ). 

 Previous work on a similar system had been carried out by Sze et al. ( 1998 ). In 
this case the system was an LSM using  CHCA and 3-AQ with    glycerol         as the liquid 
support. The intriguing point observed here was that the addition of the organic 
counter base 3-AQ allowed a tenfold or more increase in the solubility of the solid 
CHCA matrix. 2  One of the more successful combinations found in this study was 
that of CHCA and 3-AQ in glycerol in a ratio of 1:4:6 by weight. The ratio of CHCA 
to 3-AQ was found to be a key factor in the  ionization   performance and liquid char-
acteristic of the matrix. This matrix formulation has subsequently been  optimized 
  and explored (Cramer and Corless  2005 ; Palmblad and Cramer  2007 ; Towers et al. 
 2010 ) and will be discussed in more detail later. 

 Liquid matrices present a number of potential  advantages   over the current solid 
(crystalline) matrices and great strides have been made to bring the overall sensitiv-
ity of these matrices to a point where they can under certain conditions be seen to 
equal or even surpass their crystalline counterparts (Towers et al.  2010 ). One of 
their distinct properties is the simple morphology with a high degree of homogene-
ity (Armstrong et al.  2001 ; Zabet-Moghaddam et al.  2004b ; Cramer and Corless 
 2005 ; Palmblad and Cramer  2007 ; Towers et al.  2010 ; Mank et al.  2004 ). This gives 
them a signifi cant advantage in terms of the potential  for   high- throughput   auto-
mated analysis when compared to the crystalline MALDI samples as there is no 
need to search  for    ‘sweet spots’   or to acquire data from multiple positions within 
a sample to achieve reproducible and comparable ion abundances. The liquid nature 
also means that the sample surface is inherently self-healing and renewing, leading 
to long-lasting ion signal yields from a single desorption spot (Palmblad and Cramer 
 2007 ; Towers et al.  2010 ). In contrast to crystalline MALDI samples where indi-
vidual positions are quickly consumed and positional variations are observed, liquid 
MALDI samples provide highly improved shot-to-shot reproducibility and a 
signifi cant increase in sample longevity. These properties lend themselves well to 

2   Note that CHCA and 3-AQ will also form an ILM. Thus, much of the improvement in solubility 
might come from the formation of an ILM. 
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quantitative analysis, which has been demonstrated across a broad range of abun-
dances (Mank et al.  2004 ; Santos et al.  2004 ; Li and Gross  2004 ; Bungert et al. 
 2004 ) even without the use of an internal standard (Palmblad and Cramer  2007 ; 
Towers et al.  2010 ). In addition,  liquid matrices   have been reported to be tolerant to 
contamination and commonly used buffers such as ammonium bicarbonate at levels 
which would impair the crystallization of solid MALDI samples (Towers et al. 
 2010 ), allowing the analysis of biological samples of limited purity which would 
normally require extensive clean-up (Cramer and Corless  2005 ).  

2      Applications   

 It has been shown that liquid matrices can improve the analysis of a variety of mol-
ecules including peptides (Cramer and Corless  2005 ; Towers et al.  2010 ; Zabet- 
Moghaddam et al.  2006 ), proteins (Mank et al.  2004 ), phosphopeptides (Tholey 
 2006 ), glycopeptides (Fukuyama et al.  2008 ), oligosaccharides (Fukuyama et al. 
 2008 ; Laremore et al.  2006 ), phospholipids (Li et al.  2005 ) and polymers (Armstrong 
et al.  2001 ). In general, liquid matrices have been shown to be useful for many 
applications, including but not limited to quantitation (cf. Chapter ‘Quantitative 
MALDI MS Using Ionic Liquid Matrices’), the analysis of labile biomolecules, and 
enzyme reaction monitoring (Mank et al.  2004 ; Towers and Cramer  2007 ). 

 Quantitation has historically been very hard to perform by MALDI MS analysis. 
With solid MALDI samples quantitation based on MS ion signals without compari-
son to isotope-labeled reference standards 3  requires very careful time-consuming 
sample preparation with a high number of replicates to overcome the issues of poor 
shot-to- shot ion signal reproducibility, mainly due to the variance in sample mor-
phology and matrix/analyte homogeneity. The use of an internal standard of known 
concentration is often needed but if this standard differs too much from the analyte 
of interest, as it is often the case for non-isotope-labeled reference standards, the 
distribution and ionization effi ciencies between analyte and reference can still vary 
widely and so their ion signals. Thus, in general MALDI is widely considered to be 
qualitative but not quantitative. In 2004, however, Li and Gross fi rst demonstrated 
that ILMs can be utilized for quantitative measurements using a nonlabeled internal 
standard. Values of  R  2  > 0.992 were achieved for peptides and >0.994 for oligode-
oxynucleotides and >0.998 for proteins in a range from 1 to 50 pmol on target with 
a variety of ILMs (Li and Gross  2004 ). In 2006, Tholey et al. demonstrated the 
quantitation of peptides in the low-pmol range (up to 7 pmol) using an ILM without 
the use of an internal standard, resulting in an  R  2  value of 0.995. However, the linear 

3   One approach to avoid the detrimental effects of analyte ion suppression/ionization competition 
in quantitative MS measurements is based on signal comparison to a co-prepared and co-analyzed 
isotope-labeled reference, circumventing differences in the desorption/ionization process by 
assuming that analyte and reference undergo the same processes as their physicochemical proper-
ties are virtually the same (apart from a slight shift in mass). 
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range of quantitation was limited to one order of magnitude and multiple spots were 
required for each data point (Tholey et al.  2006 ). In 2007, Palmblad and Cramer 
demonstrated a signifi cant improvement in the dynamic range achievable for pep-
tides without an internal standard using a glycerol-based LSM incorporating CHCA 
and 3-AQ. By including an additional matrix dilution step and employing a dispos-
able hydrophobic Tefl on™ tape as target surface, very sensitive measurements of 
low- to high-fmol amounts (up to 1 pmol) of Bradykinin and Angiotensin I were 
achieved with  R  2  values of >0.998 (Palmblad and Cramer  2007 ). Palmblad and 
Cramer also demonstrated that the highly stable ion current produced by the glyc-
erol-based  LSM   can be utilized for tuning a Q-Tof instrument, which is typically 
undertaken in electrospray mode, thus eliminating the usual double switch of 
sources for instruments with an addtional MALDI source. Towers et al. in  2010  
showed similar results for quantitative measurements substituting the CHCA in the 
LSM with 4-chloro-α-cyanocinnamic acid ( ClCCA  ). Here, seven peptides could be 
quantifi ed in a single mixture over a range of three orders of magnitude with an 
average  R  2  value of >0.98 (Towers et al.  2010 ). More on  quantitative MALDI MS   
using ILMs can be found in Chapter ‘Quantitative MALDI MS Using Ionic Liquid 
Matrices.’ 

 Liquid matrices have shown particular promise in the area of labile (bio)mole-
cules. Labile molecules pose a particular challenge for MS analysis due to their 
tendency to fragment during the ionization process leading to a loss of critical infor-
mation. This is particularly true when analyzing oligosaccharides and glycopeptides 
as the sulfate groups, sialic acid groups or in the case of  glycopeptides   the whole 
glycan chain can easily become disassociated from the analyte with the result that 
the intact molecular ions are rarely detected. Multiple papers have been published 
on the use of ILMs for the analysis of oligosaccharides (Fukuyama et al.  2008 ; 
Laremore et al.  2006 ; Kolli and Orlando  1996 ,  1997 ; Laremore et al.  2007 ). One 
paper of particular note is that of Fukuyama et al. ( 2008 ), which demonstrated the 
use of ILMs formed from   p -coumaric acid with 1,1,3,3-tetramethylguanidium      and 
 CHCA with 1,1,3,3-tetramethylguanidium      for preferential detection of glycopep-
tide ions from a digest of ribonuclease B while suppressing the disassociation of 
sialic acids. 

 Phosphopeptides are another class of molecules which whilst biologically very 
important can be diffi cult to analyze by MALDI MS. The presence of  nonphos-
phorylated peptides   has been shown to suppress the ionization of phosphorylated 
peptides. In addition, due to the labile nature of the  phosphopeptides metastable 
fragmentation   can often be seen to occur, demanding ‘cooler/softer’ matrices such 
as DHB for their improved detection (Glückmann and Karas  1999 ). Best results 
have been achieved using DHB as a crystalline matrix with the addition of phos-
phoric acid (Kjellström and Jensen  2004 ). However, DHB-based  solid MALDI 
samples   tend to be highly inhomogeneous with a complicated morphology and 
topology. As discussed liquid matrices can result in highly homogeneous sample 
preparations, and in 2006, Tholey showed how ILMs formed with DHB and either 
pyridine or  n - butylamine   (combined with phosphoric acid in positive mode only) 
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could be used to analyze phosphopeptides with an increased sensitivity and 
improved homogeneity for positive and negative ion mode  measurements 
  (Tholey  2006 ). 

 Liquid matrices have also shown promise in the area of reaction monitoring. 
They have been used to successfully enable quantitative measurements of sugar 
converting enzymes (Bungert et al.  2004 ). In 2004 Mank et al. ( 2004 ) have shown 
for the fi rst time that ILMs can be used for the direct screening of enzymatic reac-
tions, reporting the desialylation of sialyllactose with sialidase from  Clostridium 
perfringens  in the presence of diluted  aqueous DHB/butylamine ILM     . In 2007, 
Towers and Cramer demonstrated the tuneability of their LSM system for the analy-
sis of enzymatic reactions occurring in the matrix solution by pH-tuning of a dilute 
glycerol- based LSM typically used for  MALDI   sample spotting, allowing for pro-
teolytic trypsin digestion of cytochrome C and myoglobin. 

 Finally, peptide mass fi ngerprinting is an area where liquid matrices have also 
been shown to be quite useful. Liquid matrices have been shown to allow for 
increased sequence coverage (Calvano et al.  2009 ), higher tolerance to contami-
nants (Cramer and Corless  2005 ; Towers et al.  2010 ), and analytical sensitivities 
equal to or better than their  crystalline   counterparts (Towers et al.  2010 ).  

3     Materials and Protocols 

 The following protocols are suitable for the creation of basic LSMs and ILMs using 
 CHCA   or the newly introduced solid matrix ClCCA (Jaskolla et al.  2008 ) (cf. 
Chapter ‘Employing ‘Second Generation’ Matrices’) in combination with 3-AQ 
which are quick and easy to prepare. The protocols are based on those published by 
Sze et al. ( 1998 ) and further modifi ed by Cramer and Corless ( 2005 ) and Towers 
et al. ( 2010 ). The  glycerol content   in the described LSMs increases the overall 
homogeneity of the MALDI sample and improves its ability to tolerate high amounts 
of buffer compared to the crystalline matrices and ILMs, and to allow for pH- 
tuning by the addtion of TFA or ammonium bicarbonate. The ILMs, however, 
although less homogeneous, show greater overall sensitivity. 

 For a  glycerol-based LSM   of CHCA and 3-AQ combine CHCA, 3-AQ, a solu-
tion of 10  mM   ammonium phosphate (AP) 50% methanol (MeOH) and glycerol in 
an MS-compatible microcentrifuge  tube   4  in a ratio of 1:3:5:5 where 1 mg of solid is 
equal to 1 μL of solvent. The order in which the components are added can have an 
infl uence on the speed, in which the matrix components dissolve. It is best practice 
to add the solid components to the tube fi rst and then the AP/50% MeOH solution. 
It can be advantageous, although not strictly necessary, to vortex the sample quickly 
at this point prior to the addition of the glycerol. For the addition of the glycerol it 
is the easiest to add this component by weight rather than trying to directly pipette 

4   Note that some tubes might be unsuitable for MS analysis as solvents such as methanol could lead 
to the dissolution of tube material. Thus, tubes should be checked regularly whether they are 
MS-compatible and ideally be washed before usage with the solvents that will be applied. 
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a fi xed volume as this will most likely give results that are more reproducible. The 
mixture should then be vortexed until the matrix components appear to have dis-
solved. After  vortexing  , the solution should be sonicated for 15 min to ensure com-
plete dissolution. 5  It is advisable to ensure that the temperature of the water in the 
sonicating water bath is at least at room temperature to avoid any greater precipita-
tion due to a reduction in temperature if the solution is not completely dissolved. If 
the matrix components do precipitate, raising the water bath temperature to ~30 °C 
and  sonicating   the matrix solution for 30 min should be suffi cient to dissolve the 
components. Once the components are fully dissolved they should remain so and 
this stock solution can be kept for several days if stored at 4 °C. 

 To generate the working matrix solution a small quantity ~10 μL of the stock 
solution should be diluted by a factor of 30 with the  AP/MeOH solution  . The reason 
for this dilution step is that it allows the matrix and analyte to concentrate to a much 
smaller volume when deposited on the target plate which will usually result in an 
increase in sensitivity as demonstrated by Cramer and Corless ( 2005 ). Whilst it is 
possible to dilute the matrix by a higher factor to further reduce the size of the 
matrix droplet and concentrate the analyte, additional gains in sensitivity are gener-
ally not seen and increases in the concentration of other undesirable components 
such as salts can lead to negative effects, including increased adduct ion formation 
and partial crystallization of the MALDI sample. 

 The AP in the liquid matrix system has an important role as it suppresses the 
formation of metal cation matrix  clusters   and the appearance of metal cation adduct 
formation with the  analyte  . This is a particular issue with liquid MALDI samples 
and an unfortunate by-product of the increased homogeneity, and in contrast to the 
crystalline MALDI samples where a fair portion of the metal cation content will not 
be incorporated into the analyte/matrix crystals due to partitioning effects. However, 
the liquid matrices are able to tolerate much higher amounts of some contamination 
and components such as buffer at levels which often prevent the crystallisation of 
the matrix in a ‘dried–droplet’  technique   for solid MALDI. 

 For the use of AP as an additive it is important to note that at higher fi nal concen-
trations the AP can also have a suppressive effect on the analyte ionization effi -
ciency, resulting in an overall reduced analyte ion signal. This means that if the 
dilution factor is increased to try and improve the sensitivity, the concentration of 
AP in the dilution solution needs to be decreased so that the fi nal concentration in 
the MALDI sample does not increase. Unfortunately, the effect of AP on metal 
cation suppression is linked to the ratio of AP to metal salt, which limits how much 
further the above system can be diluted and a gain in sensitivity can be observed. 

 To prepare the  CHCA/3-AQ ILM      the method is similar to the corresponding 
LSM with the obvious omission of the glycerol component, an adjustment of the AP 
concentration and the optional inclusion of octyl β- D -glucopyranoside (OGP) to aid 

5   In many LSM preparations it is common that two liquid phases occur. Thus, it is recommended to 
carefully check for the occurrence of two separate liquid phases and if they are formed to success-
fully disrupt their interface, e.g., with a clean pipette tip, and to thoroughly mix these, leaving just 
one homogenous phase. 
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with droplet formation as described in Towers et al. ( 2010 ). Briefl y, CHCA, 3-AQ, 
and MeOH are combined in a ratio of 1:3:5 where 1 mg of solid is equal to 1 μL of 
solvent. This mixture is vortexed until the matrix components are dissolved and 
then sonicated for 15 min. A quantity of this stock solution can be diluted by a factor 
of 30 with aqueous 5 mM AP/50% MeOH/0.1% OGP to generate a working matrix 
solution. 

 The protocols for generating an ILM  and LSM with ClCCA         are quite similar to 
those for CHCA. However, as key difference there is a change in the ratio of  ClCCA   
to 3-AQ compared to the ratio of CHCA to 3-AQ. For the ClCCA matrix the ratio is 
1:5 instead of 1:3. In both cases, the respective value represents the fi rst point, at 
which the matrix will dissolve and stay dissolved when under vacuum. Increasing 
the amount of 3-AQ will in both cases enhance the dissolution process. However, 
the increase of 3-AQ and its volume in relation to the fi nal total sample volume 
might affect the overall desorption/ionization process as the concentration of the 
principle chromophore and ionization promoter decreases. 

 The glycerol-based  ClCCA LSM matrix      can be prepared in a similar fashion to 
the CHCA LSM, by combining ClCCA, 3-AQ, a solution of 10 mM AP 50% MeOH 
and glycerol in an MS-compatible tube in a ratio of 1:3:10:5 where 1 mg of solid is 
equal to 1 μL of solvent. To generate a working matrix solution an aliquot (e.g., 10 
μL) of this stock solution should be diluted by a factor of 20 with the 10 mM 
AP/50% MeOH solution (Towers et al.  2010 ). 

 The  ClCCA ILM      can be prepared by dissolving ClCCA and 3-AQ in methanol 
in a ratio of 1:5:10 where 1 mg of solid is equal to 1 μL of solvent. The working 
matrix solution is then generated by diluting an aliquot of the stock solution by a 
factor of 20 with a 5 mM AP/50% MeOH/0.1% OGP solution. 

 Both ILMs and LSMs should be mixed 1:1 with the analyte solution prior to 
spotting on the target plate. With the ILM it is important to maintain this ratio when 
using aqueous analyte solutions as if the analyte solution is present in a higher ratio 
the MALDI sample droplets might not form correctly on the target. 6  

 Depending on the composition of the liquid matrix the target plate surface has a 
considerable infl uence on the sample spot development. In general, better results 
will be achieved on smooth surfaces such as a polished stainless steel target plate as 
the shrinking droplet may adhere to any ridges or defects on a rougher target plate 
causing the droplet to split or collapse into a thin fi lm, which is usually less ideal for 
long-term repeat measurements. For the glycerol-based LSM, Palmblad and Cramer 
( 2007 ) showed how a conductive  hydrophobic tape   can be used as a sample plate 
surface to aid in droplet formation which allowed for an increase in analytical per-
formance due to the superior droplet formation and potential decrease in analyte 
losses to the target surface. However, when using the hydrophobic tape or indeed a 
polished stainless steel target issues can be observed with regard to the precision of 

6   During the solvent evaporation phase the MeOH component evaporates fi rst leaving a ring of 
ionic liquid with an aqueous core. As the aqueous component evaporates, the ionic liquid ring 
contracts presumably (re-)absorbing the analyte. If the aqueous component is too high the con-
straining ring does not form and the analyte is potentially lost to the target surface. 
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the fi nal position of the droplet which can  impede   automated analysis due to the 
small size of the droplet. Structured target plates with a hydrophobic surface and 
hydrophillic anchors can also be highly useful as the anchors help to locate the 
droplet to a precise and repeatable position. However, the size of the anchor will 
determine the droplet width so it is necessary  to   choose an appropriate size for the 
level of dilution. Also, the incorporation of a small amount of nonionic detergent 
such as OGP into the sample droplet has been shown to aid in droplet formation 
(Towers et al.  2010 ). The amount of detergent, however, is a critical factor. The 
 detergent aids   in the droplet formation by lowering the adhesion to the surface of the 
target plate helping to maintain a compact droplet through the solvent evaporation 
process. However, if too much detergent is present, it will disrupt the surface tension 
of the droplet to a level that will cause the droplet to break apart. 

 Figure  1  shows the fi nal liquid MALDI samples for the four sample preparations 
described above after the volatile solvents are evaporated. In Fig.  2  a comparison 

  Fig. 1    Liquid MALDI samples after evaporation of the volatile solvents.  Top left , CHCA- 
containing glycerol LSM.  Top right , CHCA-containing ILM.  Bottom left , ClCCA-containing glyc-
erol LSM.  Bottom right , ClCCA-containing ILM. Sample appearance was unchanged after 
exposure to the vacuum. Each spot/droplet has a diameter of ~400 μm. Reprinted with permission 
from Towers et al. ( 2010 ). Copyright (2010) American Chemical Society       
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  Fig. 2    Example mass spectra of an in-solution BSA digest with 100 fmol spotted on target for ( a ) 
crystalline ClCCA matrix, ( b ) ClCCA-containing ILM, ( c ) ClCCA-containing LSM, ( d ) crystal-
line CHCA matrix, ( e ) CHCA-containing ILM and ( f ) CHCA-containing LSM. A total of 500 
single-shot spectra were acquired per spectrum.  Tick-marks  denote peaks matching theoretical 
BSA tryptic digest masses.  Asterisk  denotes expanded peak. Reprinted with permission from 
Towers et al. ( 2010 ). Copyright (2010) American Chemical Society       
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between liquid MALDI  and solid MALDI   mass spectra is shown using 100 fmol of 
a digest of bovine serum albumin (BSA) as analyte, while Table  1  summarizes the 
achievable performances in digest analyses using the example of a BSA digest and 
its dilutions for both liquid and solid MALDI, searching a protein database with the 
search engine Mascot (Matrix Science Ltd, London, UK).

     The following concise step-by-step protocols summarize the essential steps of 
the above described  liquid matrix preparations  :

   Table 1    Results of Mascot searches for the analysis of 100, 10, and 1 fmol on-target amounts of 
BSA in-solution digest (averaged over fi ve replicates for each matrix, four replicates for 1 fmol of 
analyte)   

 Matrix 
 # of picked 
peaks 

 Sequence 
coverage (%) 

 # of matched 
peaks ± SD 

 Mascot score 
(sig. ≥70) ± SD 

  100 fmol  
 ClCCA  142  79.4  58 ± 4  317.4 ± 32.8 
 ClCCA 
ILM 

 150  82.4  53 ± 1  269.4 ± 9.2 

 ClCCA 
LSM 

 150  75.4  49 ± 2  237.8 ± 14.8 

 CHCA  112  70.4  44 ± 5  241.2 ± 25.9 
 CHCA ILM  133  75.0  48 ± 5  256.4 ± 27.2 
 CHCA 
LSM 

 150  75.2  51 ± 2  248.0 ± 17.0 

  10 fmol  
 ClCCA  105  74.8  49 ± 2  305.0 ± 15.9 
 ClCCA 
ILM 

 112  72.8  48 ± 3  288.6 ± 13.1 

 ClCCA 
LSM 

 87  54.8  35 ± 3  210.6 ± 26.3 

 CHCA  79  57.2  32 ± 3  181.0 ± 27.6 
 CHCA ILM  77  60.2  37 ± 5  251.6 ± 32.7 
 CHCA 
LSM 

 84  53.8  33 ± 2  182.8 ± 6.1 

  1 fmol  
 ClCCA  70  41.3  24 ± 1  129.5 ± 21.0 
 ClCCA 
ILM 

 54  46.0  28 ± 2  199.0 ± 21.2 

 ClCCA 
LSM 

 28  26.3  13 ± 2  93.0 ± 21.2 

 CHCA  75  23.3  12 ± 3  32.5 ± 7.5 
 CHCA ILM  20  29.5  15 ± 5  148.3 ± 23.6 
 CHCA 
LSM 

 27  25.3  15 ± 1  115.0 ± 11.0 

  Peaks were picked between  m / z  800–4000 with a signal-to-noise ratio ≥4 (≥2 for 1 fmol). Reprinted 
with permission from Towers et al. ( 2010 ). Copyright (2010) American Chemical Society  
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  CHCA LSM 

   1.    Add 10 mg of CHCA and 30 mg of 3-AQ to an MS-compatible microcentrifuge 
tube. Then add 50 μL of 10 mM AP/50% MeOH and vortex briefl y.   

   2.    By weight add 50 μL of glycerol (approximately 63 mg at RT [ d  = 1.261 g/cm 3 ]) 
and vortex.   

   3.    Sonicate for 15 min or until fully dissolved.   
   4.    Take 10 μL of the stock solution and add 290 μL of 10 mM AP/50% MeOH.    

  CHCA ILM 

   1.    Add 10 mg of CHCA and 30 mg of 3-AQ to an MS-compatible microcentrifuge 
tube. Then add 50 μL of MeOH and vortex.   

   2.    Sonicate for 15 min or until fully dissolved.   
   3.    Take 10 μL of the stock solution and add 290 μL of 5 mM AP/50% MeOH/0.1% 

OGP.    

  ClCCA LSM 

   1.    Add 10 mg of ClCCA and 50 mg of 3-AQ to an MS-compatible microcentrifuge 
tube. Then add 100 μL of 10 mM AP/50% MeOH and vortex briefl y.   

   2.    By weight add 50 μL of glycerol (approximately 63 mg at RT [ d  = 1.261 g/cm 3 ]) 
and vortex.   

   3.    Sonicate for 15 min or until fully dissolved.   
   4.    Take 10 μL of the stock solution and add 190 μL of 10 mM AP/50% MeOH.    

  ClCCA ILM 

   1.    Add 10 mg  of   ClCCA and 50 mg of 3-AQ to an MS-compatible microcentrifuge 
tube. Then add 100 μL of MeOH and vortex.   

   2.    Sonicate for 15 min or until fully dissolved.   
   3.    Take 10 μL of the stock solution and add 190 μL of 5 mM AP/50% MeOH/0.1% 

OGP.    

  Last but not least, other ILMs (cf. Chapter ‘Quantitative MALDI MS Using Ionic 
Liquid Matrices’) as well as LSMs are under development. The Cramer research 
group has made some further progress in simplifying the preparation protocols for 
liquid matrices and using liquid MALDI for the generation of multiply charged 
MALDI ions (cf. Chapter ‘Effi cient Production of Multiply Charged MALDI Ions’). 
Some of these matrices also appear to be promising candidates for sensitive MALDI 
MS analysis in general. However, most of these tend to crystallize to some degree 
under high-vacuum conditions (as do most of the ILMs) but offer an interesting 
alternative to the  cinnamic acid/base binary systems   and their specifi c properties. 
One of these liquid matrices employs DHB and does not require any base. Its prepa-
ration is based on a simple two-step protocol. Briefl y, (1) fully dissolve 10 mg of 
DHB in 100 μL of 50–70% organic solvent such as MeOH or acetonitrile, option-
ally including 10 mM AP, and (2) add 20–60 μL of glycerol and thoroughly mix. 
This liquid matrix should provide homogeneous and fully liquid MALDI samples if 
prepared in a ratio of 1:1 with the analyte solution and used under intermediate 
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vacuum conditions (as found in  Q-TOF MALDI ion sources  ) or under atmospheric 
pressure. Using MALDI samples prepared with this liquid matrix in high-vacuum 
ion sources as  in MALDI-TOF MS instruments   might result (although not necessar-
ily) in partial crystallization. As with most MALDI sample preparations it is recom-
mended to test a few different compositions in order to fi nd suitable conditions for 
the specifi c experimental setup and analysis.     
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      Coupling Liquid MALDI MS to Liquid 
Chromatography       

       Kanjana     Wiangnon      and     Rainer     Cramer    

    Abstract     Matrix-assisted laser desorption/ionization (MALDI) coupled with 
 time-of- fl ight (TOF) mass spectrometry (MS) is a powerful tool for the analysis of 
biological samples, and nanofl ow high-performance liquid chromatography 
(nanoHPLC) is a useful separation technique for the analysis of complex proteomics 
samples. The off-line combination of MALDI and nanoHPLC has been extensively 
investigated and straightforward techniques have been developed, focussing 
 particularly on automated MALDI sample preparation that yields sensitive and 
reproducible spectra. Normally conventional solid MALDI matrices such as 
α-cyano-4-hydroxycinnamic acid (CHCA) are used for sample preparation. 
However, they have limited usefulness in quantitative measurements and automated 
data acquisition because of the formation of heterogeneous crystals, resulting in 
highly variable ion yields and desorption/ionization characteristics. Glycerol-based 
liquid support matrices (LSM) have been proposed as an alternative to the tradi-
tional solid matrices as they provide increased shot-to-shot reproducibility, leading 
to prolonged and stable ion signals and therefore better results. This chapter focuses 
on the integration of LSM MALDI matrices into the LC-MALDI MS/MS approach 
in identifying complex and large proteomes. The interface between LC and MALDI 
consists of a robotic spotter, which fractionates the eluent from the LC column into 
nanoliter volumes, and co-spots simultaneously the liquid matrix with the eluent 
fractions onto a MALDI target plate via sheath-fl ow. The effi ciency of this method 
is demonstrated through the analysis of trypsin digests of both bovine serum albu-
min (BSA) and  Lactobacillus plantarum  WCFS1 proteins.  

1          Introduction 

 Matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS) was 
introduced in the late 1980s by Hillenkamp and Karas (Karas and Hillenkamp  1988 ). 
MALDI is a very useful and effective technique for the MS analysis of  (bio)molecules 
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due to its inherently high sensitivity, simple  sample preparation  , ease of data interpre-
tation (through the detection of mainly singly charged ions) and tolerance to contami-
nants such as salts, buffers, and other impurities (Cramer and Dreisewerd  2007 ; Nagra 
and Li  1995 ). It also produces mass spectra with little or no fragment ions due to the 
soft ionization process,    so it is suitable for large and/or labile biomolecules such as 
proteins. MALDI sample preparation is typically achieved by mixing an analyte solu-
tion with a solution of a matrix such as 2,5- dihydroxybenzoic acid (DHB) or α-cyano-
4-hydroxycinnamic acid (CHCA), resulting after drying in a solid (crystalline) sample 
with a high molar excess of the matrix in comparison to the analyte (>10,000:1). 
There are, however, disadvantages with solid MALDI samples, for instance the for-
mation of  inhomogeneous crystals   which leads to ‘hot spots’. In this situation the 
position of the laser needs to be changed frequently as the laser beam bores into the 
crystal with successive shots (Towers and Cramer  2007 ), thus desorbing (or better 
described as ablating) the MALDI sample from spots with different topology and 
morphology. These drawbacks are problematic for the successful  automation   of the 
analysis and quantitative MALDI MS measurement. 

  Liquid matrices   were proposed as an alternative to solid matrices (Kolli and Orlando 
 1996 ; Sze et al.  1998 ). These early liquid matrices are based on the dissolution of an 
acidic solid matrix with a solubilizing helper compound, a basic organic reagent such 
as 3 aminoquinoline (3-AQ). The use of a viscous material with low- volatility such as 
glycerol in conjunction with this acid/base system supports the sample  to   remain liquid 
under vacuum conditions (Sze et al.  1998 ; Towers and Cramer  2007 ). 1  In contrast to 
 solid matrices  , liquid MALDI samples give greater sample homogeneity with a more 
consistent spot morphology and topology after irradiation due to their self-healing and 
renewing properties. As the spot remains liquid under vacuum conditions, a prolonged 
period of ion generation under these conditions is possible. 

 For the analysis of complex protein samples such as in proteomics, two- 
dimensional gel electrophoresis (2DE) is the classical method, separating proteins 
based on their molecular weight and charge (Beranova-Giorgianni  2003 ).  After 
electrophoretic separation   of the proteins, individual gel spots can be excised and 
digested with trypsin prior to  protein identifi cation   analysis by MS. This methodol-
ogy can provide high sensitivity and resolution but there are obvious drawbacks in 
terms of the time needed for the entire workfl ow, the diffi culties in covering the 
whole  proteome   (particularly when some of the proteins have poor solubility such as 
membrane proteins), and the limited range of molecular weight (Wagner et al.  2003 ). 

 An alternative method to separate peptides in biological samples is liquid chroma-
tography (LC) coupled either on- or off-line to a mass spectrometer. Generally, 
nanoLC is coupled on-line to electrospray ionization (ESI)  instruments   such as ion 
traps/Orbitrap mass analyzers. This combination allows for automated measure-
ments with fast data acquisition and high-throughput analysis of complex proteolytic 

1   Please note that the liquid matrices in this chapter are glycerol-based liquid support matrices 
(LSMs) as described here and not ionic liquid matrices (ILMs), which lack the addition of glyc-
erol. See also the Chapters ‘Ionic Liquids and Other Liquid Matrices for Sensitive MALDI MS 
Analysis’ and ‘Quantitative MALDI-MS Using Ionic Liquid Matrices’ in this book for more infor-
mation on ionic liquid matrices. 
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digests, providing great sensitivity in the low-femtomole range, high resolution and 
good mass accuracy. However, in highly complex peptide mixtures, there may be 
co-eluting peptides from the LC column which would yield several different precur-
sor ions over the MS/MS acquisition time. Due to the scan speed restrictions of the 
instrument, not all the peptides could be sequenced during MS/MS leading to a 
reduction in the proteome coverage (Mirgorodskaya et al.  2005 ; Yang et al.  2007 ). 
For this reason, the combination of the chromatographic separation and MALDI MS 
has been increasingly investigated as MALDI MS and MS/MS measurements are 
acquired ‘off-line’, i.e., independent on the chromatographic separation, allowing 
more time for data acquisition of all the peptides eluted from the  LC column  . Other 
benefi ts of LC-MALDI are that samples deposited on target can be stored for several 
days without degradation, and re-analysis with different data acquisition parameters 
is possible. Also, mainly singly charged peptide ions are detected in MALDI, whereas 
multiply charged ions are typically detected in ESI MS. This avoids the need for 
deconvolution and enables easy interpretation of the acquired MS spectrum, although 
it also limits fragmentation for MS/MS analysis and requires instruments with a 
higher  m/z  range, ideally >2000. 2  

 The development of a suitable matrix-spotting method and also of a matrix that 
gives improved sample homogeneity is the key to achieve more reproducibility in 
automated MALDI MS measurements. The use of liquid matrices in such a spotting 
device would be benefi cial due to the general properties of liquids, potentially also 
providing an automated on-line integration of liquid chromatography with MALDI 
as it is the case with ESI. 

 In this chapter, a suitable setup for automated spotting of liquid MALDI matrices 
is presented. In this setup, a  nanofl ow LC system   for the separation of digested 
peptides is coupled with an  automated sample spotting robot   that simultaneously 
co-spots a liquid matrix aliquot with fractions of the LC eluent. The ability to use 
 nanoLC-MALDI MS and MS/MS   for identifi cation of a bovine serum albumin 
(BSA) digest and Lactobacillus proteins resulted in successful identifi cations with 
high protein sequence coverages.  

2      Applications   

 Recent progress in the fi eld of LC-MALDI MS/MS have included fractionation of 
the LC eluent and the development of an automated MALDI spotter and software 
that allows the rapid acquisition, high-speed processing and combining of tens of 
thousands of peptide spectra as well as searching the processed data set against a 
protein sequence database (Mirgorodskaya et al.  2005 ). 

 The design of the LC-MALDI interface, the method of transferring the LC eluent 
and matrix solution and ultimately their on-target deposition, is an important aspect. 

2   See also the discussion/introduction to multiply charged MALDI ions in the Chapter ‘Effi cient 
Production of Multiply Charged MALDI Ions’ in this book. 
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In earlier studies, the matrix was either pre-spotted (Mirgorodskaya et al.  2005 ) or 
mixed with the LC eluent using a T-junction. In the latter case the fused silica tubing 
carrying the eluted sample is connected to a T piece where the matrix solution is 
introduced. The two solutions are then co-spotted onto the MALDI target (Melchior 
et al.  2010 ). Other studies have demonstrated the use of nanoLC coupled to a robotic 
spotting device, in which the MALDI spots were mixed using a liquid sheath-fl ow 
(PROTEINEER fc, Bruker). These studies also made use of the WARP-LC and 
BioTools software from Bruker. The associated workfl ow proved to be successful for 
large-scale  proteome   analysis (Maccarrone et al.  2010 ). A few researchers have built 
a spotter device of their own. For example, Hioki et al. have made a column probe, 
incorporating a depositing probe onto the nanoLC column (Hioki et al.  2014 ). It 
directly spots the eluted peptides onto the MALDI target plate where the matrix is 
pre-deposited. The advantage of this combination is a reduction in post-column dif-
fusion. Hioki et al. demonstrated the successful detection of a trace element spiked 
into a complex sample (Hioki et al.  2014 ). Finally, Pereira and co-workers have 
revealed the use of an oil stream for producing a droplet (Pereira et al.  2013 ). Here 
the LC fraction and MALDI matrix were mixed at a T-junction and then delivered 
into an oil stream. The resulting sample spots were homogenous and thus more 
reproducible compared to the solid MALDI samples (Pereira et al.  2013 ). In pro-
teomics, most analyses have focused  on applying  LC-ESI MS      for peptide sequenc-
ing . The peptide mixtures from a proteolytic digest are typically separated by HPLC 
coupled to a tandem mass spectrometer, in which the resultant peptides are frag-
mented by collision-induced dissociation (CID). Each MS/MS acquisition is searched 
against a protein sequence database for matching peptides. In contrast, following 
digestion with trypsin, MALDI-TOF analysis typically employs peptide mass fi nger-
printing, searching individual protein digests without MS/MS analysis (Trauger et al. 
 2002 ). Gel electrophoresis is often used as a means of reducing sample complexity 
prior to MALDI-TOF MS analysis. However, for this,    proteins need to be separated 
fi rst if a complex protein sample is to be analyzed. 

 A few papers have now shown the advantages in interfacing off-line LC with 
MALDI for the analysis of a complex peptide mixture. The successful identifi cation 
of both bovine serum albumin (BSA) digests at the 1-fmol level and complex pro-
teins from  Escherichia coli  have been achieved by nanoLC-MALDI MS/MS with 
high reproducibility (Mirgorodskaya et al.  2005 ). Due to the differences between 
MALDI and ESI, they each have specifi c advantages over the other. In a study by 
Yang et al., the LC-MALDI methodology gave almost 50% more  protein identifi ca-
tion  s compared to the LC-ESI MS/MS analysis of the same highly complex sample 
(Yang et al.  2007 ). The unique proteins obtained from LC-MALDI were larger and 
slightly more hydrophilic than the unique proteins identifi ed by ESI. These results 
also showed that the LC-MALDI approach has an advantage over ESI when the 
sample contains ion suppression agents or contaminants (Yang et al.  2007 ). 
Therefore, combining the results from both LC-ESI MS/MS and LC-MALDI MS/
MS have improved the number of proteins identifi ed and the protein coverage of 
complex protein mixtures (Bodnar et al.  2003 ; Hattan et al.  2005 ; Yang et al.  2007 ). 
Moreover, the analysis of heterogeneous compounds such as glycoproteins is far 
more suited to the MALDI approach because heterogeneous compounds produce 
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highly complex spectra, requiring greater sample fractionation/separation if ESI is 
used (Trauger et al.  2002 ). 

 Quantitation is also a challenging area in proteomics research. However, the main 
problem with MALDI is the poor reproducibility because of the nature of the solid 
MALDI sample. One potential solution to overcome the problem of poor reproducibil-
ity would be the use of an internal standard. The incorporation of a stable isotope- 
labeled standard allows for greater precision and high reproducibility in MS. A variety 
of isotope labeling methods have been developed, such as isotope-coded affi nity tags 
(ICAT), isobaric tags for relative and absolute quantitation (iTRAQ), stable isotope 
labeling with amino acids in cell culture (SILAC), and absolute quantitation of abun-
dance (AQUA) (Szajli et al.  2008 ). Yang et al. also used iTRAQ- labeling with 
LC-MALDI in their research (Yang et al.  2007 ). Generally, label-free relative quantita-
tion has been restricted to LC-ESI due to the greater ion signal fl uctuation and differen-
tial ion suppression in MALDI with solid (crystalline) samples. However, there has been 
one study  which   has demonstrated the use of label- free LC-MALDI in secretome analy-
sis. For this purpose the statistical tools and software were specifi cally designed. The 
researchers were successful in quantifying proteins within 1.5–20 fold changes from the 
control with satisfactory statistics but fold changes of <0.05 were hardly measurable and 
had high coeffi cient-of-variation and relative-error values (Riffault et al.  2015 ). 

 Due to their great homogeneity and signal stability,  liquid MALDI samples   have 
been successfully used for peptide quantitation with high accuracy and precision (Li 
and Gross  2004 ; Palmblad and Cramer  2007 ), but not in an automated LC-MALDI 
workfl ow. The potential benefi ts of using liquid matrices also with LC-MALDI for 
quantitative  applications   in large-scale proteomics are therefore highly promising.  

3     Materials and Protocols 

 A major reason for using liquid MALDI matrices in  an LC-MALDI workfl ow   is 
their potential to provide automated and quantitative measurements with great 
reproducibility. In proteomics, this is ideally achieved without sacrifi cing the pro-
tein and  proteome   sequence coverage that is achievable with solid MALDI samples. 
As a starting point a less complex sample such as a single protein like bovine serum 
albumin (BSA) is recommended. The example of a more complex protein sample, 
the  lysis of    Lactobacillus plantarum  WCFS 1, is also presented.   L. plantarum  
WCFS 1   is an important bacterium for the food industry and only a few proteomic 
studies have been carried out so far. 

3.1      Materials   

 BSA, 3-aminoquinoline (3-AQ) and all solvents were purchased from Sigma- 
Aldrich (Poole, UK). Peptide calibration standard II (#222570) and CHCA were 
purchased from Bruker UK Ltd. (Coventry, UK). All chemicals, solvents, and 
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peptides were used without further purifi cation.  L. plantarum  WCFS 1 was  originally 
isolated  from human saliva   (National Collection of Industrial and Marine Bacteria, 
Aberdeen, UK). It was kindly donated by Mr. Pornpoj Srisukchayakul, Food and 
Nutritional Sciences, University of Reading, Reading, UK.  

3.2     Preparation of  Samples   

 For  L. plantarum  WCFS 1, the workfl ow starts with growing the  bacteria  l cells in 
broth media followed by mechanical lysis. The resulting protein solution is subse-
quently digested with trypsin. Finally, the sample is cleaned and concentrated using 
solid phase extraction (SPE) and a speed vacuum concentrator. Figure  1  provides 
the details of this workfl ow.

   For BSA, in-solution digests are performed using a similar protocol as for 
 L. plantarum  WCFS 1.  

3.3     Automated LC-MALDI MS Analysis of Protein Digests 

3.3.1      Liquid MALDI Sample Preparation   

 The  glycerol  -based liquid support matrix (LSM) is prepared by dissolving CHCA 
and 3-AQ in 50% methanol/50% 10 mM ammonium phosphate (solution X) and 
glycerol in the ratio of 1:3:5:5 (w:w:v:v/[mg:mg:μL:μL]). The mixture is vortexed 
and sonicated for 15 min until all solutes are dissolved to give a clear yellow solu-
tion. This stock matrix solution is further diluted 20-fold in solution X prior to the 
analysis. The matrix solution is mixed with the peptide standard solution in a ratio 
of 1:1 (v/v), and 1 μL of matrix-analyte solution is spotted onto a 600 μm AnchorChip 
target plate (Bruker UK Ltd.) and allowed to dry at ambient temperature.  

3.3.2      NanoHPLC    and Automated MALDI Sample Spotting   

  In  our setup, an Ultimate nanoLC system (Dionex, Hemel Hempstead, UK) is cou-
pled directly to a PROTEINEER fc liquid handler (Bruker UK Ltd.). Both systems 
can be controlled by the Hystar software (Bruker UK Ltd.). The LC system has two 
pumps, of which the loading pump (which is a Switchos system) switches between 
the trap column (Acclaim PepMap 300 μm i.d. × 1 cm, 3 μm C 18  particles) and the 
analytical column (Acclaim PepMap 75 μm i.d. × 25 cm, 3 μm C 18  particles). The 
second pump is the Ultimate LC pump with a NAN-75 cartridge for splitting the 
fl ow rate (from 187 μL/min to 300 nL/min). An autosampler is used for the injec-
tion and loading of the sample onto the trap column. The loading solvent is the 
mobile phase solution A, comprising of 2% ACN/0.01% trifl uoroacetic acid (TFA). 
A total of 1 pmol of the tryptic BSA digest or 1 μg of the  bacteria  l protein digest is 
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injected at a fl ow rate of 20 μL/min onto the trap column. After 5 min of loading, 
the trap column is switched to an in-line position with the analytical column at a 
fl ow rate of 300 nL/ min. The solvent used for the  LC   system is made up of the 
mobile phase solution A (2% ACN/0.01% TFA; see above) and the mobile phase 
solution B (90% ACN/0.01% TFA). A gradient of increasing mobile phase solution 
B is used, from 3 to 55% in 125 min. The UV detector is set to measure at 214 nm. 
The 3-nL UV fl ow cell is joined to the spotter by fused silica tubing (20 μm i.d., 360 
μm o.d. × 100 cm). 3  The peptides run through the fl ow cell and fractions  are   spotted 
(30-s depositions) 4  onto the MALDI target plate from 20 to 120 min, as shown in 
Fig.  2 .

3   The length of the fused-silica tubing between the UV fl ow cell and the automated spotter should 
be kept as short as possible to minimize band spreading of the eluted sample. The internal diameter 
of the fused-silica tubing should be 20 μm for nanoHPLC and 50 μm for capillary HPLC. 
4   For highly complex samples, the fractionation time interval should be no more than 10–15 s but 
can be increased up to 30 s to obtain higher sensitivity. 

Cell culture

Collection

Lysis

Digestion

Clean-up

Analysis

• Isolate a single bacterial colony.
• Grow culture at 37 °C for 24 h with shaking at 180 rpm.

• Harvest samples after 16 h in stationary phase by centrifugation 
at 4 °C for 10 min at 3000 rpm.

• Discard the supernatant and wash twice with phosphate buffered 
saline (PBS) at pH 7.4.

• Break the cell walls mechanically by vibrating/milling with 
microbeads at high speed using a Minibeat beater (3 x 1 min).

• Reduce the proteins using 10mM dithiothreitol (DTT) at 45ºC for 
45 minutes and alkylate with 30mM iodoacetamide (IAM) in the 
dark for 45 minutes. Digest the protein over-night at 37ºC using 
trypsin at a ratio of 1:50.

• Desalt the sample by solid phase extraction using a C18 column. 
Wash and elute the peptides with 70% ACN.

• Concentrate the peptides using a speed vacuum concentrator.

• Perform nanoLC-MALDI MS/MS with a liquid matrix.

  Fig. 1    Overall workfl ow for the preparation of protein digests from bacterial cells       
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   The liquid matrix is simultaneously deposited (0.5 μL/spot) by a probe which is 
connected to a syringe pump to aspirate and dispense the matrix solution. 5  Prior to 
sample and matrix deposition, the PROTEINEER fc robot was taught the  x – y – z  
coordinates of the 600-μm AnchorChip target plate 6  to ensure the tip of the spotting 
capillary 7  closely  approaches   but  does   not touch the surface of the target (i.e., 
<0.5 mm above the surface of the target). The probe needle must be washed before 
and after each run with a solvent that dissolves the matrix.  

5   Where continuous fl ow is selected the matrix fl ow rate should be set higher than normally required 
because of the viscosity of the liquid matrix. For discontinuous fl ow, the volume should be higher 
than normally required for the same reason. 
6   Note that other MALDI-MS instruments and thus target plates can be used with the appropriate 
adaptations/teaching. 
7   The fused-silica capillary should protrude no more than 0.1 mm from the needle probe. 

Nano-LC

Off-line
MALDI MS

Co-spotting of LSM and LC-eluents

MASCOT search engine

Syringe Pump

Liquid matrix reservoir

Peptide mass fingerprinting (PMF) 
MS/MS ions searching

  Fig. 2    Schematic summary of the nanoHPLC-MALDI MS spotting system, co-spotting the liquid 
support matrix (LSM) with the LC eluents       
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3.3.3      Mass Spectrometer Settings   

 Mass spectrometry measurements are performed on an  Ultrafl ex TOF/TOF   (Bruker 
UK Ltd.) instrument, employing the positive ion and refl ectron mode. The instru-
ment is calibrated using a standard peptide mixture mixed with the liquid matrix. 
MS data are collected with the  ion source 1  set to 25.00 kV and  ion source 2  set to 
21.75 kV. The  lens voltage  is set to 8.50 kV and  refl ector 1  is set to 26.30 kV with 
 refl ector 2  at 13.75 kV. Matrix suppression below 500 Da is used. The MS/MS mea-
surement on an Ultrafl ex instrument is performed using the LIFT  technology   with 
its default calibration, which is typically carried out by Bruker as part of the 
Preventative Maintenance Contract. 8   

3.3.4      MS Data Acquisition   and Analysis 9  

 Analysis of the fractionated samples is performed automatically using the AutoXecute 
function in fl exControl (Bruker UK Ltd.). The data is collected from the center of the 
spot without changing the desorption position, with a laser repetition rate of 25 Hz. 
Spectra of 500 laser shots are summed at each desorption position. After MS data 
acquisition, MS spectral peaks are picked using fl exAnalysis software version 3.0 
(Bruker UK Ltd.). Peak picking is performed automatically using the Sophisticated 
Numerical Annotation Procedure (SNAP) algorithm with the criterion that a maxi-
mum of 300 peaks are picked with an S/N of at least three and a resolution higher 
than 500.  The WARP-LC software   (Bruker UK Ltd.) is used to establish a peak list 
of the entire LC experiment after peak picking. WARP-LC is then used for the auto-
matic selection of peptide signals and their subsequent MS/MS analysis. MS and 
MS/MS spectra are sent by WARP-LC to the BioTools software (Bruker UK Ltd.) as 
 combined   peak lists for database searching (see Sect.  3.4 ).  

3.3.5     MS/MS Data Acquisition   and Processing 

 Automated MS/MS data acquisition is performed by using the LIFT technology of 
the Ultrafl ex TOF/TOF instrument. For this, LIFT spectra are obtained from the 
accumulation of 300 parent ion spectra and 500 single-shot fragment ion spectra for 
each parent/precursor ion. A maximum of ten precursor ion signals per fraction are 
analyzed starting preferentially in the range of  m/z  800–3500. The LIFT spectral 
peaks are picked using fl exAnalysis after baseline subtraction (Median with a 0.8 
fl atness) and smoothing (Savitzky-Golay, 4 cycles with a width of  m/z  0.15). Peak 
picking is set to a default maximum of 200 peaks with an S/N of at least three using 
the centroid algorithm.   

8   LIFT calibration is not straightforward and is best left to an experienced service engineer. 
9   In our lab we use the following software versions for this step: 3.0 (fl exAnalysis), 1.1 (WARP-LC), 
3.1 (BioTools). 
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3.4       Database Searching   

 In our lab, the peak lists are automatically searched against an in-house copy of the 
Swiss-Prot protein database using Mascot Server 2.4.1 (Matrix Science, London, 
UK). Peptide mass fi ngerprinting ( PMF  ) is performed with a mass tolerance of 50 
ppm, allowing for up to one missed cleavage, with a fi xed modifi cation of cysteines 
by carbamidomethylation and variable modifi cations of acetylation at the  N -terminus 
and methionine oxidation. The MS/MS ions searching is usually done with the pep-
tide mass tolerance set at 50 ppm and the MS/MS ion tolerance at 0.8 Da. The modi-
fi cations of fi xed carbamidomethylation of cysteines and variable oxidation of 
methionines are selected. A maximum of one missed cleavage is allowed. The entire 
workfl ow for nanoLC-MALDI MS and MS/MS data acquisition and analysis is 
shown in Fig.  3 . An example liquid MALDI MS spectrum from a  nanoHPLC frac-
tion   of  an  L. plantarum  WCFS1 digest   and the annotated MS/MS spectrum from the 
precursor ion signal at  m/z  1613.935 identifying the elongation factor Tu protein are 
shown in Fig.  4 . Details of the 20 highest scoring proteins from  the   entire analysis 
of the  L. plantarum  WCFS1 digest used for Fig.  4  are summarized in Table  1 .

LC fraction collection and liquid matrix co-spotting on a MALDI target

MS measurements using AutoXecute

WARP-LC establishes the MS peak list

Generation of MS/MS peak lists for Mascot database searching via BioTools

Mascot search results

Proteolysis of protein sample using trypsin

NanoLC separation of the peptides mixture

MS/MS measurements

  Fig. 3    LC-MALDI TOF/TOF MS/MS analysis workfl ow for the analysis of complex protein 
digests       
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  Fig. 4    Liquid MALDI MS and MS/MS spectrum obtained from a nanoHPLC fraction of a 
 Lactobacillus plantarum  WCFS1 digest at a retention time of 54 min. The MS/MS spectrum 
( inset ) shows the fragment ions obtained for the peak at  m/z  1613.935. Based on Mascot MS/MS 
ions searching, the peptide was identifi ed as TLDLGEAGDNVGALLR of the elongation factor Tu 
protein       

   Table 1    The top ten highest scoring  L. plantarum  WCFS1 proteins obtained by whole proteome 
digest analysis using nanoHPLC coupled to liquid MALDI MS and MS/MS a    

 Protein accession number  Protein description 
 MW 
(kDa) 

 Mascot 
score 

 sp|Q88VE0|EFTU  Elongation factor Tu  43.4  582 
 tr|F9UM10|F9UM10  Glyceraldehyde 3-phosphate dehydrogenase  36.6  433 
 sp|Q88YM5|CH60  60 kDa chaperonin  57.4  358 
 sp|Q88VJ2|LDHD   D -lactate dehydrogenase  37.2  309 
 tr|F9UTT2|F9UTT2  Fructose-bisphosphate aldolase  31.0  218 
 sp|Q88YH5|PGK  Phosphoglycerate kinase  42.8  206 
 sp|Q88YH3|ENO1  Enolase 1  48.1  189 
 tr|F9UPM3|F9UPM3  Pyruvate kinase  62.9  145 
 tr|F9UPL0|F9UPL0  30S ribosomal protein S1  47.1  131 
 sp|Q88YH4|TPIS  Triosephosphate isomerase  27.1  127 

   a For database searching, Mascot MS/MS ions searching was employed, searching against the 
 Lactobacillus plantarum  WCFS1 database with 3088 entries, which was downloaded on March 
31, 2014, from HAMAP (High-quality Automated and Manual Annotation of microbial Proteomes; 
  http://hamap.expasy.org/proteomes/LACPL.html    )  
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      Quantitative MALDI MS Using Ionic 
Liquid Matrices       

       Joanna     Tucher     ,     Prasath     Somasundaram     , and     Andreas     Tholey    

    Abstract     Since the introduction of ionic liquid matrices (ILM) for matrix-assisted 
laser desorption/ionization (MALDI) mass spectrometry, manifold applications for 
a range of different substance classes (e.g., amino acids, peptides or proteins) were 
described. ILM are composed of an equimolar mixture of classically used acidic 
MALDI matrices and organic bases, which allows for an almost infi nite number of 
combinations with different properties. A major advantage offered by many ILM 
compared to classical crystalline matrices is a highly homogeneous sample distribu-
tion, which is especially important in regard to quantifi cation. 

 In general the concentration of an analyte can be determined based on the inten-
sity of its corresponding ion in the mass spectrum (MS 1  quantifi cation). For this 
purpose the use of an internal standard with a high similarity to the analyte of inter-
est is usually recommended. However, in certain cases it is possible to quantify the 
analyte without the use of an internal standard. Here we describe two exemplary 
applications of MALDI MS using ILM for the determination of enzyme activities.  

1          Introduction 

 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) has 
become a major analytical technique in various sectors of scientifi c research, indus-
trial applications and pharmaceutical or food quality control. Low molecular weight 
compounds (Cohen and Gusev  2002 ), e.g., amino acids, lipids, sugars, or vitamins, 
can be analyzed as well as molecules of higher molecular  weight   such as peptides, 
proteins, or oligonucleotides (Karas and Hillenkamp  1988 ). Key features of this 
technology are its relatively simple and fast sample preparation, a comparatively 
high tolerance towards impurities (e.g., salts or detergents), low sample consump-
tion as well as straightforward interpretable spectra. The latter is mainly caused by 
the preferred formation of singly charged ions. 
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 The careful choice of a suitable matrix for a certain application is of fundamental 
importance for the success of an experiment as the matrix can infl uence the ioniza-
tion/desorption behavior, trigger the formation of adducts or may affect the stability 
of the analyte of interest. This fact concerns qualitative as well as quantitative appli-
cations of MALDI MS. In general MALDI matrices must fulfi ll several criteria: 
they have to be stable under high vacuum conditions (low vapor pressure), and 
absorb the laser light at the emitted wavelength. Additionally, matrices should be 
inert towards the analyte and either co-crystallize (solid matrices) with the analyte 
or solubilize (liquid matrices) the latter (Fig.  1 ).

   Whereas qualitative measurements are applied routinely, quantifi cation by 
MALDI MS is hampered by several  challenges  . First, signal intensities are not only 
dependent on the amount of analyte present in the sample but also of its chemical 
composition. The ionization behavior of peptides, for example, is infl uenced by the 
basicity of the single amino acids, certain amino acid modifi cations and the sequence 
itself. Internal standards with high chemical similarity to the analyte, at best stable 
isotope-labeled counterparts of the analyte, are required for quantifi cation. Second, 
complex samples or impurities can favor ion suppression effects. Accordingly, ana-
lytes have to be purifi ed prior to MALDI MS measurement or the sample complexity 
has to be reduced, e.g., by offl ine-LC separation and subsequent spotting onto the 
target. Last, sample spots using  classical crystalline MALDI matrices   such as 
α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB) or 
sinapinic acid (SA) are indicated by rather inhomogeneous distribution of the analyte 
over the spot. These so-called ’hot spots’ or ‘sweet spots’ trigger a poor spot-to-spot 
and shot-to-shot reproducibility of the measurement, substantially hampering quan-
tifi cation. Consequently, protocols using conventional MALDI matrices have to 
average a representative amount of spectra over the whole spot area by automated 
laser movement to achieve reliable results. In addition the homogeneity of the matrix-
analyte co-crystal has to be optimized, e.g., by fast evaporation of the matrix sol-
vent (Nicola et al.  1995 ) or the addition of co-matrices (Gusev et al.  1996 ; Distler and 

  Fig. 1    Structures of exemplary classical MALDI matrices and organic bases commonly used for 
ILM preparations       
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Allison  2001 ) such as fucose. Another possibility for improved sample homogeneity 
is the application of liquid matrices.  Glycerol-based liquid matrices  , for example, are 
composed of crystalline matrices dissolved in a highly viscous and vacuum stable 
liquid, such as glycerol, by the help of a solubilizing reagent (Sze et al.  1998 ). A 
second approach, which will be focused on in the following chapter, is the direct 
application of liquid components, e.g., ionic liquids, as MALDI matrices. 

  Ionic liquids   are defi ned as salts with melting points below 100 °C. Due to their 
outstanding properties, these compounds have gained widespread applications in 
almost all disciplines of analytical chemistry in recent years (Sun and Armstrong 
 2010 ). In 2001, the use of ionic liquids as MALDI matrices was reported for the fi rst 
time by Armstrong and coworkers (Armstrong et al.  2001 ). However, it turned out, 
that so-called  room-temperature ionic liquids      (RTIL) were not generally suitable as 
MALDI matrices; one reason was the lack of suitable UV-absorption. Therefore, the 
authors introduced a novel class of ionic liquids, which they synthesized by the 
equimolar combination of classical acidic MALDI matrices (e.g., CHCA, DHB, 
SA) with different organic bases (e.g., pyridine, tributylamine, 1-methylimidazole). 
These novel matrices, which showed comparable or in some applications even 
improved MALDI matrix properties, were later called  ionic liquid matrices   (ILMs) 
(Zabet-Moghaddam et al.  2004 ; Tholey and Heinzle  2006 ). As several of these 
ILMs crystallize at room temperature, they are termed ion matrices as well (Lemaire 
et al.  2006 ). Two methods for the preparation of ILMs will be described in the prac-
tical part of this chapter. 

 The option of choosing different acidic matrix compounds and organic bases for 
the preparation of an ILM allows for an almost infi nite number of combinations 
(Berthod et al.  2009 ; Crank and Armstrong  2009 ; Towers et al.  2010 ; Gabriel et al. 
 2014 ) with unique properties, giving the opportunity of creating tailor-made matri-
ces. However, unlike demonstrated for crystalline matrices (Jaskolla et al.  2008 ), up 
to now no prediction of fi nal properties of a particular acid–base combination is 
possible. Thus, the test of properties is still a matter of trial-and-error experiments. 
Despite this, ILMs provide a number of interesting features. Even after salt forma-
tion the suitability of the parent acid compound for a distinct class of analytes per-
sists; e.g., CHCA, which is one of the best suited matrices for the analysis of 
peptides, retains this property after conversion to an ILM. A second feature of ILM 
is the strong reduction of matrix signals in the low  m/z  region (Vaidyanathan et al. 
 2006 ). In contrast to the crystalline acidic parent matrices, only weak or even no 
signals of the ILM itself are usually present in the mass spectrum; only the base 
compound of the ILM forms a strong signal. This creates an inherent advantage for 
the analysis of low molecular weight compounds by MALDI MS. 

 ILMs are not superior over their classical crystalline counterparts in every respect. 
The formation of sodium or potassium adducts in many ILMs is increased com-
pared to the use of solid matrices. This feature is in particular useful for the analysis 
of carbohydrates (Harvey  1999 ). However, in case of peptides, alkali adducts ham-
per data interpretation as spectra become more complex. The simultaneous occur-
rence of different species of the analyte (e.g., [M + H] + , [M + Na] + , [M + K] + ) causes 
 sensitivity loss and consequently increases the limit of detection. It has to be noted, 
that the introduction of the so-called  substoichiometric ILM  , composed by a 2:1 
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 ratio   of CHCA and pyridine, can lead to improved spectra qualities in the analysis 
 of   peptide mass fi ngerprint spectra (Zabet-Moghaddam et al.  2006 ). Furthermore the 
addition of  ammonium salts   such as ammonium phosphate, as employed in glyc-
erol-based liquid matrices (Cramer and Corless  2005 ) and previously introduced for 
the reduction of alkali adduct ion formation in nucleotide analysis, also enhances 
spectra quality. In case of intact proteins, the formation of alkali adducts leads to 
signifi cant peak broadening, thus making ILMs less suitable for this application. 

 Sample spots using ILMs appear like a viscous fi lm on the target after sample 
preparation. Within this fi lm the analyte is very homogenously distributed (Zabet- 
Moghaddam et al.  2004 ; Mank et al.  2004 ; Tholey et al.  2006 ; Tholey  2006 ). Thus, 
the formation of ‘ hot spot  s’ is widely suppressed. Even in acid–base combinations 
which appear to be crystalline at room temperature the sample distribution is 
improved compared to conventional crystalline MALDI matrices. This feature ren-
ders ILMs useful especially in regard to quantifi cation based on MS 1  signal intensi-
ties (Zabet-Moghaddam et al.  2004 ; Li and Gross  2004 ). Principally quantifi cation 
can be performed on the level of MS or MS/MS (aka MS2 or tandem MS) spectra. 
In this chapter we will only focus on the quantifi cation based on MS 1 . 

 In the following sections we describe the use of ILMs for the quantifi cation of 
low molecular weight biomolecules (carbohydrates) and of biopolymers (peptides). 
We present two applications for the determination of enzyme activities by quantita-
tive MALDI MS. However, the principles elucidated in the two examples are easily 
transferrable to a number of other applications.  

2     Applications 

  Enzyme-catalyzed reactions   play a central role in various fi elds of biotechnology 
and scientifi c research. Novel enzyme variants, either from natural sources or 
created by means of directed evolution (e.g., site-directed mutagenesis) of existing 
biocatalysts, are constantly requested. This creates a high demand for powerful 
screening technologies for the most active candidates within a selection of enzymes 
( enzyme screening  ) and accordingly for the determination of the product and/or 
substrate concentration of the enzyme-catalyzed reaction. Typically, optical methods 
relying on UV/Vis absorption or fl uorescence are the method of choice for this 
purpose. However, these approaches are restricted to the monitoring of reactions in 
which either the substrates or products of the reactions show alterations in terms of 
absorption/fl uorescence. As substrates of interest often do not contain the latter, 
artifi cial substrates are applied, which can falsify results by affecting the enzymatic 
reaction. In addition optical methods are sensitive towards impurities, such as 
buffers or cofactors. Other methods applied in  enzyme screening   are HPLC, GC/
MS, or NMR. Mass spectrometric methods gained increasing importance for 
biocatalyst screening in the last years (Tholey and Heinzle  2002 ; Reetz  2003 ; Greis 
 2007 ; de Rond et al.  2015 ). Mass spectrometry can provide not only quantitative 
information, but is also suitable for unambiguous identifi cation and structural 
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analysis of the investigated molecules, which is an advantageous key feature of this 
technology compared to optical screening methods. This property of mass 
spectrometry is especially benefi cial for the understanding of unknown conversion 
pathways by new enzymes. 

 Quantitative MALDI MS has been demonstrated to be a powerful technology for 
the determination of enzyme activities, as it provides easy and straightforward sam-
ple preparation and at least a moderate tolerance against salts, which allows for a 
direct monitoring of reaction mixtures without prior purifi cation steps (Kang et al. 
 2000 ; Wittmann and Heinzle  2001 ). 

 In many cases substrates and products of  enzyme-catalyzed reactions   are com-
pounds with molecular weights below 500 Da. Prerequisites for qualitative and 
quantitative analysis of low molecular weight compounds by MALDI MS in gen-
eral are (1) a clear distinction of matrix and analyte signals in the low  m/z  region of 
the spectrum, and (2) the use of a molar matrix-to-analyte ratio (M/A ratio) of 
approximately 10:1 to 100:1 (Kang et al.  2000 ). Furthermore (3) suitable internal 
standards have to be applied to prevent errors deriving from signal suppression 
effects. These standards should either exhibit physicochemical similarity to the ana-
lyte of interest, as in case of peptides achieved by the exchange of a single amino 
acid for example, or at best should be its isotopically labeled counterpart (e.g.,  2 H, 
 13 C,  15  N,  18 O). Last, (4) poor reproducibility caused by ‘ hot spot  ’ formation should 
be minimized by automated measurement protocols and by increasing the sample 
homogeneity as far as possible. As ILMs are characterized by a strong reduction of 
matrix signals in the lower mass region and the formation of highly homogeneous 
sample preparations, they offer reasonable properties for the quantitative analysis of 
low molecular weight compounds, e.g., the substrates and products of enzyme- 
catalyzed reactions. 

   Quantifi cation     using internal    standards   —  enzyme screening     for the identifi cation 
of the most active biocatalyst . 

 In 2004, Bungert and coworkers presented a method to identify the most active 
variant of the enzyme pyranose oxidase (POx) using ILMs and quantitative MALDI 
MS (Bungert et al.  2004 ). This enzyme catalyzes the conversion of glucose into 
glucosone (Fig.  2a ). During this reaction, hydrogen peroxide is liberated as a by- 
product, which can be degraded into water and oxygen by catalase (Giffhorn  2000 ). 
For the screening, ten different variants of POx, overexpressed in  Peniophora  sp., 
were incubated with the substrate glucose in 96-well microtiter plates. To prevent an 
inactivation of POx by increasing concentrations of hydrogen peroxide, catalase 
was added to the mixture as well.

   MALDI MS-based quantifi cation of the substrate glucose was achieved by using 
fully  13 C-labeled glucose as an internal standard. An ILM composed of equimolar 
amounts of DHB and pyridine was used as matrix. Prior to determination of enzyme 
activities, a calibration curve was measured, monitoring the relative intensities of 
analyte to internal standard in dependence of the molar ratio of these two  compounds. 
This step is the most critical and time consuming in the overall screening process. 
Major goals are to elucidate the range of linear correlation and to fi t the analyte 
amounts with the needs of the enzymatic reaction. For the screening of the enzymatic 
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  Fig. 2    ( a ) Reaction scheme of the pyranose oxidase-catalyzed conversion of  D -glucose into 
2-keto- D -glucose (glucosone). ( b ) MALDI MS spectrum of low molecular weight substrates and 
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activity, at certain time points, aliquots were taken and the enzymatic reaction was 
stopped by the addition of trifl uoroacetic acid (TFA). Afterwards the solution was 
mixed with the internal standard. After sample preparation using the dried-droplet 
technique, samples were spotted each fi ve times on the target for MALDI MS 
measurement. 

 Spectra of the experiments showed alkali adducts of the substrate and product 
(Fig.  2b ). As the [M + K] +  signals were more intense in comparison to the [M + Na] +  
signals, potassium adducts were chosen for quantifi cation. Concentrations of glu-
cose were assigned by comparing the signal intensity of the POx substrate to the 
intensity of the added internal standard  13 C-labeled glucose. Based on the calibra-
tion curve, the concentration of the substrate glucose could be determined easily 
based on the signal intensity ratio of the analyte and internal standard. The product 
concentration was calculated based on  13 C-labeled glucose as well, because isotopi-
cally labeled glucosone was not commercially available. As the ion response of 
glucosone in comparison to glucose was unknown, a correction factor to transform 
glucosone signals into the scale of glucose signals was determined. This was pos-
sible under the assumption that the sum of substrate and product amount is constant 
throughout the enzymatic reaction (Fig.  2c ). 

 Monitoring substrate degradation and subsequent product generation enabled the 
identifi cation of the most active variant of POx easily. The determination of glucose 
and glucosone by HPLC proved the reliability of the MALDI MS-based method. 
Compared to HPLC runs,    which took 22.0 min for each sample, the fast measure-
ment by MALDI MS took only 3.5 min for fi ve replicates of each sample (42 s per 
spot), using a 20 Hz laser. Contemporary MALDI mass  spectrometers   can even 
manage the same workload with signifi cantly reduced measurement times. 

 In summary, enzyme screening using MALDI MS exhibits various different 
advantages. Besides the benefi ts already mentioned in the introduction, such as 
 simple   sample preparation or low sample consumption, samples can be stored for 
re-measurement for a certain period of time. 

   Standard-free quantifi cation      —  substrate screening     in monitoring    trypsin- 
catalyzed       peptide degradation   . 

 While for the quantifi cation of low molecular weight compounds isotopically 
labeled standards are available, for more complex biomolecules, e.g., peptides and 
polynucleotides, this can be a limiting factor, in particular in large-scale screening 
processes. Although in most cases the application of structural homologous stan-
dards can deliver satisfying quantitative results, peak suppressing effects and poten-
tial peak overlapping should always be taken into account (Gusev et al.  1996 ). 

Fig. 2 (continued) adducts ([M + K] + ) ( m/z  219.03) of glucose and its fully  13 C-labeled analogue 
([U- 13 C]) ( m/z  209.05 and 225.03) as well as of the product glucosone ( m/z  201.05 ([M + Na] + ), 
217.03 ([M + K] + )) were detected in positive mode. All other peaks not assigned here belong to 
matrix components. Figure with permission from (Bungert et al.  2004 ). ( c ) Schematic time-depen-
dent change of substrate and product concentrations during an enzymatic reaction. The sum of 
substrate and product concentrations at a certain time-point is constant all over the curve       
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Despite all achievements made by using relative quantifi cation methods, standard- 
free and absolute quantifi cation, e.g., for the analysis of enzyme activities as well as 
for proteomics-related applications, is still of high interest. 

 However, absolute quantifi cation in MALDI MS is hampered by the dependence 
of the ion formation on the applied laser energy/fl uence (Dreisewerd  2003 ), the 
appearance of spatially isolated ‘ hot spot  s’ in the sample due to the inhomogeneous 
incorporation of analytes into the matrix crystal lattice and a typically nonlinear 
increase of signal intensities; the latter can usually be observed over a broad range 
of matrix-to-analyte (M/A) ratios (Dreisewerd  2003 ). Furthermore a reduction of 
sample complexity, e.g., by solid phase extraction or chromatographic fraction-
ation, might be necessary to reduce ion suppression effects (Dreisewerd  2014 ). 
Replacement of crystalline matrices by ILMs can circumvent the mentioned draw-
backs to some extent. It was shown that the homogeneous sample preparations 
achievable by the use of ILMs are also suitable for quantitative analysis using 
MALDI MS and allow the direct quantifi cation of peptides (Tholey et al.  2006 ). The 
correct adjustment of molar M/A ratios was identifi ed as major critical parameter in 
this respect. 

 Typical M/A ratios used for the analysis of peptides are in the range of 10 3 –10 5  
(Hillenkamp et al.  1991 ). However, for the absolute quantifi cation of peptides the 
M/A ratio has to be noticeably increased, which was shown by the analysis of neuro-
tensin measured with an ILM consisting of an equimolar ratio of CHCA and 
 3-(dimethylamino)-1-propylamine (DMAPA)  . Using M/A ratios of 35,700–500,000 
a linear correlation between the amount of peptide on target and signal intensity was 
observed (Tholey et al.  2006 ). The dynamic range of linearity was determined to one 
order of magnitude. This range is slightly lower compared to those achievable with 
relative quantifi cation using an internal standard (Li and Gross  2004 ). Using glycerol-
based liquid matrices, Palmblad and Cramer have shown a linear dynamic range of 
more than two orders of magnitude without the use of an internal standard (Palmblad 
and Cramer  2007 ). When using an internal standard, the ratio between the analyte and 
the internal standard is the critical parameter (Kang et al.  2000 ). In addition several 
factors infl uence the dynamic range,    e.g., (1) the applied laser energy/fl uence, (2) the 
limitation of applicable matrix amount onto the target and (3) the limit of detection as 
well as (4) the ionization effi ciency of the analyte itself. However, in case of unknown 
analyte concentrations the elucidation of the best M/A ratio is a prerequisite task; but 
if the sample complexity hampers this fi rst step, relative quantifi cation with an inter-
nal standard is the  method   of choice.  For   the screening of enzyme reactions, where 
the initial substrate concentration is a known parameter, the absolute quantifi cation 
without an internal standard is possible as long as the number of analytes to be 
detected simultaneously is low enough to minimize  peak   suppressing effects. 

 Nevertheless, this method enabled to monitor enzyme-catalyzed reactions, e.g., 
the time-dependent degradation of peptides and peptide mixtures by trypsin (Tholey 
et al.  2006 ). This model situation represents a method for enzyme screening, e.g., 
when a set of different isoforms of an enzyme is screened to determine the most 
active one by conversion of the same substrate. By acquisition of a calibration curve, 
variation of the initial substrate concentration of neurotensin and the application of 
a classical enzyme kinetic method ( Lineweaver-Burk plot  ) the  K  M - and  v  max -value of 
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the proteolytic reaction were determined. Results obtained in parallel by relative 
quantifi cation using a homologous internal standard ( Trp 11 -neurotensin  ) and 
HPLC-UV (at 214 nm) as an orthogonal method were in good agreement to those 
achieved by absolute quantifi cation. This confi rms the application of standard-free 
analysis by MALDI MS as a compatible quantitative method. 

 Considering the previously mentioned ion suppressive effects, if more than one 
substrate is analyzed simultaneously, this method can still be used for monitoring 
multisubstrate conversions in a rather semi-quantitative way. Therefore the authors 
investigated the evolution of tryptic digestion of an equimolar mixture of fi ve pep-
tides (angiotensin II, substance P, neurotensin, ACTH (1–17) and ACTH (18–39)). 
This more complex analyte environment impeded the direct determination of kinetic 
parameters for substrates with more than one cleavage site as different cleavage 
sites with different surrounding amino acid sequences result in various kinetic 
parameters. Once products are generated from the fi rst proteolysis event they can 
serve as substrates for the following reactions and therefore can be consumed dur-
ing the reaction. Additionally, the same problems of peak suppression (Knochenmuss 
and Zenobi  2003 ) hampered the overall accuracy. Therefore the authors chose the 
signal intensities rather than calculated concentrations to monitor the reaction, 
which means kinetic parameters, e.g.,  v  max  and  K  M , could not be determined in this 
experiment. However, the evolution of signal intensities was considered to be suf-
fi cient enough for a semi-quantitative method capable of screening several sub-
strates for an enzyme. 

 In conclusion, ILMs applied with elevated M/A ratios allow for the  direct   quantifi -
cation of peptides without the need of an internal standard. As for the understanding of 
enzyme activities the initial conversion velocity is the most relevant parameter, the limi-
tation of the dynamic range to one order of magnitude also does not hamper the sub-
strate screening. The described method is not limited to monitor  proteolytic   reactions 
but  also   applicable for most enzyme-catalyzed reactions as well. The key prerequisite 
is obviously a  detectable   difference in  mass   for substrate and product molecules.  

3     Materials and Protocols 

3.1     Materials 

3.1.1      Laboratory and Technical Equipment   

•     Pipettes and pipette tips, reaction tubes  
•   Sonication bath  
•   Flash evaporator/rotary evaporator  
•   Vacuum oven/vacuum centrifuge  
•   Stainless steel MALDI MS target  
•   MALDI-TOF mass spectrometer     
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3.1.2      Chemicals   

•     MALDI matrix compound (e.g., CHCA, DHB, or SA)  
•   Organic base compound (e.g., pyridine, tributylamine or 1-methylimidazole)  
•   Methanol, ethanol, or acetonitrile  
•   Deionized water (18.2 MΩ/cm)  
•   Trifl uoroacetic acid (TFA)  
•   Internal standard  
•   Mass calibration standard      

3.2     Preparation of ILMs 

 In general, two different protocols are available for the preparation of ILMs. The 
major difference between both protocols is the performance of a solvent evaporation 
step as suggested in the original protocol (Armstrong et al.  2001 ). In the second 
protocol the  acidic and basic component   are simply premixed in appropriate sol-
vents and are immediately used for further sample preparation (Zabet-Moghaddam 
et al.  2004 ). The original method is in particular suited for longer storage of the 
prepared ILM. No signifi cant differences in the MALDI behavior have been 
observed for the two protocols up to now. 

3.2.1     Preparation with  Solvent Evaporation   (Armstrong et al.  2001 ) 

•     Prepare the ILM by dissolving the crystalline matrix (~0.5 g) in methanol (15 
mL) and add an equimolar amount of organic base.  

•   Sonicate the mixture for 5 min, fi ltrate and remove the solvent by evaporation.  
•   Dry the product in a vacuum oven at room temperature in order to remove resid-

ual solvent traces. The resulting organic salt can be stored at 4 °C in the fridge 
for a few days and can be dissolved freshly in the required solvents prior to 
measurement.     

3.2.2      Fast Preparation   (Zabet-Moghaddam et al.  2004 ) 

•     Alternatively, prepare the ILM by dissolving the crystalline matrix directly in the 
solvent mixture, which is used for sample preparation, e.g., 70% acetonitrile, and 
add the equimolar amount of pure organic base.  

•   Sonicate the mixture for 5 min.  
•   ILMs prepared in this way should be made freshly on each day of measurement 

as degradation occurs faster in dissolved than in solid form of the matrix.      
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3.3     First Step Towards Quantifi cation 

•     Analyze the ion response of your analyte of interest by MALDI MS and identify 
the amount on target required to get a reasonable signal-to-noise ratio in the mass 
spectrum.  

•   Assign the linear range for the analyte by plotting the signal intensities for a broad 
variety of concentrations around the amount on target determined in the previous 
step. The linear range of an analytical method is defi ned as the range in which the 
signal intensity increases directly proportional with the analyte concentration.  

•   For highly contaminated samples it is recommended to purify the samples prior 
to MALDI MS measurement. Due to sample losses during purifi cation the inter-
nal standard should be added beforehand.     

3.4     Setting up a Calibration Curve 

3.4.1     General  Rules   

•     In general, a suitable calibration curve can either span the whole linear range or 
can be limited to the region of interest in case your experimental setup allows 
you to estimate the approximate concentration of analyte a priori.  

•   As a general rule, the more data-points you collect to set up the curve, the more 
accurate the determination of the unknown concentration of the analyte. The fi nal 
concentration of the analyte should be determined in the central part of the curve.     

3.4.2      Setting up a  Calibration Curve   Using an Internal  Standard   

•     Prepare dilution series of the analyte covering the concentration range of inter-
est. Use the same buffer solutions as in your fi nal experiment before mixing the 
analyte solution with matrix as this infl uences the ion response. Finally, spike the 
calibration solutions with a constant amount of internal standard, dry (e.g., 5 min 
under air stream or under vacuum) and measure the calibration solutions (each 
concentration at least three times) by MALDI MS.  

•   Generate the calibration curve by plotting analyte concentrations on the  x -axis and 
signal intensity ratios of analyte and internal standard on the  y -axis of the diagram.     

3.4.3    Setting up a Calibration  Curve   Without an Internal Standard 

•     Proceed as described above with the preparation of the analyte dilution series but 
without the addition of an internal standard.  

•   Generate the calibration curve by plotting analyte concentrations on the  x -axis 
and signal intensities of the analyte on the  y -axis of the diagram.      
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3.5      Sample Preparation   for MALDI MS Measurement 
and Data Analysis 

•     Mix the sample (with internal standard) and the ILM of choice at a suitable molar 
M/A ratio. Spot at least three replicates of the sample on the target, dry the 
sample spots as described in Sect.  3.4.2 , and acquire the MALDI MS data.  

•   Calculate the signal intensity ratio of analyte and internal standard or, in case of 
standard-free quantifi cation, simply determine the signal intensity of the analyte 
from the mass spectrum. Use the calibration curve to determine the unknown 
concentration of the analyte.     

3.6     General  Remarks   

•     Note that certain ILM preparations lead to the formation of small crystals after 
ejecting the target out of the high vacuum. This effect does usually not hamper 
the quality of a potential re-analysis of the sample preparations.  

•   Addition of small amounts of acids can help to promote ionization of different 
analytes. For example, the analysis of phosphopeptides can be facilitated by  the   
addition of 1% H 3 PO 4  to the ILM (Tholey  2006 ).         
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      Techniques for Fingermark Analysis 
Using MALDI MS: A Practical Overview       

       Simona     Francese     

    Abstract     Matrix-assisted laser desorption/ionization (MALDI), mass spectrometry 
profi ling (MSP), and mass spectrometry imaging (MSI) are continuously pushing 
the boundaries of many applications in which they can be employed. In the fi eld of 
forensic science, MALDI MS has proven to be a useful technique but reports were 
sporadic and only in an academic context until 2009. However, in the past 6 years it 
has been demonstrated that MALDI MSP and MSI can be practically implemented 
as an analytical forensic tool in the context of fi ngermark/fi ngerprint analysis. 
Previously always regarded ‘simply’ as physical evidence, fi ngermarks are an 
invaluable source of chemical information that can be exploited to provide intelli-
gence on an individual’s lifestyle and activities taking place prior to the crime. A 
solid proof of principle of the versatility and robustness of MALDI MSP and MSI 
has gained MALDI a place in the newly launched  Fingermark Visualisation Manual  
edited by the Home Offi ce of the United Kingdom (UK), whose guidelines are fol-
lowed in the UK and are highly regarded worldwide. Protocols are currently being 
developed to be used operationally within primarily UK law enforcement. In this 
chapter, a practical overview is given for informed method development. Protocols 
that have been successful in answering specifi c research questions will also be out-
lined along with the most signifi cant and interesting applications of MALDI MSP 
and MSI in fi ngermark/fi ngerprint analysis.  

1          Introduction 

 There is little doubt that MALDI-based techniques are very versatile and can assist 
in the elucidation of a number of different research questions in the life sciences. 
The year 2009 saw the birth of yet another application of MALDI, namely the 
chemical mapping of fi ngermarks. 

        S.   Francese        (*) 
  Biomedical Research Centre, Sheffi eld Hallam University ,   Sheffi eld ,  UK   
 e-mail: s.francese@shu.ac.uk  

mailto:s.francese@shu.ac.uk


94

 For over a hundred years, fi ngermarks/fi ngerprints 1  have been seen ‘only’ as a 
source of physical evidence; the fi ngermark/fi ngerprint ridge 2  pattern, including the 
ridge fl ow (level 1 details) and local characteristics of the ridge fl ow called  minutiae  
(level 2 details) have been exploited for suspect identifi cation on the basis that each 
individual has unique fi ngerprints. Physical comparison of level 1 and level 2 details 
between a ridge impression found at a crime scene and fi ngerprints stored in data-
bases is the process through which fi ngerprint experts may identify a suspect, fol-
lowing strict country-specifi c evaluation and cross-examination rules for declaring 
a match. 

 Despite the advent of DNA analysis, ‘fi ngerprinting’ is still the most used and 
 successful form of biometric identifi cation, leading the way in the UK for suspect iden-
tifi cation and being responsible for two thirds of all identifi cations (N. Denison, Head 
of Identifi cation for the Humber and Yorkshire Region UK, personal communication). 

 Although hugely successful, ‘fi ngerprinting’ 3  has its pitfalls and does not suc-
ceed when the quality of the visualized crime scene ridge impression is inadequate; 
this could be due to its original nature (smudged, partial, empty, overlapped marks) 
or the inadequacy of the forensic enhancement workfl ow, the choice of which is 
 heavily dependent on the level of expertise/competence of the CSI, 4  the surface of 
deposition, the environmental conditions to which the ridge impression was 
exposed, and the age of the fi ngermark. Some of these factors, such as environmen-
tal conditions and age, are either very diffi cult or impossible to correctly evaluate at 
the crime scene, making the visualization and development of the fi ngermark not 
trivial, despite world-leading guidelines, published in the  Fingermark Visualization 
Manual  edited by the Home Offi ce, UK (Bandey et al.  2014 ). Additionally, should 
the suspect not have been previously convicted, their fi ngerprints will not be present 
in the National Database, making the quality of the crime scene ridge impression 
unimportant for database search, comparison, and match. 

 However, ridge impressions are not ‘simply’ physical evidence but indeed a very 
valuable source of chemical intelligence. They originate from the transfer of sweat 
to a surface from an individual’s fi ngertip upon contact. If this contact is intentional, 
such as control ridge impressions taken at police stations or airports, we should use 
the term ‘fi ngerprints’ as opposed to ‘fi ngermarks,’ which instead result from the 
accidental and involuntary contact with surfaces. Sweat carries a plethora of bio-
logical substances and consequently latent fi ngermarks 5  are a complex biological 
matrix featuring the presence of inorganic and organic constituents such as alkali 
metals/salts, amino acids, lipids, and proteins (Knowles  1978 ; Ramotowski  2001 ), 

1   Fingerprints are obtained intentionally, for instance at police stations or airports, while fi nger-
marks are a result of accidental and involuntary contact with surfaces (more details below). 
2   In fi ngerprints, ridges are the ‘lines’ generated by the raised parts of the skin on fi ngertips. 
3   In a forensic context ‘fi ngerprinting’ refers to the process of identifying an individual through 
their fi ngerprints. This is different from ‘fi ngerprinting’ used in proteomics where this term refers 
to the identifi cation of a protein usually through a bottom-up approach. 
4   Crime Scene Investigator. 
5   The most used defi nition of latent fi ngermark is ‘a fi ngermark invisible to the naked eye.’ 

S. Francese



95

which we can defi ne as  endogenous  as they come from within the body. In addition, 
any substance our fi ngertips come in contact with can be transferred to a surface and 
subsequently detected in a fi ngermark; we can commonly refer to these as  exoge-
nous  substances. Examples of these substances as obvious sources of forensic intel-
ligence may include drugs of abuse, explosives, condom lubricants, make-up, paint, 
and blood. 6  Our group also refers to a third category of species as  semi - exogenous  
when they are not naturally present in our body but they are, in different ways, intro-
duced and excreted (intact or metabolized) through sweat, such as substances 
(metabolites) derived from prescription medications or drugs (Bradshaw et al. 
 2015 ), including smoke (Benton et al.  2010a ,  b ) and even consumed food and drinks 
(Bradshaw et al.  2012 ). 

 These three categories of chemical species, endogenous, exogenous, and semi- 
exogenous are an invaluable source of intelligence. For example, lipids and proteins 
(endogenous species) can often act as biomarkers, a term used in the biomedical 
fi eld for (biomolecular) species indicating a physiological state of the individual, 
being pathological (diseases), pharmacological (response induced by medications), 
or biological (molecular make-up placing the individual into a biological category 
such as diabetic). It is therefore entirely conceivable to think of the detection of 
these substances as a forensic opportunity to provide additional intelligence on the 
suspect, as will be discussed in Sect.  2 . 

 Given the huge potential of fi ngermarks as a source of ‘enhanced’ intelligence 
and the profound implications and impact this could have on a more effi cient 
Criminal Justice System (with attached savings to the public purse), it is not surpris-
ing then that the analytical science community, with a keen interest in forensic sci-
ence, has made tremendous efforts in the last few years to develop, either existing 
or new, analytical tools specifi cally for the detection, and in some cases, mapping of 
fi ngermark residuals. A plethora of different and possibly suitable analytical tech-
niques have been reported in the literature for the analysis of fi ngermarks but only a 
number of the authors have shown dedication to this area of research with follow- 
ups and clear developments. These techniques can be grouped into spectroscopic 
and mass spectrometric, with the latter category being the strongest in terms of 
diversity of the ionization techniques used (DESI MS, SALDI MS, DART MS, 
SIMS, and MALDI MS) and ‘presence’ in the literature. Figure  1  shows a represen-
tation of the above analytical efforts in the form of number of publications per 
technique, starting from 2008 onwards.

   Although DESI was the fi rst mass spectrometric technique showing its potential 
for fi ngermark profi ling and imaging (Ifa et al.  2008 ), only MALDI MS and SIMS 
are presently featured in the recently re-edited Home Offi ce  Fingermark Visualization 
Manual . 7  Compared to the other techniques reported in Fig.  1 , and despite inevitable 

6   Blood may be present on the surface prior to the deposition of the fi ngermark (mark in blood) or 
landing some time after the fi ngermark deposition (coincidental association), or coming from the 
fi ngertip of the owner of the mark (blood mark). 
7   MALDI is reported as a new process having high potential to be implemented in the forensic 
practice (Cat C) but still under development to reach the required maturity (TLR 3–4). 
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limitations as with any analytical technique, MALDI MS has clearly demonstrated 
its potential, particularly with respect to versatility, robustness and compatibility 
with current fi ngermark enhancement techniques (FET) in a number of different 
scenarios, in both profi ling and imaging mode (Bradshaw et al.  2013a ), and having 
the highest number of publications to date. In terms of feasibility, a leap forward was 
made with the invention of the  dry – wet  method (Ferguson et al.  2011 ). This 2-step 
method enables visualization of fi ngermarks on surfaces by: 1) brushing the surface 
with α-cyano-4-hydroxycinnamic acid acid (CHCA), a common MALDI matrix, 
and recovering the evidence through tape-lifting, and 2 homogeneously and rapidly 
spraying the mark with a solvent mixture, in which both the matrix and the analytes 
of interest are soluble, making the mark ready for MALDI MSI analysis. Together 
with its wide compatibility with current FET, this method probably initiated the 
superiority of MALDI over those analytical techniques that can only be used in 
academic settings. Therefore, for MALDI, the  dry – wet  method ‘bridges the gap’ by 
actually making the MS analysis of ‘real’ fi ngermark evidence possible. Applications 
and protocols for this method are discussed in Sects.  2  and  3 , respectively. 

 Though the option is now available to locate, recover, photograph, and analyze 
the mark with the  dry – wet  method (albeit further development is in progress for 
wider applicability), it is not expected that this method entirely replaces a century of 
forensic practice to visualize marks on surfaces. Therefore, in order to integrate 
MALDI in the armory of techniques for fi ngermark analysis, the application of 

  Fig. 1    Histogram showing the number of publications featuring the use of either ATR FTIR, 
Raman (in its various forms including SERS and CARS), DESI, DART, SIMS, SALDI, or MALDI 
(in profi ling and/or imaging mode) for the analysis of fi ngermarks. Figures reported refer to peer-
reviewed papers in 89% of the cases while the remaining 11% originate from online magazines, 
technical articles, or application notes. This information has been obtained by searching both 
Pubmed and ISI Web of Science databases using the keywords fi ngerprints, fi ngermarks, MALDI, 
ATR FTIR, Raman, DESI, DART, SIMS, SALDI, and MALDI       
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MALDI has been demonstrated to be compatible with the pre-application of exist-
ing chemical and physical developers currently used to localize marks at crime 
scenes. FET compatibility is strongly desired by the UK Home Offi ce as it would 
allow new and emerging technologies to provide additional forensic intelligence to 
both inform investigations and provide court room evidence. With regard to mass 
spectrometry, two UK groups have demonstrated a certain degree of compatibility 
of the  techniques SIMS and SALDI MS with cyanoacrylate fuming, with SIMS 
showing compatibility also with powder suspension (Bailey et al.  2013 ; Sundar and 
Rowell et al.  2014 ). Our group has shown much wider compatibility of MALDI (for 
MSP, MSI or both) as it can be used in tandem with some blood enhancement tech-
niques (BET) (Bradshaw et al.  2014 ), enhancement powders, vacuum metal deposi-
tion, 1,8-diazafl uoren-9-one, and ninhydrin (Bradshaw et al.  2013a ) on a number of 
different surfaces and under different environmental conditions in laboratory set-
tings and, in some cases, in pseudo-operational trials in collaboration with West 
Yorkshire Police (Bradshaw et al.  2014 ). For operational deployment, these fi ndings 
are very encouraging and justify further research into the development of sample 
preparation and analytical protocols for MALDI MSP and MSI of fi ngermarks in 
forensics. 

 Indeed, since the pioneering start in 2008, the rapid evolution in the applicability 
of MALDI MS-based techniques for fi ngermark analysis required extensive method-
ological developments, taking into account the complex and varying chemical nature 
of fi ngermarks, the most appropriate corresponding options for their preparation as 
well as their correct storage. In this chapter, the most notable protocols of MALDI 
MS in the fi eld of fi ngermark analysis will be discussed together with the limitations 
of the technique. ‘Tips’ will be given to assist both keen beginners and experienced 
MALDI users approaching fi ngermark analysis for the fi rst time, thus enabling their 
contribution towards the development of operationally deployable protocols.  

2       Applications 

 Valuable intelligence from latent fi ngermarks can be obtained using MALDI in pro-
fi ling and/or imaging mode. In profi ling mode (using MS and MS/MS), MALDI can 
be used for the quick detection or confi rmation (in minutes) of the presence of foren-
sically interesting substances. Speed in the acquisition of the intelligence is very 
desirable and the profi ling mode can be employed on fi ngermarks previously visual-
ized using a FET, which already yielded a suitable image of the ridge impression for 
suspect identifi cation purposes. Like some other analytical techniques, MALDI can 
also be used for chemical imaging; this feature enables multiple images of the same 
mark to be obtained in under 90 min from sample preparation to the end of acquisi-
tion (depending on the mass spectrometer and laser frequency), potentially succeed-
ing where FET failed or further ‘improving’ the quality of the mark image. Multiple 
images may be stitched together (Fig.  2a ) or superimposed (Fig.  2b ) to improve 
ridge continuity, to increase completeness of the mark image, or even to separate 
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overlapping ridge impressions as previously shown by our group and illustrated in 
Fig.  2c  (Francese et al.  2013b ; Bradshaw et al.  2012 ). This in turn improves the qual-
ity of the database search and increases the chance of suspect identifi cation.

   When providing intelligence to inform investigations or court cases, mapping 
forensically interesting chemicals in fi ngermarks is also very important to make 
robust associative evidence. The use of MSI shows whether the chemical is, in fact, 
present on the ridges, rather than on the surface of the deposition where the mark 
lies. In the latter case, the detection of this chemical is just a contamination and this 
changes the forensic situation signifi cantly. 

 For example, in a hypothetical rape case where the perpetrator had worn a con-
dom, the ability to determine whether the condom lubricants are present on the 
ridges (i.e., condom lubricants-contaminated fi ngertip, indicating that the accused 
had handled the condom) or on both the ridges and the furrows 8  (i.e., mark made in 

8   In fi ngerprints/fi ngermarks, furrows, otherwise termed valleys, are the ‘voids’ in between ridges 
and are generated by the lower parts of the skin on fi ngertips. 

  Fig. 2    Improving the quality of fi ngermark images by MALDI MSI: ( a ) stitching  m/z  images 
together and ( b ) superimposing multiple  m/z  images of the same mark to improve ridge continuity; 
( c ) separation of overlapping marks through interrogation of multiple  m/z  ions (Francese et al. 
 2013  b , Analyst,  138 , 4215-4228, adapted and reproduced by permission of The Royal Society of 
Chemistry)       
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condom lubricants, pointing at sexual activity prior to the alleged crime) might 
make the difference between an acquittal or a conviction. The opportunity to dis-
criminate between these two scenarios has been illustrated by our group (Bradshaw 
et al.  2013b ) and is shown in Fig.  3 .

   Indeed, the detection of condom lubricants may provide important associative 
evidence, which becomes probative when the lubricants profi le detected in a mark 
matches that of an unopened condom packet found in possession of the alleged 
offender or within the victim’s vaginal swab (if this is taken soon after the crime). 
It has also been demonstrated that ‘condom discrimination’ at a brand level (and in 
some cases at a type level) is achievable (Bradshaw et al.  2013b ). 

 In the above work, a MALDI MSP sample preparation protocol was also sug-
gested to obtain comprehensive information on the condom lubricant composition; 
polydimethylsiloxane (PDMS) was never detected using MALDI MSP and MSI in 
fresh contaminated marks. However, a set of experiments performed with the pur-
pose of evaluating robustness of the methodology for aged condom-contaminated 
marks revealed that it was only possible to detect PDMS in aged marks, that is, 
marks kept at 25 °C and 60% relative humidity for a month. It can be speculated that 
the ageing treatment caused a decrease in the presence of species that are either 
more volatile or more prone to degradation than PDMS (under those conditions) 
and that these species may act as PDMS suppressants in fresh (non-aged) 
 fi ngermarks. Detection of PDMS and ethoxylate-based polymers will be briefl y 
 discussed in Sect.  3.5 . 

  Fig. 3    MALDI MSI of  Trojan Enz -contaminated fi ngermarks. The ion at  m/z  639.5 (9-mer- 
nonoxynol 9) is solely distributed on the ridges of a mark if the fi ngertip came in contact with the 
condom lubricant prior to touching a surface. The same ion is distributed both on the ridges and the 
furrows if the mark was generated by a clean fi ngertip upon contact with a contaminated surface 
and conclusions can be corroborated by imaging another ion such as an endogenous fatty acid ( m/z  
311.2), the sole distribution of which on the ridges proves that the nonoxynol-9 image is not an 
artifact (Bradshaw et al.  2013b   , Analyst,  138 , 2546-2557, adapted and reproduced by permission 
of The Royal Society of Chemistry)       
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 In addition to lubricant detection and mapping by MALDI MSI, a protocol was 
devised to make this information more robust and retrievable if this technology was 
used in conjunction with other spectroscopic (‘non-destructive’) techniques such 
as Raman and ATR-FTIR spectroscopy (Sect.  3.5 ). This protocol provided comple-
mentarity of information on the condom lubricant composition together with the 
detection and mapping of the fi ngermarks’ endogenous species as illustrated in Fig.  4 .

   Although much has been done to allow the detection of exogenous substances, 
valuable intelligence can also originate from the exploitation of the endogenous 
content of fi ngermarks. Lipids are certainly the easiest class of molecules to ionize 
as demonstrated by the fi rst publication in the literature showing MALDI MSI anal-
ysis of endogenous lipids in ungroomed 9  marks (Wolstenholme et al.  2009 ). They 
can be readily detected using CHCA as matrix in positive ionization mode. Although 
we found that this matrix was the most effi cient overall, certain classes of fatty acids 
(nonpolar such as squalene) cannot be effi ciently ionized, and doping the matrix 
with cations such as Li +  is certainly an option. Matrix-spotting and spraying tech-
niques as well as the patented  dry – wet  method (see below in this section) work well 
to ionize lipids. In terms of spraying, our group has resorted to the SunCollect auto-
sprayer (SunChrom, Friedrichsdorf, Germany) employing pneumatic atomization 
and being capable to spray an entire fi ngermark within 30 min for the matrix solu-
tion and within 10 min just for the solvent. 

 Recently, another automated matrix sprayer was trialed, the TM sprayer (HTX 
Technologies, NC, USA), and a very effi cient protocol, allowing clear and detailed 
ridge visualization in under 1 min, was devised for the interrogation of lipids, which 
will be illustrated in Sect.  3.2 . Lipids can be used for improving the quality of the 
ridge detail (Fig.  2 ) but they can also be an indicator of pathological states (bio-
markers). Therefore, their detection and mapping may have both forensic and 
 biomedical (prognostic) applications. 

 Another interesting class of biomolecules in fi ngermarks are peptides and pro-
teins. Our group has exploited the detection of these species from the fi ngermarks 
of 80 donors to ‘biologically categorize’ and distinguish between fi ngermarks 
belonging to men and those belonging to women (Fig.  5 ), with an 85% prediction 
accuracy to date (Francese et al.  2011 ; Ferguson et al.  2012 ). This advance has 
unleashed our imagination and that of other researchers with respect to the achiev-
able information on the individual’s lifestyle and physiological state, using what 
could be termed ‘offender chemical profi ling.’ Further work is in progress in order 
to increase the accuracy of prediction and robustness of the method by using a larger 
number of donors with no participation exclusion criteria, which were applied to the 
previous study.

   Fingermark proteins originating from either the victim or the offender can also 
be detected and mapped. This has been the case when applying MALDI MSP and 
MSI to the specifi c detection of blood in fi ngermarks (or in bloodstains). A reliable 

9   Ungroomed fi ngermarks are ‘lipid-depleted’ marks from fi ngers that have been washed and have 
subsequently not touched any body parts or contaminants (to test the sensitivity of the technology). 
For a more comprehensive description, see Sect.  3.1 . 
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  Fig. 4    Combined ATR-FTIR imaging/MALDI MSI analysis of a  Condomi Max Love - contaminated  
fi ngermark. Panels A and B show the ATR-FTIR image of PDMS at 1258 cm −1  and the ATR-FTIR 
image of PEG at 1365 cm −1  present on the same ridges of a  Condomi Max Love - contaminated  
fi ngermark selected region. Panel C shows two ATR-FTIR spectra from the ridge (C1) and the 
valley (C2) (high and low concentration of the two polymers respectively). Panel D displays the 
MALDI MS images of the PEG 32-mer, 33-mer, and 34-mer ion signals, the complete ridge pat-
tern provided by the image of the total ion current (TIC), as well as a small sample set of the many 
fatty acids detected (Bradshaw et al.  2013b , Analyst,  138 , 2546-2557, adapted and reproduced by 
permission of The Royal Society of Chemistry)       
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identifi cation of this fl uid at the scene of a violent crime bears considerable forensic 
value. A few forensic tests are currently applied to the detection of blood in both 
bloodstains and fi ngermarks. However, these tests are presumptive as they can only 
indicate the presence of blood rather than confi rming it (Bradshaw et al.  2014 ). This 
is due to the lack of specifi city as the molecular triggers of the color change may 
come from a different source than blood. It is common knowledge that MALDI MS 
is a versatile technique in terms of the  m / z  range of the species that can be detected 
and is a particularly suitable technique for large molecules. Reports already showed 
the ability to detect both hemoglobin and heme in different fi elds of application such as 
microbiology, plant biology, and biomedicine (Yang et al.  2013 ; McComb et al. 
 1998 ). Encouraged by these preliminary reports, our group developed a method to 
detect both heme and hemoglobin from fi ngermarks and bloodstains. When devis-
ing a methodology with operational deployment in mind, one should try to mini-
mize the number of protocols to apply. Therefore, after testing a range of conditions, 
the optimization of one CHCA matrix system was achieved (Sect.  3 ). Although 
MALDI MS has a suitable dynamic range for detecting both heme and hemoglobin 
simultaneously, the calibration of the MALDI instrument that was employed 
(Voyager DE-STR) did not cope with the large mass range, and the mass accuracy 
for the heme species was severely compromised. However, the method developed, 
using one matrix system for both molecules, allowed imaging analysis to map heme 
and a subsequent profi ling analysis to detect hemoglobin in a 7-day-old mark 

  Fig. 5    Sex classifi cation results and validation using an independent test set within partial least 
square discriminant analysis (PLSDA). Multiple spectra from each donor are grouped together and 
can be found within the area defi ned by a line connecting the peripheral data points. Prediction 
above the  blue threshold line  results in a female and below the threshold in a male sex assignment. 
Donors plotted in  red  are correctly predicted as female,  green  represents correct male prediction, 
and donors plotted in  black  and labeled with ‘wrong’ have more than half of their spectra assigned 
to the opposite sex (Ferguson et al.  2012 , Analyst,  137 , 4686-4692, adapted and reproduced by 
permission of The Royal Society of Chemistry)       

 

S. Francese



103

(Fig.  6 ), using two different calibration mixtures, one more appropriate to a nar-
rower and lower mass range (phosphorous red for heme analysis) and the other 
more suitable for higher molecular weight species (protein standards mixture of 
ubiquitin, cytochrome C, hemoglobin, and apomyoglobin for hemoglobin analysis). 
This strategy also allowed us to confi rm the presence of heme by MS/MS.

   The devised protocol proved to be applicable to real crime scene samples as tested 
during a site visit alongside offi cers from the West Yorkshire CSI, UK. On that occa-
sion a bloodstain, recovered and testing positive for blood by using the conventional 
Kastle Meyer Test, was also analyzed by MALDI MS, leading to the detection of the 
hemoglobin in addition to the heme ion signal (Bradshaw et al.  2014 ). 

 A signifi cant part of the fi ngermark analysis work using MALDI is also  dedicated 
to make this application compatible with BET. In this context, MALDI MSI can be 
compatibly used with amino acid reagents (ninhydrin) and Acid Black 1 (protein 

  Fig. 6    MALDI MSI of a 7-day-aged blood mark. Heme ( m/z  616.2) was successfully imaged and 
confi rmed by the product ions at  m/z  557.3 and 498.3 in the MS/MS spectrum of the parent ion at 
 m/z  616.3 taken from a small area of the mark ( i ). Presence of human hemoglobin was ascertained 
by MALDI MSP analysis on the same mark in the higher mass range ( ii ) in a subsequent MALDI 
MS acquisition. Reprinted from Bradshaw et al.  2014 , Direct detection of blood in fi ngermarks by 
MALDI MS profi ling and imaging, Sci. Justice,  54 , 110-117, with permission from Elsevier       
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staining) in the case of fresh marks. However, a general decrease in the ion signal 
intensity for heme and hemoglobin is observed, and quantifi cation of the loss of 
these signals compared to undeveloped marks remains a challenge. Though blood 
has been successfully and reliably detected in 7-day-old marks, work is in progress 
to determine the robustness of the methodology with older marks and for pre-developed 
marks (using other BET). A proteomic approach is currently being applied to make 
the techniques robust against possible hemoglobin degradation and loss of amino 
acid residues due to time and environmental conditions. 

 In many of the applications referenced above, the  dry – wet  method was success-
fully employed. As explained earlier, this novel method is considered a signifi cant 
step forward towards implementing MALDI into forensic casework. In our work-
fl ows, marks are visualized by brushing the surfaces with the MALDI matrix 
(Fig.  7a ), the visualized mark can then be photographed (Fig.  7b ) or directly 
removed through tape-lifting. As the matrix is an UV-absorbing substance, UV 
image capture can also be utilized (Fig.  7c ) as well as fl uorescent microscopy 
(Fig.  7d ) to reveal fi ne details of the ridge pattern, including pores. Photos or digital 
scans can be retained as evidence and, provided that the chain of custody is 
 preserved, the same mark can be subjected to MALDI MSI (if additional images are 
needed) or MALDI MSP for additional intelligence as shown in Fig.  7e .

   This workfl ow has been successfully trialed on a large range of deposition sur-
faces (including glass, different types of metal, wood, plastic, leather, cardboard, 
and ceramic tiles) of which Fig.  8  shows some examples.

   Normally, the matrix of choice for MALDI MS fi ngermark analysis is CHCA as 
it has so far proven to be the most effi cient and versatile. However, a novel matrix 
has been recently reported by our group to work in some cases more effectively than 

  Fig. 7    Potential forensic fi ngermark analysis workfl ow using the  dry – wet  method. The latent fi n-
germark ( a ) can be enhanced by brushing a MALDI matrix over the mark and photographed 
( b ). The dusted fi ngermark image can be captured using UV light at 365 nm for a more accurate 
database comparison ( c ). The dusted fi ngermark can also be subsequently inspected by using fl uo-
rescence microscopy for accurate visualization of the minutiae: ( d ) illustrates a high magnifi cation 
image of the fi ngermark loop highlighted by the box in Panel ( c ). The fi ngermark can fi nally 
undergo MALDI MSI analysis for obtaining chemical information: ( e ) shows the mass image of 
the  m/z  species at  m/z  304 previously identifi ed as dimethylbenzylammonium ion. Reprinted with 
permission from Ferguson et al.  2011 , Anal. Chem.,  83 , 5585–5591. Copyright 2011 American 
Chemical Society       
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CHCA (Francese et al.  2013a ) as shown in Fig.  9 . This novel matrix compound is 
curcumin, which is a polyphenolic compound naturally present in the  Curcuma 
longa  plant and also known as tumeric, displaying an extended structure of 
 conjugated double bonds and making it a very effi cient UV-absorbing molecule. 
Curcumin has proven to be versatile as it assists with the detection of pharmaceuti-

  Fig. 8    Recovery and MALDI MSI analysis of ungroomed fi ngermarks lifted from different sur-
faces (panels  a – e ) using the  dry – wet  method. Representative MS images of an endogenous amino 
acid, an endogenous fatty acid, and an exogenous compound (dimethylbenzylammonium ion, 
DBA,  m/z  304) are shown for each deposition surface. Reprinted with permission from Ferguson 
et al.  2011 , Anal. Chem.,  83 , 5585–5591. Copyright 2011 American Chemical Society       
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cals, lipids, peptides, and proteins. It is fl uorescent and therefore fi ngermark images 
can be captured using commercially available crime lights. In pseudo-operational 
trials with the West Yorkshire Police, it was shown that curcumin can be used on a 
vast range of colored surfaces and that only a very small amount of curcumin is 
needed to visualize marks as it has a strong adherence to surfaces. The latter is not 
surprising as one of its uses is in the coloring industry. However, this characteristic 

  Fig. 9    Comparative MALDI MSI of ungroomed fi ngermarks using either synthetic curcumin or 
CHCA as MALDI matrix. Panel A shows the molecular maps of three endogenous species imaged 
either by using curcumin or CHCA and the  dry – wet  method. In a separate experiment (Panel B), 
an ungroomed mark was split in quarters which were each treated with one of the following 
 methods: ( upper left ) solvent-free using CHCA, ( lower left )  dry – wet  method using CHCA, ( upper 
right ) solvent-free using curcumin, and ( lower right )  dry – wet  method using curcumin. Lipid 
molecular maps were reported for a comparative evaluation of the four methods. Reprinted with 
permission from Francese et al.  2013a , Anal. Chem.,  85 , 5240–5248. Copyright 2013 American 
Chemical Society       
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could pose some limitation to the operational application of curcumin as it has 
proven to be extremely diffi cult to wash it off the surface with possible liability in 
terms of damage to the property.

   All of the referenced applications have benefi ted from an extremely careful 
approach to sample preparation and the development of optimized protocols. Some 
of these protocols as well as suggestions derived from our experience in fi ngermark 
preparation are shared in the following sections.  

3       Materials and Protocols 

3.1       How to Prepare Fingermarks for Method Development 

 For all samples and specimens to be subjected to MALDI MSP and MSI, prepara-
tion is crucial and is a strong determinant for the success of such analyses. 
Fingermarks are no exception and care must be taken in the selection of the sample 
preparation conditions. There are fundamentally four types of fi ngermarks that can 
be prepared and investigated:

    (a)     Eccrine : produced by (1) thoroughly washing hands 10 ; (2) drying them with tis-
sue paper; (3) resting them in a closed plastic bag for 10 min to produce excess 
sweat; (4) the deposition of the mark on the surface of interest.   

   (b)     Groomed : produced by (1) thoroughly washing hands; (2) drying them with 
 tissue paper; (3) rubbing the fi ngertips against the base of the neck or forehead 11 ; 
(4) the deposition of the mark on the surface of interest.   

   (c)     Ungroomed : produced by (1) thoroughly washing hands; (2) drying them with 
tissue paper; (3) carrying out 15 min of activities such as typing on a keyboard 12  
whilst avoiding touching any part of the body or coming into contact with other 
contaminants; (4) the deposition of the mark on the surface of interest.   

   (d)     Natural : produced by depositing a mark on the surface of interest without any 
prior treatment.     

 Knowledge of the (bio)chemistry associated with the different types of fi nger-
marks is paramount for designing the experiment and understanding its outcome. 

 Eccrine marks directly relate to the production of eccrine sweat. In general terms, 
this is generated by the two to four million eccrine sweat glands (located in the dermis) 
present throughout the body, with the highest density on the palms of the hands and 
the soles of the feet. Eccrine sweat is largely constituted of water (98%) though many 

10   Common protocols include the use of soap and plenty of water or a 50/50 solution of ethanol/
water. 
11   Grooming fi ngertips by touching the face is also viable, though one needs to be aware of possible 
contamination deriving from make-up or moisturizers, which may cause ion suppression. 
12   Previously cleaned with a 50/50 solution of ethanol/water. 

Techniques for Fingermark Analysis Using MALDI MS: A Practical Overview



108

inorganic and organic species are present (Ramotowski  2001 ). These are the types of 
marks containing the least abundance of lipids. Amino acids are the most abundant 
species of the organic content with their amounts being reported to be several times 
higher in sweat than in plasma (Miklaszewska  1968 ). Peptides and proteins are also 
present in eccrine sweat, although the epidermis is another source of these species as 
a result of the desquamation process (Drapel et al.  2009 ; Girod et al.  2012 ) as well as 
of the defense against microorganisms (antimicrobial peptides and proteins). Inorganic 
constituents include ammonia, chloride, bromide, fl uoride, phosphate, sulfate, sodium, 
and potassium amongst others. These species can exert considerable ion suppression 
in MALDI. Therefore, sample preparation methods are needed to counteract the effect 
of their presence and enable ionization of the species of interest. 

 Because of the way they are generated, groomed marks are rich in sebum 
 originating from the contact with parts of the body containing sebaceous glands. 
Sebaceous glands are the second major class of secretory glands and are present 
throughout the body except for the palms and the dorsum of the feet (Strauss et al. 
 1991 ) with the highest prevalence around the face and scalp. Together with traces 
of organic materials including aldehydes, amines, alcohols, phospholipids, and 
 sulfi des amongst others, sebaceous sweat mainly contains triglycerides, free fatty 
acids, 13  wax esters, squalene, cholesterol, and cholesterol esters. 

 Groomed marks are valuable for studying lipids but may need additional sample 
preparation when investigating other substances of both endogenous and exogenous 
nature as lipids will in fact exert ion suppression. Also, due to the diversity and 
abundance of lipids, they may be isobaric with forensically interesting substances 
(e.g., drugs, medications, explosives), thus masking their presence. A third type of 
gland, named apocrine, is located predominantly in the genital and axillary regions 
of the dermis, and therefore it is believed that fi ngermarks mainly comprise the 
 species present in the eccrine and sebaceous glands. 

 Ungroomed marks contain species predominantly arising from the epidermis 
material and the eccrine glands, and therefore all of the above described inorganic 
and organic constituents can be found in addition to lipids, which are still detectable 
(Wolstenholme et al.  2009 ). Here, the potential ion suppression exerted by the salts 
is not observed, likely due to their much lower abundance. Because of the way they 
are prepared, these marks are considered ‘depleted specimens,’ i.e., containing the 
minimum amount of biological material, though this has not been quantifi ed. This 
type of marks should only contain endogenous or semi-exogenous material and no 
external contaminants. However, this is not always the case as the presence of exog-
enous species depends on their persistence. 

 Though eccrine, groomed and ungroomed marks do not have a fi xed chemical 
 composition, as this varies according to the individual and their physiological state 
and age,  natural  marks have the most variable chemistry as fi ngertips may have 
been in contact with any body part as well as with surfaces and external contami-
nants. Therefore the resulting fi ngermarks may contain a wide range of endogenous, 
semi- endogenous, and exogenous substances. 

13   Saturated, mono- and polyunsaturated. 
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 Compared to other specimens, fi ngermarks probably require extra sample prep-
aration planning as the kind of answers being sought dictate the type of fi ngermark 
samples that needs preparing. In order to test new methodologies (or modifi ed 
methods) and techniques for fi ngermark development or analysis, recommenda-
tions are in place with regard to what kind of fi ngermarks should be used as test 
samples. The International Fingermark Research Group, of which the author of this 
chapter is a member, has provided guidelines for developing a methodology through 
application and implementation in casework (IFRG  2014 ). In particular, these 
guidelines say that eccrine and groomed marks are not suitable for method/ 
technique evaluation as they are ‘unrealistic’ samples, though may be used for ini-
tial pilot studies. Generally speaking, ungroomed fi ngermarks should be employed 
in method development because prior substance depletion makes them useful to 
probe sensitivity and feasibility of the methodology, whereas for validation pur-
poses, natural fi ngermarks should be used to test the robustness of the method/
technique being applied. Although these guidelines were more specifi cally written 
for techniques used by crime scene investigators to visualize the marks (enhance-
ment or detection), in the view of the author of this chapter, they are also relevant 
for analytical techniques exploiting the fi ngermark’s chemical composition to pro-
vide additional information including multiple images of the same mark for identi-
fi cation purposes. However, the case is different for controlled fi ngermark/fi ngertip 
smear 14  collection, for example in hospitals, work environments, or drug rehabilita-
tion clinics. Here, methods can be specifi cally developed for the type of fi nger-
mark/fi ngertip smear that yields the highest abundance of the substances of interest. 
Depending on the fi ngermark type and molecular target, protocols have been 
devised for the detection of lipids, peptides, proteins, metabolites, and exogenous 
contaminants by MALDI MSP and MSI. The majority of these protocols will be 
summarized in the next sections together with lessons learnt in the detection and 
imaging of the above species.  

3.2      Defi ne Your Strategic Approach: Profi ling or Imaging? 

 In the classic approach to fi ngermark preparation for MALDI MS analyses, the 
matrix solution is either spotted on the mark (manually or robotically) to quickly 
gain a molecular profi le or homogeneously sprayed on the mark (mainly roboti-
cally) for imaging purposes (Fig.  10 ).

   At the beginning of any MALDI MSI method development, it is recommended 
to start with the design of profi ling experiments via matrix-spotting and their opti-
mization for two main reasons:

14   Fingertip smears are specimens that do not allow a linkage to the biometric data of the individual. 
Like fi ngermarks, it is possible to obtain eccrine, groomed, ungroomed, and natural smears by 
preparing the fi ngertips as previously described for fi ngermarks and pressing the fi ngertip on a 
surface sliding it to the side. 
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    1.    Analyte extraction, desorption, and ionization are generally much more effi cient 
with spotting than with spray-coating techniques.   

   2.    If the molecular target of interest has low or no ionization effi ciency, imaging 
experiments are an expensive and time-consuming way to fi nd this out.     

 Where possible, method development should start with the analysis of the matched 
standard using conventional MALDI sample preparations such as the dried-droplet 
method (especially true for exogenous and semi-exogenous substances). Sample prep-

  Fig. 10    Classic workfl ows for MALDI MSP (profi ling,  left ) and MALDI MSI (imaging,  right ) 
applied to fi ngermark analysis. In profi ling experiments, the MALDI matrix is usually spotted and 
mass spectral profi les from specifi c fi ngermark locations are obtained. In imaging experiments, the 
matrix is usually sprayed and spectra are automatically acquired at each  x , y  fi ngermark location in 
a raster fashion (Francese et al.  2013b , Analyst,  138 , 4215-4228, adapted and reproduced by per-
mission of The Royal Society of Chemistry)       
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aration conditions (matrix, matrix concentration, solvent mixture) and instrumental 
parameters for both MS and MS/MS analyses can be optimized allowing a rapid dis-
covery of the molecular targets that can be ionized and the conditions leading to maxi-
mum ionization effi ciency. Using an iterative exclusion process, a set of optimized 
conditions can then be found and applied to the reference molecular target/s spotted on 
the mark at different concentrations. This set of experiments will allow to gain insights 
into the ion suppression effects exerted by the fi ngermark molecular make-up as well 
as the determination of the limit of detection (LOD), which is typically lower than in 
imaging mode (e.g., when the matrix is applied through spray-coating). 

 In such experiments, to reduce response variability (e.g., due to the well-known 
‘sweet spots’ in MALDI) across the marks tested with different concentrations, the 
generation of reproducible fi ngermarks (e.g., through the same pressure, contact 
time and contact angle) is recommended. Within the author’s group a custom-built 
device is used for this purpose, termed the Reed-Stanton press rig (Reed et al. 2015 
 in preparation ), though another device, named fi ngerprint sampler, with different 
features has already been patented and published (Fieldhouse  2011 ) and is commer-
cially available. Alternatively, the mark can be split into the number of regions 
required in order to analyze different analyte concentrations (and different matrix 
deposition methods), thus maintaining the same chemical environment for com-
parative evaluation. Note that also in this case, replicates are still necessary to reach 
statistically signifi cant conclusions. 

  After the matrix spray-coating has been optimized and assessed by using MALDI 
MSP, 15  the method development for MALDI MSI should be straightforward, 
 provided that the laser pulse repetition rate does not need adjusting to obtain the 
right compromise between speed and sensitivity. 

 When MALDI MSP and MSI are fully optimized, the methodology can then be 
applied to real samples. A workfl ow summarizing the recommendations for MALDI 
MSI method development is depicted in Fig.  11 .

3.3        Matrix Deposition: Spray-Coating 
and the  Dry – Wet  Method 

 Initially, for many of the applications reported by our group, the classic matrix 
spray-coating technique was employed for imaging purposes. As described earlier, 
the SunCollect autosprayer was the device employed for all of the sample prepara-
tion method developments. This sprayer is simple to operate and is overall 

15   This includes optimization of the instrumental settings. 

•     TIP :  Whether or not a fi ngermark sampler is used ,  it is recommended to rub 
the fi ngertips against each other and use different fi ngers for the generation 
of the replicate marks and NOT the same fi nger as otherwise biological 
material depletion will affect the validity of the experiment conclusions .   
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reproducible in the amount of matrix deposited. However, geometrical and physical 
parameters such as nozzle-to-surface distance, N 2  pressure, number of layers, and 
fl ow rate per layer require optimization. A few protocols are illustrated in this sec-
tion for various applications. 

 In collaboration with HTX Technologies LLC (Carrboro, NC, USA), our group 
developed a matrix spray-coating method on a conceptually different automatic 
depositor, namely the TM sprayer (Bradshaw et al. 2013c). In order to achieve 
homogenous matrix deposition and maximum analyte extraction with minimal to 
no delocalization, this device employs a heated and pressurized matrix solution. 
Different variables such as N 2  pressure, nozzle temperature, number of passes, 
pump fl ow rate, velocity, and the track spacing were systematically investigated. 

  Fig. 11    Recommended workfl ow to develop a MALDI MSP and a MALDI MSI method for 
chemical species analysis in fi ngermarks. ( 1 ) Different matrices, matrix systems (including vary-
ing concentrations, solvents and use of dopants), and instrumental conditions are trialed; ( 2 ) the 
standard is spotted on a fi ngermark at different concentrations with the optimal MALDI sample 
preparation from step 1 and analyzed by MALDI MS; ( 3 ) the lowest four standard concentrations 
are separately sprayed on either four fi ngermarks (replicates) or four sections of a split mark; 
( 4 ) matrix is spotted on the standard-containing mark(s) to confi rm suitable analyte desorption/
ionization conditions. Here instrumental conditions can already be optimized; ( 5 ) matrix is now 
sprayed onto fi ngermarks with various amounts of spray-coated standard and the mark is analyzed 
by MSP in preparation for imaging experiments; ( 6 ) the standard spray-coated mark is sprayed 
with the matrix and analyzed by MALDI MSI to confi rm suitable analyte extraction and mapping 
in imaging mode. Here matrix deposition parameters are optimized for the lowest detectable con-
centration of the spray-coated standard; ( 7 ) if step 6 is successful, the method can be transferred to 
a real fi ngermark sample naturally containing the analyte       
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Eventually, all of these parameters were optimized and then kept constant, apart 
from the number of spray-coating passes which was changed from 1 to 4 and indi-
vidually applied to quarters of a fi ngermark. The best performing method used just 
one layer of matrix (Table  1 ) and allowed the highest possible quality of ridge detail 
images of lipids (Fig.  12 ) (analyzed in positive ion mode) in less than 1 min in total 
( one - layer  method).

    However effi cient, both the classic dried-droplet and spray-coating methods 
 cannot be applied to crime scene marks, if these are not somehow previously 
enhanced and removed from surfaces (unless, in the latter case, the mark is present 
on a fl at and suitably thin surface). As previously described, the  dry – wet  method 
represents a signifi cant step here for the implementation of MALDI MSI into the 
operational fi ngerprint analysis workfl ows. 

 While our group has been devising protocols to enable MALDI MSP and MSI 
analysis on FET-enhanced marks, the  dry – wet  method is also under further develop-
ment to establish exactly on which surfaces and under which environmental circum-
stances, the MALDI matrix can effi ciently act as a dual agent, i.e., in addition to its 
conventional MALDI matrix role also as a fi ngermark enhancer on surfaces. 

   Table 1    Protocol parameters for the spray-coating method using the TM Sprayer (HTX 
Technologies) and CHCA as matrix a    

 Preparation of ungroomed fi ngermarks using the TM Sprayer (HTX Technologies, NC, USA) 

 Fingermark 
quarter 

 N 2  pressure 
(psi) 

 Nozzle 
T (°C) 

 Number 
of passes 

 Pump fl ow 
rate (mL/min) 

 Velocity 
(mm/min) 

 Track 
spacing 
(mm) 

 1  10  75  1  0.08  1300  1.5 

   a In the author’s lab, this set of parameters provides the best results overall in terms of fi ngermark 
ridge detail and speed of preparation  

Quarters

2 3

1 4

Oleic acid
m/z 283.2

Eicosanoic acid
m/z 311.2

Triacylglyceride
m/z 638.4

a b

  Fig. 12    Optimization of matrix deposition using a TM Sprayer (HTX Technologies, LLC (USA). 
( a ) Fingermark divided in quarters and numbered according to the number of passes performed. 
( b ) Corresponding MALDI molecular images of three endogenous species; oleic acid ( m/z  283.2), 
eicosanoic acid ( m/z  311.2), and a triacylglyceride ( m/z  638.4), with a magnifi ed region for eicosanoic 
acid. Keeping all the other parameters constant, one layer of matrix generated the most satisfying 
result (see also Bradshaw et al.  2013 )       
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 During method development studies, our group has found that there are mainly 
three factors affecting the effi ciency of the  dry – wet  method, namely the type 
of brush, matrix powder excess, and matrix particle size. There are different types 
of brushes that CSIs use according to the powder to be deployed and the surface. 
They mainly differ in the chemical nature of the material, the cross-section of the 
heads, and stiffness of the hairs. 

  The second and the third factor should not be surprising for experienced MALDI 
users and with regard to the existing literature (Sugiura et al.  2006 ; Puolitaival et al. 
 2008 ). Large matrix excess may lead to suboptimal or completely out of range 
matrix:analyte ratios (often reported to be ideal around a 10,000:1 ratio), leading to 
the absence of signal (or very low signal intensity). 

  As the matrix is dispensed ‘dry’ in the fi rst step of the method, the particle size 
affects the size of the matrix-analyte co-crystals upon evaporation of the solvent that 
is sprayed on the matrix/fi ngermark as the second step of the process. Therefore, it 
is very important to use a matrix particle size as small as possible. In recent work, a 
remarkable difference in the ion intensity and ridge continuity was shown with 
the quality of the results gradually improving from using commercially available 
unground matrix, manually ground matrix, mechanically ground matrix sieved 
through a 38 μm sieve to ground matrix with particle sizes of <10 μm (Fig.  13 ) 
(Ferguson et al.  2013  b ). Once dusted with the matrix, the mark is typically lifted by 
forensic tape and mounted face up on a MALDI target plate using double-sided 
conductive tape for subsequent solvent spraying. A working protocol that our group 
has optimized for the  dry – wet  method preparation using milled matrix is illustrated 
in Table  2  together with the instrumental parameters for a modifi ed API Q-Star 
Pulsar  i  hybrid quadrupole time-of-fl ight (qTOF) instrument (Applied Biosystems), 
the instrument on which the bulk of our 6 years of research on latent fi ngermark 
analysis has been undertaken.

    As discussed in the introduction, the novel matrix curcumin was trialed with the 
 dry – wet  method and the ionization effi ciency was compared with that obtained 
using both the conventional spray-coating method and by leaving the curcumin- 
dusted fi ngermark unsprayed. The optimized protocol for the application of cur-

•     TIP :  Amongst the types of brushes we have tried ,  the zephyr brushes are 
the most effi cient to deploy the MALDI matrix. It is important that the shaft 
of the brush is rotated between thumb and fi ngers while dusting for marks 
to avoid smudging ,  merging, or removal of the ridges .   

•     TIP :  To remove excess matrix, use a quick blast of compressed air  (e.g., 
 from a can when at crime scenes )  using a distance of about 10 cm .   

S. Francese



115

cumin onto fi ngermarks for the  dry – wet  method was the same as for CHCA with 
respect to solvent spraying and instrumental parameters as shown in Table  2  (except 
for the declustering potential 2 and focusing potential set at 10 and 20 a.u., respec-
tively), and permitted the analysis of lipids. 16  

16   The  dry – wet  method employing curcumin has not been trialed on other classes of molecules. 

  Fig. 13    Comparative analysis of ungroomed fi ngermark image quality prepared with the  dry – wet  
method. Panels A1–D1 show a 700× magnifi cation SEM image of the dusted fi ngermarks using 
different matrix particle sizes. Panels A2–D2 show a 3000× magnifi cation. Panels A3–D3 show 
the corresponding MALDI MS images of the ion signal at  m/z  283.3. Panel D4 displays the nor-
malized image of the same mark shown in panel D3, which has not undergone normalization 
(Ferguson et al.  2013b , J. Mass Spectrom. 2013,  48 , 677–684, adapted and reproduced with per-
mission from John Wiley and Sons)       
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 Having very similar protocols is advantageous for method implementation in the 
forensic practice as, generally speaking, the lower the number of protocols (or vari-
ability in the protocols) the quicker they are accepted and integrated in practice. 

3.4       Detection and Mapping of Peptides and Proteins 

 The detection of fi ngermark peptides and proteins may have profound implications 
for forensic practice as well as in the biomedical fi eld. In the former case, our group 
has demonstrated the ability to detect the sex of individuals through their fi nger-
marks by exploiting the peptide/protein profi les (Ferguson et al.  2012 ). 

    Table 2    Protocol parameters for the application of fi ne CHCA matrix particles using the  dry – wet  
method with a zephyr brush (cf. Ferguson et al.  2011 )   

 Preparation of fi ngermarks using the  dry – wet  method for MALDI MSI analysis 

  Dry – wet  method application 
 Mass spectrometer and instrumental 
parameters 

 Matrix  α-cyano-4-
hydroxycinnamic acid 
(CHCA) 

 Mass spectrometer  Q-Star Pulsar  i  
(Applied 
Biosystems) 

 Milling instrument  Bench top, single grinding 
station PM100 Planetary 
Ball Mill (Retsch) 

 Mode/laser 
repetition rate 

 Continuous raster 
imaging in positive 
ion mode/5 KHz 

 Milling conditions/
fi nal particle size 

 450 rpm for 30 min in 
agate jar with 15 × 20 mm 
grinding balls/< 10 μm 

 Declustering 
potential 2/Focusing 
potential 

 15/10 

 Autosprayer for 
solvent spraying 

 SunCollect (SunChrom)  Accumulation time  0.117 s 

 Solvent spray 
conditions 

 5 layers of 70:30 of an 
ACN/0.5% TFA solution 
at a rate of 5 μL/min 

 Spatial resolution  100 μm × 150 μm 

•     TIP 1 : Use a  dedicated  zephyr brush to dust curcumin, thus avoiding 
cross- contamination and ‘unexpected’ results.  

•    TIP 2 : Use only a small amount as the ‘staining’ and the adherence to 
fi ngermarks are greater with this matrix than with CHCA.  

•    TIP 3 : Use synthesized curcumin as opposed to plant-derived commercially 
available curcumin for greater ionization effi ciency and less interfering 
background signals.  

•    TIP 4 : If you do not use the  dry – wet  method but the classic spray-coating 
method on the SunCollect autosprayer, use a dedicated capillary for each 
matrix to avoid cross-contamination as matrices take a very long time to 
clean off the capillary line.   
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This forensic analysis provides additional intelligence, especially important if 
DNA cannot be recovered. Implications in the wider biomedical context relate to 
the exploitation of peptides/proteins for noninvasive screening of disease biomark-
ers. It is therefore important to devise protocols for their optimal detection. However, 
to date, the detection of peptides and proteins from fi ngermarks has been by far the 
most challenging piece of research and further method development is still in prog-
ress. The challenge is mainly due to their low abundance (the total protein concen-
tration in sweat has been reported to be between 15 and 25 mg/dL) and their main 
origin from the eccrine glands (Ramotowski  2001 ). 17  

 The challenges in peptide/protein detection are often fi ngermark-specifi c. 
Eccrine marks should contain most of the proteins but the electrolyte concentration 
here is also the highest amongst the different types of marks listed in Sect.  3.1 . As a 
result, there is a strong ion suppression phenomenon preventing the detection of 
peptides and proteins (Ferguson et al.  2012 ). Groomed marks exhibit the presence 
of peptides/proteins but the high presence of lipids (as a consequence of grooming) 
also exerts ion suppression, greatly decreasing the peptide/protein ion population as 
well as the corresponding MS signal intensity. Ungroomed marks are somewhere in 
between these two types though proteins are less abundant than in eccrine marks. 
Natural marks may be problematic as their variable composition (and possible 
 presence of external contaminants) may affect peptide/protein ionization through 
similar suppression phenomena. We have previously shown that, similarly to the 
treatment of other specimens subjected to MALDI MSP and MSI, washing steps 
can greatly improve the detection of peptides/proteins. For example, groomed fi n-
germarks yield a higher peptide/protein ion population and signal intensity when 
washings are performed to selectively eliminate lipids. Denatured ethanol was the 
most effi cient solvent out of the three trialed which also included chloroform and 
acetone (Ferguson et al.  2012 ). These washings were performed by pipetting 750 μL 
of the solvent over the fi ngermark deposited on a suitable support which was held at 
an angle on a fl at surface. 

 If marks are collected for biomarker discovery studies or in anticipation of their 
use for medical diagnostics, eccrine marks may be good specimens to use as they 
can be produced in a controlled way and contain peptides/proteins in higher concen-
tration. However, the ion suppression phenomenon needs to be counteracted. As the 
challenge here is the presence of electrolytes, we have taken up one of the MALDI 
MSI sample clean-up strategies applied to tissue samples, employing low concen-
tration of high MALDI-tolerant salts, such as ammonium acetate, to preliminarily 
treat the mark (Wang et al.  2011 ). In this preparation, the ammonium and acetate 
ions will advantageously engage the endogenous chloride and the sodium/ potassium 
ions, respectively. The type of application of ammonium acetate (submersion or 
buffer pipetting), the volume, the concentration, and the contact time with this buf-
fer all play a role. Our current (so far unpublished) protocol is depicted in Table  3 .

17   Protein-producing apocrine glands are rarely a source of proteins in fi ngermarks. 
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   Benefi ts of this method are shown in Fig.  14 , where the MALDI spectrum of an 
unwashed eccrine mark is compared with that of a washed one using the protocol of 
Table  3 .

   Sometimes, even successfully optimized MALDI MSP protocols using the dried- 
droplet method cannot be successfully developed in imaging methods employing 
matrix spray-coating. In our laboratories, we have trialed a number of different 
sample preparation protocols to image proteins with samples being analyzed on a 
Voyager DE-STR MALDI-TOF instrument (Applied Biosystems) equipped with a 
solid state laser operating at 60 Hz. However, results as reported by Ferguson ( 2013 ) 
in her Ph.D. thesis were disappointing. Generally, with all the sample preparation 
methods trialed, the intensity of peptide/protein ion signals in imaging mode (with 
matrix spray-coating) was either too low or signals were not detected at all. Actual 
presence of peptides and proteins was verifi ed using the classic dried-droplet 
method, thus indicating that the protein abundance and extraction effi ciency in 
MALDI MSI were insuffi cient. However, since detection proved to be satisfactory 
when the dried-droplet method of matrix deposition was applied, the lack of  peptide/
protein ion signals using the automatic acoustic ejector spotter for sample prepara-
tion is somewhat surprising. Amongst the methods trialed, only the one spraying the 
matrix at 5 mg/mL with 25:25:50 acetonitrile/ethanol/0.5% TFA by the SunCollect 
autospraying system yielded a couple of signals previously detected with the dried-
droplet method (Fig.  15 ). It was also possible to obtain an image for the ion signal 
at  m/z  4819.5, which was putatively identifi ed as dermicidin (Ferguson et al.  2012 ) 
but highly speckled and bearing no hint of ridge detail (Fig.  15c ). Though the lack 
of peptide and protein detection may be a limitation of MALDI MSI for the analysis 
of latent fi ngermarks, these experiments are not yet conclusive. Many more condi-
tions can be trialed and our experiments (unpublished data) suggest that fi ngermark/
fi ngerprint peptides/proteins are more hydrophobic than previously thought. 
Furthermore, their low abundance is most likely another decisive factor.

   Experiments performed on an Ultrafl ex III MALDI-TOF/TOF mass spectrometer 
(Bruker Daltonik, Germany) equipped with a SMART beam laser operating at 
200 Hz gave more encouraging results. Here, the  dry – wet  method was applied 
where an ungroomed mark was dusted with CHCA and sprayed with 3 layers of 

     Table 3    Parameters for the preparation and analysis of peptides and proteins in eccrine marks   

 Preparation of the eccrine mark and analysis 

 Hands are washed with 50% EtOH aq  and kept for 15 min in sealed bag; fi ngertips are then rubbed 
together to spread sweat evenly 
 Buffer used  Ammonium acetate (AA)  Mass spectrometer  Voyager DE-STR 
 Concentration  150 mM  Accelerating voltage  25 kV 
 Application mode  Soak in AA for 5 min  Grid voltage  93% 
 Buffer volume  500 mL  Delay time  150 ns 
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70:30 ACN/0.5% TFA (at a rate of 2 μL/min and a capillary distance of 31.75 mm) 
prior to the analysis by MALDI MSI at a spatial resolution of 200 μm × 200 μm. 
As Fig.  16  shows, despite the mark being only partial and highly speckled, there is 
a ‘hint’ of ridge detail.

   These initial results indicate that perhaps using a different mass spectrometer 
with higher sensitivity and spatial resolution in conjunction with the most promis-
ing sample preparation methods trialed (and further tweaking of the preparation 
conditions) may, in a not too distant future, yield protein/peptide images. This work 
is in progress in our laboratory. 

 Abundant proteins from an external source (external to the fi ngermarks) have 
not been such a challenge. The specifi c detection and mapping of blood through 
 detecting the hemoglobin protein (α and β chains), in addition to the heme group, 
was achieved through the application of a standard MALDI MS protein analysis 
protocol. Although sinapinic acid (SA) was trialed as one of the best matrices for 
protein analysis, CHCA was the most effi cient matrix to detect hemoglobin both in 
simulated laboratory conditions and for crime scene evidence, though the evidence 
recovered and analyzed from the latter were bloodstains rather than blood marks. 
The possibility to use the same matrix for molecules so different in size enables both 

  Fig. 14    MALDI MS spectra of peptides and small proteins in eccrine fi ngermarks.  Top panel : 
eccrine fi ngermark washed using the method reported in Table  3 ;  bottom panel : unwashed 
fi ngermark       
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the analysis of heme and that of hemoglobin on the same mark in two subsequent 
acquisitions (instrumental parameters are different in the two cases), without wash-
ing off and changing the matrix. The detection of two blood-specifi c molecules 
makes blood analysis much more reliable. The protocol adopted for both hemoglobin 

  Fig. 15    MALDI MSP and MSI of a split groomed mark. One half was prepared using the dried- 
droplet method spotting 5 mg/mL CHCA in 25:25:50 acetonitrile/ethanol/0.5% TFA ( a ) while the 
other half was prepared using the same matrix solution but sprayed using the SunCollect auto-
spraying system ( b ). Fingermark of the MS spectrum shown in ( b ) was then imaged and panel ( c ) 
shows the image of the peak at  m/z  4821.9, corresponding to the putatively identifi ed dermicidin 
(the recorded and expected  m/z  values differ by 2 units). No ridge details could be observed. 
Analyses were performed on a Voyager DE-STR MALDI-TOF mass spectrometer (Ferguson 
 2013 ; permission granted by the author)       
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profi ling and imaging is depicted in Table  4 . 18  This protocol is also compatible with 
the prior application of the currently used ninhydrin and Acid Black 1 enhancement 
protocols for the presumptive detection of blood. Despite the fact that the instru-
ment adopted for these analyses is relatively old and does not have a high sensitivity, 
preliminary experiments on the hemoglobin standard have shown that we can detect 
this protein at a concentration 1000 times lower than the physiological concentra-
tion (~13–18 g/dL for healthy adult males and ~11.5–16.5 g/dL for healthy adult 
females).

3.5          MALDI MSI of Condom Lubricants in Fingermarks 

 Two years of research were spent on devising and optimizing protocols for imaging 
condom-contaminated fi ngermarks with the ultimate aim to provide information for 
suspect identifi cation (ridge pattern images) as well as the identifi cation of the condom 
lubricant chemicals (associative/probative evidence). In some cases, condom brand/
type identifi cation was achieved. Condom-contaminated fi ngermarks/fi ngerprints can 

18   The protocol (instrumental conditions) for the detection, the mapping, and the MS/MS of heme 
can be retrieved in (Bradshaw et al.  2014 ). 

  Fig. 16    MALDI MSI of 
an ungroomed fi ngermark 
at a spatial resolution of 
200 μm × 200 μm. The 
mark was prepared using 
the  dry – wet  method by 
dusting with CHCA and 
spraying a 70:30 
ACN/0.5% TFA solution 
using a SunCollect 
autosprayer. MALDI MSI 
was performed on an 
Ultrafl ex III MALDI-TOF/
TOF mass spectrometer       
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be easily prepared by washing hands with a 50:50 ethanol:water solution, rubbing 
fi ngertips against the condom for a few seconds and subsequently touching the deposi-
tion surface of choice. 

  In general, as well as in condom lubricant analyses, ‘hot spots’ are very much a 
problem when the matrix is spotted rather than sprayed, which is in agreement with 
the fi ndings and observations by others (Hensel et al.  1997 ; Hanton  2001 ). ‘Hot 
spots’ are mainly due to the differential incorporation of the analyte(s) into the matrix 
crystals, depending on the analyte, matrix and crystallization conditions, and thus 

•     TIP 1 : If you want to preserve the ridge details and avoid smudging due to 
the oily nature of the lubricants, lightly touch the surface three times in 
three different areas and analyze the third mark.  

•    TIP 2 : Condom lubricants (polymers) are very persistent substances. 
Therefore, to avoid carry-over effects, use different fi ngers to deposit rep-
licate marks or marks containing different condom lubricants. Wash hands 
thoroughly and ensure that no polymer is left, which could interfere with 
other analyses when still using your fi ngertips to generate other fi nger-
marks/fi ngerprints.  

•    TIP 3 : Make sure that the sample is completely dry as otherwise pumping 
down the MALDI mass spectrometer could become challenging.   

   Table 4    Parameters for the preparation and MSP/MSI analysis of blood fi ngermarks   

 Preparation of blood marks for MALDI MSP and MSI analysis 

  MALDI MSP analysis  
 Matrix (spotted)  20 mg/mL CHCA in 70:30 

ACN: 0.5% TFA aq  (0.5 μL 
per spot) 

 Mass spectrometer  Voyager DE-STR 

 Application mode  Spotted  Accelerating voltage  25 kV 
 Grid voltage  90% 
 Delay time  300 ns 
 Number of shots  150 

  MALDI MSI analysis  
 Matrix (sprayed)  5 mg/mL CHCA in 70:30 

ACN: 0.5% TFA aq  
 Mass Spectrometer  Voyager DE-STR 

 Application mode  Sprayed  Accelerating voltage  25 kV 
 Spraying 
conditions 

 SunCollect (SunChrom) 5 
layers at a rate of 2 μL/min 

 Spatial resolution  150 μm × 150 μm 
(spot-to-spot classic 
method) 

 Grid voltage  90% 
 Delay time  300 ns 
 Number of shots  100 
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leading to signifi cant variability in the ion signal intensity and mass shifts from spot 
to spot. For polymers, this has been previously described as ‘polymer segregation’ 
(Gruendling et al.  2010 ), preventing homogenous polymer-matrix co-crystallization. 

 In our studies, employing MALDI MSI and a matrix spray-coating technique, a 
dithranol-based matrix application was optimized, enabling the detection and map-
ping of ethoxylate-based polymers and polydimethylsiloxanes (PDMS). The main 
method used to perform MALDI MSI of condom-contaminated marks is detailed in 
Table  5 .

   Here the SunCollect autosprayer could not be used as the solvent mixture can 
damage the capillary and the tubing of the device. A manual sprayer (airbrush) was 
therefore used instead, which is an adequate alternative in the hands of an experi-
enced user. With this device, the distance between the nozzle and the surface as well 
as the number of passes and the time interval between each pass are all very impor-
tant parameters to prevent analyte delocalization whilst achieving maximum ana-
lyte extraction and optimal co-crystallization with the matrix. Although the protocol 
shown in Table  5  enables the detection and mapping of ethoxylate-based poly-
mers as well as PDMS, the latter was only accidentally detected after condom- 
contaminated marks aged at 25 °C and 60% relative humidity for a month 
(cf. Sect. 1 Introduction). To speed up sample preparation and to achieve complete-
ness of information about the condom lubricant profi le, an alternative protocol step 
was devised, whereby the contaminated mark was kept at 37 °C for a minimum of 
10 min. Whether this will be required operationally, given that the majority of sexual 
assaults are reported weeks, sometimes months after the crime, remains to be seen. 

 To exemplify the integration of this technology in a workfl ow where less destruc-
tive techniques are used fi rst, MALDI MSI was employed in tandem with ATR- 
FTIR analysis (Bradshaw et al.  2013b ). The development of this workfl ow required 
careful planning on the application of these two techniques knowing that ATR FTIR 

    Table 5    Parameters for the preparation and MALDI MSI analysis of condom-contaminated 
marks   

 Preparation of condom-contaminated fi ngermarks for MALDI MSI analysis 

 Matrix and standards application  Instrumental parameters 

 Matrix  10 mg/mL dithranol in 45:40:15 
acetonitrile: dichloromethane: 
tetrahydrofuran 

 Mass spectrometer  Q-star Pulsar  i  
(Applied Biosystems) 

 Application 
mode 

 Spray-coating using manual 
sprayer Eclipse HP-CS (Iwata 
Medea Inc.) 

 Mode/laser 
repetition rate 

 Continuous raster 
imaging/positive ion 
mode 

 Total volume 
delivered 

 20 mL  Declustering 
potential 2/focusing 
potential 

 10/30 a.u. 

 Accumulation time  0.117 s 
 Spatial resolution  150 μm × 150 μm 
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is to be applied fi rst. The feasibility and effi ciency of this new type of workfl ow is 
somewhat limited by both the materials used and the high-vacuum environment of 
conventional MALDI sources. In particular, the gelatin lifters employed to remove 
the mark from the surface to be subsequently submitted to ATR FTIR are an unsuit-
able sample support for MALDI MS due to the diffi culty in achieving the required 
high vacuum of the MS instrument. This constraint prevents the same mark to be 
analyzed sequentially by ATR FTIR and MALDI MSI and dictates a fi rst fi nger-
mark lift using gelatin tape to be analyzed by ATR FTIR and a second lift of the 
remaining fi ngermark material with conventional tape to be submitted to MALDI 
MSI analysis. However, as shown in Fig.  4 , MALDI MSI is sensitive enough to 
detect the relevant chemicals (polymers and endogenous substances) even in a sec-
ondary lift, albeit with lower ion intensity and ridge coverage.  

3.6     Further Strategy to Improve Information Reliability 
of MALDI MSI When Imaging Small Molecules 

 Whilst molecular detection is achieved in the majority of the cases through  optimized 
protocols, reliable molecular identity is not trivial. Depending on the sample, the 
presence of isobaric species, including matrix clusters, may often lead to ques-
tionable molecular identifi cation if solely based on the  m / z  value. Therefore, the 
 application of tandem mass spectrometry (MS/MS) is often a requirement. However, 
even the application of MS/MS may incur the same problem with no reliable iden-
tifi cation. For instance, this is the case if the selection mass window of the precursor 
ion is not narrow enough, thus allowing ions with similar  m / z  to be fragmented, 
generating an overpopulated and very complicated MS/MS spectrum. Certainly 
both high resolution mass spectrometry (HRMS) and Ion Mobility MS (IMS) are 
two excellent ways to overcome the problem of isobaric ions, although they do 
come with signifi cant fi nancial implications. 

 The inclusion of standards combined with imaging tandem mass spectrometry 
capabilities is a useful strategy, which may help to alleviate the problem of isobaric 
species and the lack of HRMS and IMS instrumentation. Taking stock from a 
recently published work from Clench’s group (Cole et al.  2013 ), we have adapted 
this strategy to latent fi ngermarks and recently reported the results in a Spectroscopy 
Europe issue (Bradshaw and Francese  2014 ). Here, as an example, two species 
 having the same nominal mass, namely protonated cocaine ions (monoisotopic  m / z  
304.1548) and dimethylbenzylammonium ions (DBA), which can be found in many 
toiletry products (monoisotopic  m / z  304.3004). It is clear that erroneously claiming 
the presence of cocaine in the defendant’s fi ngermarks (whilst in fact the species in 
question is just a common bactericide found in many hygiene products) may have 
profound and unacceptable consequences in a court case. Thus, the claim must be 
sound and based on solid evidence. In our study, the sample preparation included 
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‘controlled’ contamination of fi ngertips and the use of  natural  fi ngermarks to mimic 
real  conditions as far as possible (Bradshaw and Francese  2014 ). Fingertip contami-
nation with the two substances was achieved by (a) rubbing a fi ngertip against a 
glass slide containing a known dry residue amount of cocaine (5 μg) and (b) wiping 
a fi ngertip using Dettol ®  antibacterial surface wipes containing DBA, before depos-
iting separate marks onto aluminum sheets. Preparation and analysis of the marks 
were undertaken using the method illustrated in Table  6 .

   As seen in Fig.  17 , simple MS data acquisition cannot help in the discrimination 
of the isobaric species. 19  However, if MS/MS images are interrogated specifi cally 
for cocaine product ions ( m / z  182.1, 150.1, 82.1), only the cocaine standard spot 
appears (Fig.  17a ). Similarly, DBA-specifi c product ions ( m / z  212.2, 91.0, 58.0) 
generate images of both the fi ngermark and the standard DBA spot with the stan-
dard cocaine spot no longer visible (Fig.  17b ). In the latter case, a highly informa-
tive and visually impactful image was also obtained by superimposing the images 
from the DBA product ion at  m / z  212.2 and the cocaine product ion at  m / z  182.1, 
demonstrating that cocaine is absent in the mark and only present in the standard. In 
conclusion, this strategy may be adopted for molecular confi rmation and does not 
require HRMS or IMS using reference standards.

19   Note that another limiting factor can be the bin size of the imaging software used (e.g., BioMap; 
 http://www.maldi-msi.org/index.php?option=com_content&view=article&id=14&Itemid=32 ). 
Even if the data were acquired in high resolution, software often cannot cope with a narrow bin 
sizes, thus generating (depending on the decimal places) the same uncertainties in discriminating 
between two species with the same nominal mass. 

   Table 6    Parameters for the preparation and MSI analysis of DBA- and cocaine-containing marks   

 Preparation of cocaine- and DBA-contaminated marks for MALDI MSI analysis 

 Matrix and standards application  Instrumental parameters 

 Matrix  CHCA solution in 70:30 
ACN: 0.5% TFA 

 Mass spectrometer  Q-star Pulsar  i  
(Applied Biosystems) 

 Application 
mode 

 Spray-coating using 
SunCollect autosprayer 

 Mode/laser 
repetition rate 

 Continuous raster 
imaging/positive ion 
mode 

 Number of layers 
and speed 

 5 at 2 μL/min  Declustering 
potential 2/focusing 
potential 

 40/15 a.u. 

 Standards  Each standard separately 
mixed 1:1 with the matrix 
and 0.5 μL spotted in two 
distinct locations at the side 
of each contaminated mark 

 Collision energy  25 

 Accumulation time  0.5 s 
 Spatial resolution  150 μm × 150 μm 
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      (MA)LDI MS Imaging at High Specifi city 
and Sensitivity       

       Aurélien     Thomas     ,     Nathan     Heath     Patterson     ,     Martin     Dufresne     , 
and     Pierre     Chaurand    

    Abstract     (Matrix-assisted) laser desorption/ionization ((MA)LDI) mass spectrom-
etry imaging (MSI) has been driven by remarkable technological developments in 
the last couple of years. Although molecular information of a wide range of mole-
cules including peptides, lipids, metabolites, and xenobiotics can be mapped, (MA)
LDI MSI only leads to the detection of the most abundant soluble molecules in the 
cells and, consequently, does not provide access to the least expressed species, 
which can be very informative in the scope of disease research. Within a short 
period of time, numerous protocols and concepts have been developed and intro-
duced in order to increase MSI sensitivity, including in situ tissue chemistry and 
solvent-free matrix depositions. In this chapter, we will discuss some of the latest 
developments in the fi eld of high-sensitivity MSI using solvent-free matrix deposi-
tions and will detail protocols of two methods with their capability of enriching 
molecular MSI signal as demonstrated within our laboratory.  

1          Introduction 

 In the last decade, the emergence of MSI has offered exciting new possibilities for 
bioanalytical imaging (Chaurand  2012 ). Compared  to   conventional MS approaches, 
imaging techniques also allow the molecular mapping of hundreds of potential bio-
markers, including proteins, peptides, and lipids, in a tissue section while maintain-
ing a high correlation with the tissue architecture (Reyzer and Caprioli  2007 ; 
Schwamborn and Caprioli  2010 ). 
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 The fi rst step of an MSI experiment is the preparation of thin sections from a tis-
sue block or biopsy and their mounting on a fl at (conductive) surface (Thomas and 
Chaurand  2014 ). Some MSI approaches require  the   homogeneous deposition of a 
desorption/ionization agent on the sections. In the next step, a desorption/ionization 
probe such as a laser beam in MALDI, an ion beam in Secondary Ion Mass 
Spectrometry (SIMS) or a focused solvent spray in Desorption ElectroSpray 
Ionization ( DESI)   is used to raster a grid array of regularly spaced coordinates over 
the tissue section. A mass spectrum will be acquired at each array coordinate (or 
pixel) with a preset lateral resolution usually between 5 and 300 μm (Römpp and 
Spengler  2013 ). By using dedicated software, ion images will be generated by inte-
grating the intensity of each detected peak as a function of spectrum coordinate 
(Chaurand  2011 ). 

 Although (MA)LDI MSI is extremely powerful and informative, the overall 
approach is not specifi c, and certain limitations exist (MacAleese et al.  2009 ; 
Chaurand et al.  2006 ; Thomas and Chaurand  2014 ). The common MSI strategies 
for  the   analysis of tissue  section  s can lead to the detection and localization of 
hundreds of molecules (metabolites, lipids, peptides, and proteins) over a mass 
range of typically up to 30,000 Da. Although much  information   can be obtained, 
this approach only leads to the detection of the most abundant and/or soluble com-
pounds in the tissue, and consequently, dramatically lacks sensitivity (Chaurand 
et al.  2004 ). Generic specifi city, meaning the general class of biomolecules to be 
analyzed, can be achieved with the proper choice of matrix. For example, to per-
form MSI measurements of intact proteins, the appropriate choice of matrix  is 
  sinapinic acid (Stoeckli et al.  2001 ). To investigate (phospho)lipids (Berry et al. 
 2011 ) and metabolites, other matrices such as α-cyano-4-hydroxycinnamic acid 
(CHCA) (Shanta et al.  2011 ), 1,5-diaminonaphtalene (DAN) (Thomas et al.  2012 ; 
Anderson et al.  2014 ) or 2,5-dihydroxybenzoic acid (DHB) (Guo et al.  2014 ) will 
be chosen. The mode of  matrix deposition   can also be critical. For example, matrix 
deposition from solutions (with a wet interface) is critical for successful MSI 
analysis of peptides and proteins, whereas some lipids and metabolites can be 
detected using dry matrix deposition approaches (Hankin et al.  2007 ; Puolitaival 
et al.  2008 ). 

 Among current efforts in (MA)LDI MSI, the improvement of  specifi city and 
sensitivity   is particularly challenging for the investigation of certain classes of low- 
abundance molecules. Many such molecules play essential roles in cell regulation 
or disease  on  set and development. Although numerous efforts have been undertaken 
to develop methodologies and instrumentation, (MA)LDI MSI is still undergoing 
further development to push the technology forward and to make it more routinely 
accessible to users (Jungmann and Heeren  2012 ). The aim of this chapter is to pres-
ent some of the latest methodologies developed in our laboratory to increase speci-
fi city and sensitivity in IMS of different classes of lipids. Among these, two proven 
protocols are detailed here providing the necessary information for readers for suc-
cessful implementation in their laboratories.  
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2     Applications 

2.1     General Applications 

 MSI has been used in a wide range  of   bioanalytical  applicatio  ns (Chughtai and 
Heeren  2010 ; Norris and Caprioli  2013 ). In particular, molecular expression and 
organization in diseases such as cancer and neurologic disorders have been studied 
(Cazares et al.  2009 ,  2011 ; Thomas et al.  2013 ; Lemaire et al.  2007 ; Morita et al. 
 2010 ; Wisztorski et al.  2008 ). MSI also has been used extensively in developmental 
and fundamental biology (Burnum et al.  2009 ; Grey et al.  2009 ; Minerva et al. 
 2008 ). Another application area of growing interest is the mapping of xenobiotics 
and related metabolites in tissues (Stoeckli et al.  2007 ; Sun and Walch  2013 ; Stauber 
 2012 ). Not only can the exact location and absolute quantity of the drug be deter-
mined within a tissue specimen, but its effect on the proteome or lipidome can be 
monitored as a function of time or dose (Reyzer et al.  2004 ). There is also currently 
a growing interest for the monitoring of the metabolomic and proteomic content of 
plant tissues by MSI (Debois et al.  2013 ; Cavatorta et al.  2009 ).  

2.2     Imaging of Lipids 

2.2.1     Employing Sublimation of  DAN   on Tissue Sections 

 MSI experiments at high- spati  al resolution require homogeneous application of the 
matrix. Different approaches, including manual and automatic systems, have been 
developed to form homogeneous matrix crystals across the section and limit lateral 
migration of the molecules (Chen et al.  2008 ). In this regard, solvent-based matrix 
deposition processes carry the risk of introducing an inherent limitation for high- 
resolution MSI due to the risk of analyte delocalization. In some cases, well- 
controlled automated matrix deposition approaches have resulted in encouraging 
results (Chaurand et al.  2006 ).  Matrix sublimation   is a highly effi cient procedure for 
MSI of lipids at high-spatial resolution by forming an extremely homogeneous 
micrometer-thick layer of matrix on the sections (Hankin et al.  2007 ; Thomas et al. 
 2012 ; Chaurand et al.  2011 ; Angel et al.  2012 ). Although different matrices such as 
DHB and CHCA can be sublimated, most of these are only effi cient in one mode of 
ionization (Murphy et al.  2011 ), leading to an important loss of information since 
some phospholipids, sulfatides, ceramides, cardiolipins, and gangliosides as well as 
other classes of lipids are better ionized in the positive or negative ionization mode 
(Thomas et al.  2012 ; Woods and Jackson  2006 ). 

 To improve the information obtainable from existing protocols, we recently 
investigated several matrix candidates for their sublimation ability, sensitivity in 
both positive and negative ionization modes, lack of matrix cluster interferences, 
and stability under vacuum. Among investigated candidates, the use of a DAN 
matrix deposited by sublimation has been demonstrated to be of high effi ciency for 
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MSI  of   lipids, providing rich information in both ionization modes (Thomas et al. 
 2012 ). By using a  fi   xed offset in the  x  and  y  dimensions of the grid array, ion images 
can be acquired serially from a single sample preparation in both positive and nega-
tive ion mode. As detailed below, we have developed a robust sample preparation 
protocol, which has to date been successfully applied to MSI analyses of large 
cohorts of clinical tissue biopsies.  

2.2.2     Employing  Silver   Sputter Deposition on Thin Tissue Sections 

 Cholesterol, fatty acids, and other olefi n-related compounds are widely investigated 
because of their  important   functional role in multiple diseases,  including   cancer and 
cardiovascular diseases (Maxfi eld and Tabas  2005 ; Lusis  2000 ). MSI of these com-
pounds is however a challenging task due to their poor ionization effi ciency with 
conventional (MA)LDI approaches. The addition of silver salts to homogeneous 
samples is a longstanding strategy to enhance ionization of olefi n compounds for 
MS analyses (Schriemer and Li  1996 ). Recently, some promising approaches have 
been developed to make the process convenient with regard to MSI requirements. In 
one approach, a silver nitrate layer was deposited on a porous silicon waffl e target 
prior to mounting the tissue on the surface (Patti et al.  2010a ,  b ). For this specifi c 
LDI MS technique, called nanostructure-initiator mass spectrometry (NIMS), the 
deposition of a silver nitrate layer  signifi cantly   enhanced MSI of cholesterol. In 
another approach, colloidal silver layer deposition also yielded improved results for 
various long-chain fatty acids and hydrocarbons using  an   LDI MSI approach (Jun 
et al.  2010 ). In these studies, the molecular ions were observed as silver cations. 

 These different techniques provided encouraging results  for   LDI MSI of  choles-
terol   and other fatty acids of tissue sections. We further explored this potential and 
developed a novel solvent-free LDI MSI approach to image cholesterol and fatty 
acids with high specifi city, sensitivity, and spatial resolution after silver cationiza-
tion (Dufresne et al.  2013 ). Here, some aspects need to be considered when increas-
ing the lateral resolution, including the homogeneity of the desorption/ionization 
agent, the minimum laser raster distance (minimum step size of the sample stage) 
and the minimum laser focus achievable on target. A smaller laser focus leads to a 
lower number of ions generated and thus a diminution in intensity of the corre-
sponding ion signals. This last point can be partially overcome by increasing the 
laser power or by using a more effi cient ionization approach such as the use of silver 
cationization as discussed above (Chaurand et al.  2011 ). 

 Due to the highly  homogene  ous matrix deposition with minimal lateral analyte 
migration, matrix sublimation is the technique of choice for achieving high-spatial- 
resolution MSI. Our work demonstrated that sputter deposition of metal yields a 
micrometer scale  ho  mogeneous layer (Nygren and Malmberg  2004 ), providing 
experimental conditions similar to those obtained from the matrix sublimation pro-
cess. On the basis of previous fi ndings  involving    silver cationization   of cholesterol 
and fatty acids, we developed a robust silver sputtering deposition method for 
 high- resolution LDI MSI  through   metal cationization of a variety of olefi nic compounds 
from tissue sections. A protocol for applying on-tissue, silver sputtering to LDI MSI 
of cholesterol and other olefi nic compounds is described below.    
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3     Materials and Protocols 

3.1     MSI  Employing   Sublimation of DAN on Tissue Sections 

3.1.1      Materials 

 The setup of  a   sublimation apparatus is  given   in Fig.  1 . It is strongly recommended 
to install the complete sublimation system in a fume hood. All the glassware pieces 
(sublimation chamber and cold trap) should be fi xed using static mounts. Great care 
is required in setting up the system to align the various joints between all pieces and 
ensure there are no leaks in the tubing. The area where tubing and glass joints meet 
can be wrapped tightly with Parafi lm to further prevent air leaks. The cold trap of 
the apparatus is essential to maintain the vacuum and prevent sublimated matrix 

tape

target plate + 
tissue sectionmatrix

pump cold trap sublimation

microvalve
vent valve

pump valve

ethanol dry ice mix
ice slush

heated 
oil bath

vacuum gauge

condenser

sublimation flask

connection

  Fig. 1    Scheme of a matrix sublimation system.  Red arrows  indicate airfl ow. See text for details       
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from contaminating the vacuum gauge. It should be fi lled with laboratory grade 
ethanol and pieces of dry ice to cool the trap. The apparatus needs to be able to 
achieve a pressure of 0.05 Torr for DAN sublimation. An oil bath (sand bath or other 
heating element) with digital temperature control is recommended for heating the 
bottom of the sublimation chamber as it provides reproducible and even heating 
(Fig.  1 ). The oil bath should be installed on a sturdy height adjustable stand. 
WARNING: The oil bath is operated at high temperature and extra care must be 
taken when adjusting the oil bath height.

   As the section  to   be imaged (sometimes with mounting tape, slide or even 
MALDI target) will be fi tted onto the sublimation apparatus’ condenser, it is neces-
sary to obtain sublimation glassware that can accommodate the dimensions of the 
section, tape, slide, or MALDI target. Within our lab, we have two interchangeable 
sublimation chambers, one smaller diameter system (Product number CG-3038; 
Chemglass Life Sciences, Vineland, NJ, USA) that accommodates 45 mm × 45 mm 
square glass slides, and a larger diameter system (Product number 8023-55; Ace 
Glass Inc., Vineland, NJ, USA) that can accommodate two 75 mm × 25 mm micro-
scope glass slides. For MSI experiments, it is recommended to use standard micro-
scope glass slides coated with indium–tin oxide (ITO). All of our glass slides are 
purchased from Delta Technologies, Loveland, CO, USA, which come coated with 
a low-resistivity ( R  ≤ 200 Ω) ITO fi lm to insure conductivity across the slide for 
MALDI-TOF MSI analyses. The slides should be as clean as possible before use. 
Material on the surface can create ‘hot spots’ of sublimated matrix. We typically 
clean thoroughly with soap and water followed by rinsing thoroughly with metha-
nol. The slides are then immediately dried using Kimwipes™. 

 The DAN matrix can  be   purchased from Sigma-Aldrich at 97% purity according 
to the manufacturer. It does not require recrystallization before its use for 
 sublimation. WARNING: Caution should be taken when handling DAN due to pos-
sible carcinogenetic effects. Exposure to the chemical should be minimized and 
fume hoods should always be used. 

 MALDI MSI experiments were  perfor  med on an UltraFlextreme MALDI-TOF 
MS system (Bruker Daltonics, Billerica, MA, USA) using the refl ectron geometry 
at +25 kV of accelerating potential under optimized laser energy and delayed extrac-
tion conditions. For MS and MSI data acquired on our MALDI-TOF MS system, 
we routinely obtain mass accuracies better than 5 ppm for single spectra and better 
than 10 ppm across entire images.  

3.1.2      Parameters   for DAN Sublimation 

 Parameters for sublimation will need to be adjusted for each apparatus including the 
amount of matrix to be added. The slides can be weighed before and after sublima-
tion to determine the amount of matrix sublimated, and this can be correlated to the 
results obtained. We recommend 110 μg/cm 2  deposited on tissue sections. 

  Vacuum : The vacuum in  the   sublimation apparatus should be at least 0.05 Torr 
and be maintained at this value during the sublimation process. 
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  Heating : DAN requires  an   oil bath (heating element) temperature of at least 145 
°C for sublimation. In our experience, heating above this value is preferable as the 
temperature of the oil bath (heating element) will gradually decrease during subli-
mation. The depth of submersion of the sublimation chamber in the heat bath is also 
of importance.  

3.1.3    Procedure 

     1.    The heat bath should be heated to 160 °C with stirring.   
   2.    The matrix  sho  uld be weighed out, and an amount suffi cient to completely cover 

the bottom of the sublimation chamber is used. For our larger diameter sublima-
tion chamber, we use ~17 g of DAN. The matrix should be initially pulverized in 
a mortar and pestle to generate a  n ultrafi ne homogeneous powder. It should be 
spread evenly across the bottom to produce a homogeneous layer, minimizing 
valleys and peaks. This can be aided by applying pressure onto the matrix, for 
example, with the bottom of a fl ask or beaker that fi ts into the chamber.   

   3.    The slide (including the thaw-mounted tissue section) will then be fi xed to the 
bottom of the condenser (see Fig.  1 ). Optimal results will be obtained when the 
cooling is homogeneous across the surface. As even contact across the surface 
cannot be guaranteed without some pressure applied to push the slide onto the 
glassware, we strongly recommend taping the slide onto the condenser with 
single-sided tape. Typically, we tightly tape the shorter edge of the microscope 
slide, and then tightly tape the opposite side. After the fi rst layer of tape, we add 
a second for reinforcement and to ensure a tight contact. The bottom of our con-
denser has a small height disparity between the middle and the outside areas and 
with our taping method, we force the slide to bend very slightly onto the surface 
and ensure good contact despite an uneven surface. Alternatively, double-sided 
tape along the entire length of the slide can be used. This approach can however 
be problematic if the binding is too strong as it may lead to breaking the slide 
when dismounting it from the condenser.   

   4.    Once the slide is taped  in   place, the sublimation chamber can be closed and 
sealed. After this, a vacuum of at least 0.05 Torr will be established in the appa-
ratus. We recommend creating the vacuum before putting ice and water in the 
condenser to cool the slides, preventing condensation on the tissue surface (Fig. 
 1 ). In general, a handful of ice is added, and just enough water to make the ice 
fl oat is needed. This prevents cold spots from forming in areas where the ice is 
touching the glassware.   

   5.    After 10–15 min of vacuum exposure without heating, the DAN matrix is heated 
by immersing the sublimation chamber into the heat bath. If using an oil bath, 
marking the oil’s displacement on the outside of the oil bath’s bowl can improve 
reproducibility between experiments. The  sublim  ation time will depend on pres-
sure, temperature, amount of matrix, and depth of chamber submersion. With 
our setup using the larger chamber, the sublimation time is approximately 
15 min.   
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   6.    After sublimation, the heating element is removed and the vacuum pump is iso-
lated (using the pump valve, cf. Fig.  1 ). Immediately after isolating  the   vacuum 
pump, it is recommended to maintain vacuum pressure inside the sublimation 
apparatus. With the sublimation chamber still under vacuum, the majority of the 
ice water is removed from the condenser and replaced by a large volume of room 
temperature (tap) water to prevent water condensation on the slide when releas-
ing the vacuum. After the room temperature water is added to the condenser, the 
apparatus should rest at room temperature for ~5 min to warm the sample to 
room temperature. The vacuum is then slowly released (using the vent valve, cf. 
Fig.  1 ), avoiding any disturbance of the leftover matrix at the bottom of the fl ask. 
The condenser and fl ask can now be separated and the water in the condenser can 
be discarded. WARNING: Great care must be taken when manipulating the sub-
limation apparatus. Shattering the apparatus while under vacuum may lead to 
serious injuries.   

   7.    Next, the slide is  carefully   removed from the bottom of the condenser and set 
aside for analysis. Ideally, 2–3 mg of matrix should be deposited on a 75 
mm × 25 mm ITO-coated glass slide. This can be easily checked by weighing the 
slide before and after the sublimation process. If samples are going to be ana-
lyzed at a later date after matrix deposition, it is important to store them under 
freezing conditions to prevent lipid degradation (Patterson et al.  2014 ), prefera-
bly in a small plastic bag fi lled with nitrogen to prevent condensation when 
removing from the freezer.   

   8.    Excess matrix  deposited   on the surface of the condenser can be removed with 
Kimwipes™ and methanol. If multiple sublimations are to be performed, it is 
recommended to repack the matrix and ensure again a level layer of matrix.      

3.1.4    Troubleshooting 

 To insure proper  functioni  ng of the complete setup, it is recommended to perform a 
dummy sublimation at the optimized timing and heating parameters to assess and 
ensure that the expected amount of matrix is deposited per unit surface area.  

3.1.5     An Example: MALDI MSI  of   a Mouse Brain Sagittal Tissue Section 
After DAN Sublimation 

 Figure  2a  shows the averaged  mas  s spectra acquired from a mouse brain imaged at 
75 μm resolution in both positive and negative ion mode. Negative ion mode MSI 
was achieved on the same section using a 37-μm offset in the  x  and  y  coordinates. 
The inset of Fig.  2a  shows a scan of the ablation pattern on the section after MSI 
analysis. The black and red spots indicate where positive and negative ion mode 
spectra were acquired. The small area of the inset is part of the hippocampus 
(labeled c in Fig.  2  biv). The average spectra demonstrate that dual ionization 
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imaging using an offset gives access to many more lipid species per sample analy-
sis. Figure  2b  shows the optical image of the tissue section covered with sublimated 
DAN (i), two positive ion mode images (ii–iii), an H&E staining image of a serial 
section (iv) and two negative ion mode images (v–vi). In this demonstration we 
show images of correlated phosphotidylcholines (PC) from positive ion mode 
acquisitions and phosphatidylinositols (PI) and sulfatides (ST) imaged by negative 
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  Fig. 2    MALDI MSI of a sagittal mouse brain tissue  section   acquired using DAN as MALDI 
matrix at 75 μm-spatial resolution with representative ion images. ( a )  Top  and  bottom —average 
mass spectra displaying the  m / z  range of 650–1000 from the MSI analysis of the section for the 
positive ( black ) and negative ( red  and  inverted ) ionization mode.  Inset —photograph of the laser 
ablation pattern after MSI data acquisition with black and red spots highlighting the positive and 
negative acquisitions, respectively. ( b ) ( i ) digital optical scan of the tissue section after DAN 
matrix deposition by sublimation prior to MSI; ( ii – iii ) representative ion images from the positive 
ionization mode for  m / z  734.55 (PC(32:0)) and  m /z 788.61 (PC(36:1)), respectively; ( iv ) H&E 
staining image of a serial section for histological comparison, labels  a – f  indicate the cerebral cor-
tex, forebrain  white matter , hippocampus, midbrain, cerebellum, and cerebellum  white matter , 
respectively; ( v – vi ) representative ion images from negative ionization mode for  m / z  885.55 
(PI(38:4)) and  m /z 888.62 (ST(24:1)), respectively       
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ionization mode. The  images   for PC(32:0) (ii) and PI(38:4) (v) highlight several 
regions of the brain, including the cerebral cortex, hippocampus, midbrain (less 
intense in PI(38:4)), and some areas of the cerebellum (annotated in Figure  2 biv as 
a, c, d, and e, respectively). Conversely, PC(36:1) (iii) and ST(24:1) (vi) are distrib-
uted in different areas of the brain including the white matter in the forebrain and 
cerebellum (annotated in Figure  2 biv as b and f, respectively). MSI clearly high-
lights major brain histologies, and dual  ionization   mode MSI allows correlation of 
phospholipid species from a wider variety of classes.

3.2         MSI Employing Silver Sputter Deposition on Thin Tissue 
Sections 

3.2.1    Materials 

 The  sample   preparation system used in our laboratory for metallic silver deposition 
on thin tissue sections is the magnetron sputtering system (308R sputter coater, 
Cressington Scientifi c Instruments Ltd, Watford, England). Silver and chrome tar-
gets for the sputtering system (size depends on the system used) are required with 
at least 99.5% purity (ESPI Metals, Ashland OR, USA). Standard microscope 
glass slides (25 mm × 75 mm) can be purchased from most generic scientifi c 
vendors. LDI MSI experiments were performed on a MALDI-TOF MS system 
(UltraFlextreme, Bruker Daltonics, Billerica MA, USA) using the refl ectron geom-
etry at +25 kV of accelerating potential under optimized laser energy and delayed 
extraction conditions  with   similar mass accuracies as described in Sect.  3.1.1 .  

3.2.2     Procedure  

     1.     Preparation of the silver - coated slides :  Microscope   glass slides are used to pre-
pare silver-coated s lides. These are fi rst rinsed with deionized water followed by 
a methanol wash. The excess solvent is removed by wiping the slides with a low 
particle- and fi ber-generating tissue wipe such as the BEMCOT PS-2 (Asahi 
Kasei, Tokyo, Japan) to insure no particles are left on the slides prior to the metal 
sputtering. A thin fi lm of chrome of about 2–3 nm thickness is initially deposited 
to increase the ad hesion of silver to the slides. Silver is then deposited over the 
thin chrome fi lm until a thickness of 100 nm is reached. These two steps can be 
carried out using either a sputtering system or a thermal evaporator (requires 
venting and evacuating the chamber twice if chrome is used) to achieve the 
desired thickness. For the sputtering system more details will be given in step 3.   

   2.      Tissue deposition : F  reshly frozen or formalin-fi xed tissue samples can be cut at 
 thicknesses between 5 and 40 μm using either a cryostat (frozen) or a vibratome 
(formalin-fi xed). The layer of silver subsequently added onto the sections estab-
lishes conductivity over the section which reduces any isolating effect of thicker 
tissue cuts.   
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   3.     Silver sputtering on tissue sections :

    (a)    Thickness  control   and calibration curve: Sputtering systems have fi ve 
parameters, which need to be considered, and a calibration method will be 
given below if your sputtering system does not allow for all those parame-
ters to be adjusted. The head position and the distance from the sample can 
affect the amount and homogeneity of the silver layer being produced. The 
system we use offers  x  (horizontal head support)/ y  (vertical head support)/ z  
(head rotation)    positioning (see Fig.  3 ). For reproducibility purposes, all 
dimensions should initially be optimized and kept constant. Fixed values for 
 x  (~9 cm for our system) and  z  positioning offset the sputtering head from 
the center of the system (see below). The distance y between the sputtering 
head and the target glass slides is also maintained constant (~7.5 cm).  In our 
system, to generate  nanometer-thick homogeneous layers of silver over a 25 
mm × 75 mm slide, we fi rst center the edge of one sample slide onto the 
center of the sample stage (see Fig.   3 ). This allows for two sample slides to 
be positioned within the system. We then center the sputtering head horizon-
tally over the fi rst third of a slide (see Fig.  3 ). This, coupled with the sample 
stage rotation, will give a similar exposure to the sputtering plume for the 
entire surface of both slides. The sample stage rotation is ~25 rounds per 
minute. The argon partial pressure necessary for the sputter process controls 
the roughness of the silver surface. In the system used, a pressure value of 
0.02 mbar was the optimal value for best silver layer homogeneity. The 
value for the current used to form the argon plasma for the sputtering was set 
to the maximum value of our system, which is 80 mA. The last parameter to 
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  Fig. 3    ( a ) Scheme ( top view ) and photograph ( side view ) of a silver  sputter   system. See text for 
details       
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control the silver layer thickness is the deposition time. As mentioned above 
if you cannot change the above parameters on your system, a calibration 
curve can be constructed for the sputtering system by plotting the silver 
layer thickness as a function of deposition time. To make the curve you will 
need an instrument to measure the silver layer thickness such as an atomic 
force microscopy system. To generate a curve, a small glass cover slip 
(22 × 22 mm 2 ) can be placed on a microscope glass slide before silver depo-
sition. After silver deposition, the cover slip is removed and the thickness is 
measured on the edges around the area the cover slip occupied. Repeat these 
steps for multiple deposition times and you should now have a calibration 
curve for your own sputtering parameters. It is important that the depositions 
are not performed in quick successions when you create the calibration 
curve as the silver target will start to heat up after longer periods of opera-
tions. Indeed, the hotter the silver target, the faster the silver deposition will 
occur. This means that the curve will not be linear with time if all data points 
are sequentially generated. For long deposition times (>1 min) this heating 
up process is unavoidable; enough time needs to be given to the system to 
cool down between each deposition. With the above procedure, one should 
be able to accurately generate a homogeneous silver layer of any thickness 
with a given set of sputtering parameters.

       (b)    Optimization of silver layer thickness: With the  sputtering   system we use 
and the parameters mentioned above, a deposition time of 30 s generates a 
14 ± 2 nm- thick silver layer, which is used for non-fatty tissue sections 
mounted on silver slides. However, silver layer deposition on very fatty tis-
sues can be more demanding since it is diffi cult to predict the amount of 
silver needed—more information will be given in the troubleshooting sec-
tion. Minimizing the silver layer thickness is an important consideration for 
LDI MSI since silver still refl ects a large proportion of the UV laser light at 
the typical wavelengths used. This means that thinner fi lms (less silver) 
require less laser energy for the LDI process to take place while thicker fi lms 
require higher laser energy, which can lead to analyte fragmentation. Some 
very fatty samples will require thicker silver fi lms but in these cases the sil-
ver applied should be the minimum amount necessary for proper ionization 
as explained in Sect.  3.2.3 .   

   (c)    Serial silver coatings of multiple tissue sections: To  prep  are a batch of sec-
tions from the same or multiple tissue specimens, the above mentioned silver 
block heating issue needs to be taken into account. In the system we use, to 
avoid waiting for the silver target to cool down, the quartz balance inside the 
system is used to evaluate the thickness of the silver layer. The balance 
response needs however to be calibrated and is dependent on its distance 
from the deposition head. If this distance is fi xed for all samples, the response 
of the balance should be consistent. We usually fi x the position of the head 
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for silver coating the fi rst section and never touch it again for the coating of 
subsequent sections. This means that the balance will evaluate the amount of 
silver deposited between samples in a reproducible manner. We usually 
record the silver thickness the balance provides for the fi rst three sections 
and then rely on the balance readings and not the deposition time for control-
ling the thickness for all following sections. If for any reason the position of 
the silver deposition head needs to be changed, one needs to go through the 
process of cooling down the silver target and the deposition head to room 
temperature, which can take several hours.   

   4.      Data acquisition : Once   the silver layer is deposited on the sample, sample analy-
sis by LDI MSI can be started. If the sections cannot be analyzed on the same 
day as the preparation, we suggest storing the slides in a sealed bag under N 2  
atmosphere in a freezer. The N 2  atmosphere will prevent further oxidation of the 
sample and water condensation when taking the sample out of the freezer. Step 
one is to defi ne a suitable laser energy for obtaining good reproducible MS sig-
nals. Since no MALDI matrix is used, the laser fl uence range on target can be 
very critical. As with most LDI techniques, the laser fl uence range for obtaining 
intense MS signals from intact molecular ions is relatively small and the transi-
tion to more ion fragmentation is very sharp. The necessary laser energies are 
usually set around the same values as those necessary for MALDI MS using 
CHCA or DHB matrices. During MSI data acquisition, the detection of very 
distinct MS signals corresponding to the formation of multiple primarily odd-
numbered silver clusters ranging from Ag 2  +  to Ag 9  +  may be noticed (see Fig.  4 ). 
The presence of  these   silver clusters in basically every mass spectrum can be 
very useful for both internal mass calibration and troubleshooting.    

3.2.3           Troubleshooting 

 Very fatty tissue specimens  a  re the most diffi cult to analyze using silver-assisted LDI 
MS and are a good example of how to troubleshoot the deposition of the silver layer. 
The best way to fi nd the right silver layer thickness for fatty tissues is to start with 
the values mentioned above. When the silver layer of the sample is too thin, very few 
LDI MS analyte ion signals are observed in the spectrum and those observed will 
most likely be more intense than the signals for the [Ag 2 ] +  and [Ag 3 ] +  silver clusters. 
This is an indication that there is an insuffi cient amount of silver as ionization agent; 
[Ag 2 ] +  and [Ag 3 ] +  should be observed with dominant ion signals in the mass spec-
trum. At this point the deposition of an additional layer of silver on the section is 
recommended. We usually gradually add silver by increments of 5 nm (~10 s of 
sputtering time) and analyze the section again by LDI MS until the [Ag 2 ] +  and [Ag 3 ] +  
peaks become the dominant signals in the mass spectrum. This simple procedure 
allows to quickly optimize the silver layer thickness for any type of tissue. 
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  Fig. 4    Silver-assisted LDI MSI of a mouse brain  section   at 75 μm-lateral resolution with repre-
sentative ion images. ( a ) LDI-TOF MS mass spectrum and ( b ) images from a section cut in the 
sagittal plane at around 1.2 mm from bregma; ( i ) scanned optical image of the brain section after 
coating with a 14 ± 2 nm silver layer; ( ii – iii ) MS ion images for [M + Ag] +  ions of stearic acid ( ii ) 
and arachidonic acid ( iii ); ( iv ) H&E staining image of a serial section to highlight the major histo-
logical features; ( v – vi ) MS ion images for [M + Ag] +  ions of docosahexaenoic acid ( v ) and choles-
terol ( vi )       

 Another problem that can occur is the loosening of the tissue sections from the 
silver slides. This occurs because the underlying silver layer detaches from the 
slides. This does not happen often and unfortunately cannot be predicted. However, 
some steps can be taken to reduce its frequency. For instance, as mentioned above, 
for better adhesion of the silver layer to the slides, the addition of a fi rst layer of 
chrome is recommended. This step will signifi cantly reduce the frequency of tissue 
section loosening. You can also reduce this phenomenon by using freshly prepared 
silver slides. Older silver-coated glass slides can display white spots on their surface 
due to the silver layer locally detaching from the surface. If spots are observed, the 
slide should not  be   used.  
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3.2.4     An Example: Silver-Assisted LDI MSI of a Mouse Brain Sagittal 
Tissue Section 

 Figure  4a  shows a typical  MS   spectrum acquired from a mouse brain gray matter 
region where the presence of  various   silver-cationized fatty  acid   molecular ions in 
the range of  m / z  330–450 as well as strong signals for the silver-cationized molecu-
lar ion  of   cholesterol at  m / z  493 are clearly seen. Fatty acids and cholesterol always 
present two distinct peaks that originate from the natural abundance of the  107 Ag and 
 109 Ag silver isotopes with relative abundances of 52% and 48%, respectively. This 
makes all silver-cationized molecules appear as doublets with this very distinct iso-
topic pattern. However, this makes the spectra more complex and can in some 
instances become confusing. For instance, two fatty acids only differing by two 
hydrogen atoms due to a slightly different degree of saturation would lead to the 
formation of a triplet isotopic pattern system where the adducts of  109 Ag overlap 
with the adducts of  107 Ag of the more saturated molecule. Along with the photo-
graphs of the tissue section after silver deposition (i) and the matching histology 
image (H&E staining of a serial section, iv), Fig.  4b  shows four typical MS ion 
images for three fatty acids and cholesterol in  a   sagittal section of a mouse brain 
(~1.2 mm from bregma). Steric acid (ii) shows a distribution throughout the gray 
matter of the brain and cerebellum, while cholesterol (vi) shows correlation with the 
white matter in both the cerebellum and forebrain regions. Arachidonic acid (iii) 
also shows good correlation with the gray matter of the brain but has a much lower 
signal in the cerebellum. The MS ion image for docosahexaenoic acid (v) shows a 
very strong correlation with two specifi c brain substructures, the substantia innomi-
nata and the substantia nigra. Most fatty acids that are typically detected in the 
mouse brain have carbon chain lengths between 16 and 22.

4          Concluding Remarks 

 Current (MALDI) MSI approaches only allow to broadly analyze classes of biomol-
ecules. Based on the matrix employed and its mode of deposition on tissue sections, 
different classes of biomolecules (proteins, peptides, or lipids) can be analyzed. For 
example, current MSI methods for lipids do not allow specifi c targeting of a chosen 
class of lipids, which may be of high value for diagnosis, prognosis or as indicator 
of response to therapy. For MSI to become a competitive technology in the clinical 
setting, it has to be tailored to target specifi c sets of biomarkers with high specifi city 
and sensitivity. 

 Some specifi city can be introduced with the appropriate choice of matrix, the 
solvent system used, and the mode of matrix deposition onto tissue sections. DAN 
matrix deposition on tissue sections allows to specifi cally detect and image (phos-
pho)lipids by MALDI MSI after DAN deposition by sublimation. One of the unique 
properties of this matrix is the possibility to analyze lipids with both ion modes, 
which allows the detection of all the major classes of phospholipids. The high 
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homogeneity of the matrix coating allows MSI analyses to be performed at very 
high (≤10 μm) spatial resolution, in the range of cellular dimensions (Thomas et al. 
 2012 ). Efforts by our group and others to develop novel MALDI approaches and 
methods to implement various degree of specifi city in MSI are ongoing. 

 Based on their structure, some biocompounds have high affi nities for various 
metal cations. This unique property can be used to selectively ionize and detect such 
biocompounds by MSI even when present in complex mixtures. As presented and 
detailed here, we have recently developed a tissue section preparation protocol to 
analyze cholesterol, fatty acids, as well as other olefi n- containing molecules present 
within tissue sections by silver-assisted LDI MSI with high specifi city and sensitiv-
ity. The high homogeneity of the silver coating even allows MSI analyses to be 
performed at very high (≤5 μm) spatial resolution, in the range of cellular dimen-
sions (Dufresne et al.  2013 ). Other metals, metal oxides, and cations have interest-
ing chelation properties with various classes of lipids that are currently explored by 
our group to introduce a further degree of specifi city and sensitivity to MSI.   
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Microprobe MS Imaging of Live Tissues, 
Cells, and Bacterial Colonies Using LAESI

Bindesh Shrestha, Callee M. Walsh, Gregory R. Boyce, and Peter Nemes

Abstract Laser ablation electrospray ionization (LAESI) is an ambient ionization 
technique for mass spectrometry that is capable of performing direct spatial imag-
ing on biological specimens with minimal-to-no sample preparation, ensuring 
experimental conditions that can maintain viability. Mass spectrometry imaging 
(MSI) by LAESI has accomplished utility in mapping the spatial distribution of 
small molecules including metabolites and lipids in a wide variety of biological 
samples under ambient conditions, ranging from sectioned animal and live plant 
tissues to living microbial colonies and small cohorts of cells. In this chapter, we 
provide a brief introduction to LAESI and offer practical guidance on performing 
MSI using this technique. The focus here is to discuss the main steps of custom- 
building a LAESI setup, to perform multidimensional imaging of tissues and cells, 
and to demonstrate the utility of LAESI MSI under native or native-like conditions. 
As recent commercialization has extended this new analytical resource to a broader 
user base, we anticipate two- and three-dimensional MSI by LAESI to benefit basic 
and applied research.

1  Introduction

Laser ablation electrospray ionization (LAESI) is an ambient ionization technique 
for mass spectrometry (MS) that is well suited for the investigation of biological 
tissues and cells (Nemes and Vertes 2007). As the underlying principles and opera-
tion of the technology have been the topic of various recent reviews (Nemes and 
Vertes 2012; Wu et al. 2013; Monge et al. 2013), visualized experiments (Nemes 
and Vertes 2010a; Shrestha and Vertes 2010), and book chapters (Vertes et al. 2013; 
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Nemes and Vertes 2010b, 2015; Li et al. 2015b), the discussion here is limited to a 
brief introduction of the method followed by protocols to allow for performing 
LAESI MS imaging (MSI). using a custom-built system as well as the LAESI 
DP-1000, the commercialized platform.

LAESI is designed to utilize the substantial amount of water that is natively pres-
ent in or exogenously added to the sample of interest such as a biological specimen. 
Sampling is accomplished by fast mid-infrared (mid-IR) ablation using 2940 nm as
the excitation wavelength. At this wavelength, light energy is efficiently coupled 
into water-rich samples via resonant excitation of the O–H vibrations, predomi-
nantly in water, typically the most abundant component of biological samples. 
Based on fast imaging experiments (Apitz and Vogel 2005), the sudden deposition 
of energy gives rise to ablation at atmospheric pressure, which proceeds via three 
overlapping stages. In the first few hundred nanoseconds, fast surface evaporation 
and phase explosion produce an ablation plume that rapidly expands away from the 
surface of the sample. As expansion of this plume is slowed by collisions with ambi-
ent gas molecules, the plume eventually halts and collapses back onto the sample, 
causing the buildup of significant pressure locally in the sample surface. The last 
stage of the process is driven by the relaxation of this pressure through the ejection 
of neutral material, projecting particulate matter over hundreds of microseconds and 
several millimeters to centimeters above the sample surface.

Immediately after ablation, these ejected neutral projectiles are captured in 
charged droplets generated by an electrospray source to convert molecules of the 
sample to gas-phase ions that can be analyzed by a mass spectrometer. Based on the 
formation of multiply charged droplets and little-to-no fragmentation, the process 
by which ions are generated from the charged droplets in LAESI is thought to be 
similar to those in electrospray ionization (ESI) (Nemes et al. 2012; Nemes and 
Vertes 2007). These mechanisms lend utility to convert a broad range of biomole-
cules to intact molecular ions, ranging from small metabolites to large proteins 
(Shrestha et al. 2013). As LAESI-generated ions have been found to have indistin-
guishable internal energy to those produced by traditional ESI (Nemes et al. 2012), 
laser ablation practically extends classical, soft ESI to microprobe operation with 
in situ and in vivo operation.

Furthermore, sampling by mid-IR laser ablation and ionization by ESI allows for
flexibility in meeting select analytical and biological research needs. There is flexi-
bility in the physical dimensions of interrogation, the resolution of a spatial imaging 
experiment, and the types of biomolecules of interest that can be pursued. By adjust-
ing the laser light fluence and number of laser pulses, the extent of ablation is readily 
tunable usually with cylindrical voxel dimensions between ~500 μm diameter × ~500 
μm depth (multiple laser shots), or ~100 nL, and ~20 μm diameter × ~20 μm depth 
(single laser pulse), or ~5 pL, using classical light- focusing optical elements 
 (‘conventional’ LAESI) and sharpened optical fibers (fiber-optic LAESI), respec-
tively. These metrics have fostered applications in the domains of spatial profiling 
(Nemes and Vertes 2015), lateral imaging in two dimensions (Nemes et al. 2010; Li 
et al. 2015a; Nemes et al. 2008) and with single-cell resolution (Shrestha et al. 
2010b; Shrestha et al. 2011), as well as subcellular  interrogations (Stolee and Vertes 
2013; Stolee et al. 2012). Furthermore, repeated ablation at a particular  location 
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(pixel) on the sample enables depth profiling of the chemical composition in tissues 
(Nemes et al. 2008). The combination of depth profiling and two-dimensional (2D) 
MSI laid the foundation for three-dimensional (3D) MSI (Nemes et al. 2009) in situ 
without the need for tissue sectioning and subsequent 2D imaging of the sections, a 
feature that is unique to LAESI (Nemes and Vertes 2012).

MSI using mid-IR LAESI offers complementary performance to contemporary
MS technologies. The use of water as the natural light-absorbing medium mini-
mizes signals in the low-mass region of the LAESI mass spectrum (<m/z 500), 
extending classical ultraviolet matrix-assisted laser ablation desorption/ionization 
(MALDI) to small molecules, particularly primary and secondary metabolites, lip-
ids, and drugs. Besides LAESI, various other ambient ionization sources have dem-
onstrated a continually expending array of success for MSI. Representative examples
include but are not limited to desorption electrospray ionization (DESI), electrospray- 
assisted laser desorption ionization (ELDI), and liquid extraction surface analysis 
(LESA) mass spectrometry. For these and other ambient ionization MSI techniques, 
readers are referred to recent reviews in the field (Wu et al. 2013; Nemes and Vertes 
2012). In what follows, we discuss the use of LAESI for spatial interrogations of 
biomolecules in samples with no or limited sample preparation.

2  Applications

The integration of three different technologies—these are laser ablation, electro-
spray ionization, and mass spectrometry—harbors broad operational space in 
LAESI, fostering niche applications in MSI. These include analysis with in situ and 
in vivo operation, microprobe-type chemical analysis for lateral and depth profiling, 
single-cell measurements, and 3D MSI (see references earlier). Representative
applications are summarized in Table 1. Here, we review methods and provide use-
ful comments, or tips, toward a successful LAESI MSI experiment.

2.1  LAESI MSI Using Classical Optics

In the conventional configuration, LAESI employs classical light-diffraction ele-
ments to steer and focus the mid-IR laser beam and an electrospray source to ionize
ablated biomolecules. The schematics of the LAESI MSI platform are shown in 
Fig. 1. The relative positioning of the ablation plume and electrospray source deter-
mines the efficiency of their intersection, which in turn controls the efficiency of ion 
production. The positioning of this intersection volume relative to the inlet of the 
mass spectrometer defines the ion collection efficiency for mass analysis, evaluated 
as the signal-to-noise ratio in the LAESI mass spectrum. Hence, LAESI experi-
ments typically begin with the careful initialization of the configuration, encom-
passing various interconnected variables for ionization. Critical variables are the 
angle of laser ablation (θLA; cf. Fig. 1) and absolute distances between the sample 
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and electrospray (dS−ES), laser ablation plume and the electrospray plume (dLA−ES), 
and the laser ablation plume and the MS inlet (dLA−MS). Spray potential, electrospray 
flow rate, and angle of ion collection settings are secondary variables that are 
adjusted afterward. To accomplish a required set of performance metrics, iterative 
refinement is recommended for these parameters.

Molecular imaging by LAESI relies on the coordination of spatially resolved 
microsampling and mass spectrometric analysis of the generated ions. Typically, 
the sample is rastered in the focal point of the mid-IR laser beam across a pre-
defined interrogation area in the X–Y directions (DX/Y), desired spatial resolution 
(RX/Y/Z), and accumulation times (dwell time, τX/Y) in the X and Y lateral directions 
during 2D imaging. An additional set of variables in the Z direction extends 
imaging to three dimensions. Hence, the total amount of time required for imag-
ing is given by t D D R RD X Y X Y X Y2 = ( ) / ( )t t  in two dimensions and by 
t D D D R R RD X Y Z X Y Z X Y Z3 = ( ) / ( )t t t  in three dimensions. Synchronization between 
these variables spatially and temporally has been automated in the LAESI 

Table 1 Representative applications for LAESI MSI in two (2D) and three dimensions (3D) and
single-cell imaging

LAESI 
system

Imaging 
modality

Spatial 
resolution Specimen (biological) Reference

Custom- 
builta

2D 350 μm Zebra plant (A. squarrosa) leaf Nemes et al. 
(2008)

Peace lily (S. lynise) leaf Vertes et al. 
(2008)

Custom- 
builta 
(Peltier-
cooled)

200 μm Rat brain (R. norvegicus) Nemes et al. 
(2010)

DP-1000;
Custom- 
builta

250 μm Mouse brain (M. musculus); 
Geranium (P. peltatum) leaf

Li et al. 
(2014)

DP-1000 300 μm Mouse lung sections (9 CFW-1) Kiss et al. 
(2015a)

Custom- 
builta

3D 300 μm 
lateral × 30–40 
μm depth

Zebra plant (Aphelandra 
squarrosa) and peace lily leaf

Nemes et al. 
(2009)

DP-1000 2D; 3D 200–400 μm 
lateral × 40–50 
μm depth

Rose leaf, orange slice, lemon
slice, ergot body from rye (S. 
cereal), tip cap of a maize 
kernel

Nielen and 
van Beek 
(2015a)

Custom- 
built: 
Fiber-optic

Cell-by- 
cell

30 μm Onion (A. cepa) epidermal cells Shrestha et al. 
(2011)

Easter lily (L. longiflorum), 
garlic (A. ampeloprasum), and 
onion epidermal cells

Li et al. 
(2015)

For a review on LAESI configurations, please refer to reference (Nemes and Vertes 2015)
aUsing conventional light-focusing elements in reflection geometry
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DP-1000® (Protea Biosciences, Morgantown, WV, USA), the commercialized
LAESI platform that houses all components necessary for mid-IR laser ablation,
electrospray ionization, sample translation, equipment for cooling/heating, and spe-
cialized software analysis tools. These instrumental components are fine-controlled 
by a dedicated software (LAESI Desktop Software; Protea Biosciences) to allow
for thorough optimization of the experimental parameter space. LAESI DP-1000 is
capable of interfacing to various types of mass spectrometers using an adapter 
assembly (see MS extension tube in Fig. 1), and the resulting data sets are analyzed 
using ProteaPlot (Protea Biosciences), a dedicated imaging software.

LAESI MS demonstrates increasing utility in mapping the distribution of metab-
olites and lipids from different tissues (plant to animal) and bacterial and fungal 
species (Lin et al. 2014; Walsh et al. 2012; Razunguzwa et al. 2014; Boyce et al. 
2014) such as Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa, 
Aspergillus fumigatus, and Arbuscular mycorrhizal fungi spores, many of which 
are pathogenic for humans.

Fig. 1 LAESI ion source for a successful MSI experiment. The schematic highlights the primary 
experimental variables, overlaid on the picture of the LAESI DP-1000 ion source (Protea
Biosciences). Key: MS, mass spectrometer inlet (extension tube); dLA−MS, distance between laser 
ablation plume and mass spectrometer inlet; dLA−ES, distance between laser ablation plume and 
electrospray emitter tip; dES−MS, distance between electrospray tip and mass spectrometer inlet; 
dS−ES, distance between sample and electrospray axis; X–Y–Z, independent axes of translation; 
f, working distance of mid-IR light-focusing optical element; θLA, angle of incidence for mid-IR
light from the sample surface; and RX/Y/Z, imaging resolution in the X/Y/Z direction
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2.2  High-Resolution MSI with Optical Fibers

To accomplish different imaging resolutions for particular applications, as shown in 
Fig. 2, the size of the ablation crater is tuned depending on the physicochemical 
properties of the tissue (e.g., water content and tensile strength) and the laser (e.g., 
fluence and pulse width). Conventional optics for mid-IR light-focusing such as
CaF2 or ZnSe lenses have successfully led to imaging resolutions between ~150–
500 μm, capable of deciphering major anatomical regions in tissues. In cases, where 
finer features such as cell-to-cell differences need to be distinguished, higher resolu-
tion is needed; a resolution of ~25–50 μm is required to resolve neighboring cells in 
many epidermal tissues of plants. Furthermore, because cells are the fundamental 
units of organization in these samples, it is logical to use cells as the actual pixels 
for MSI. To realize imaging with 10–50 μm resolution, germanium oxide (GeO2) 
optical fibers have been used as the mid-IR light-focusing element in a near-field
configuration. The optical fiber was etched down to a few micrometers and posi-
tioned proximally to the cell of interest to ablate areas smaller than single cells 

Fig. 2 Experimental workflow for MSI using LAESI (Left). Key workflow steps (Middle). In the 
traditional setting, conventional mid-IR light-focusing optical elements are used to obtain resolu-
tions between ~150–500 μm (pixel size). Typical samples in this setting range from plant and 
animal tissues to bacterial colonies (Right). To extend the resolution to single cells, the mid-IR
light-focusing optic is replaced with a fiber optic, allowing for local ablation with ~10–50 μm reso-
lution. By utilizing the coordinates of each cell to define pixels of the raster pattern, the entire tis-
sue is imaged cell by cell
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(Shrestha and Vertes 2009). Consecutive ablation of single cells in a preselected 
area using this fiber allowed for cell-by-cell imaging using LAESI (Shrestha et al. 
2011; Li et al. 2015). Figure 2 provides the workflow and decision process for two 
applications demanding different resolutions.

2.3  Ion Mobility Separation Coupled to LAESI MSI

Recent studies demonstrated that the addition of a separation step prior to mass
analysis of LAESI-generated ions enhances the signal-to-noise ratio and facilitates 
molecular identifications (Li et al. 2015a; Shrestha and Vertes 2014). Ion mobility 
mass spectrometry (IMS) has sufficiently high spectral resolution and speed to be 
able to analyze the complex mixture of ions that is generated within seconds of a 
LAESI experiment. The combination of LAESI and IMS extends measurements to 
a new domain (LAESI IMS MSI), where it becomes possible to distinguish isobaric 
ions and structural isomers that are not separated by mass-to-charge ratio (m/z) in 
the traditional approach. In combination with IMS, LAESI MSI raises an opportu-
nity to identify and map the spatial distribution of isobaric molecules that can have 
very different biological functions (Nielen and van Beek 2014).

3  Materials and Protocols

In this section, we describe the essential steps to custom-build a LAESI interface 
and to utilize it for 2D and 3D MSI of tissues of animals and plants. Representative
examples are shown for coronal brain sections of the rat (Rattus norvegicus) and the 
zebra plant (Aphelandra squarrosa) in Fig. 3. We present progressive advances in 
refining the resolving power to the level of individual cells. Using the LAESI 
DP-1000, we demonstrate that MSI is significantly simplified using various auto-
mated features and software that are provided by this platform.

3.1  2D and 3D LAESI MSI

3.1.1  Materials

 1. Set up an electrospray source as follows. Supply the electrospray solution at 
200–400 nL/min through a tapered-tip stainless steel emitter (e.g., MT320-50- 
5-5; New Objective, Woburn, MA, USA) using a syringe pump (e.g., Physio 22;
Harvard Apparatus, Holliston, MA, USA). Connect the emitter to a stable high-
voltage power supply capable of providing regulated ~3000 V (e.g., PS350;
Stanford Research Systems, Sunnyvale, CA, USA).

2. Position the tip of the electrospray emitter ~10 mm on-axis from the inlet of a
mass spectrometer (dMS−ES) using a three-axis translation stage.
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 3. Mount the sample on a motorized three-axis translation stage (e.g., LTA-HS; 
Newport, Irvine, CA, USA) ~13 mm below the electrospray emitter (dS−ES). 
Ensure that the sample surface is appreciably uniform in topography (flat), water 
content, and tissue strength across the surface that is desired to be imaged.

 4. Focus a laser beam of 2940 nm wavelength, <100 ns pulse duration, and 2–20 Hz 
frequency on the sample surface by steering it through a plano-convex lens using 
appropriate mirrors. In our experiments, we used a Nd:YAG laser with an optical 

• TIP: Note the locations of fibrous veins in plants, bones in animal tissues, 
and dried areas as these areas will likely generate little-to-no signal. This 
information can be helpful when interpreting results.

Fig. 3 Examples of MSI in 2D and 3D using a custom-built LAESI system (Top). 2D imaging of 
a coronal rat brain section (R. norvegicus) revealed heterogeneous distribution of glycerophospho-
ethanolamine 36:2 (m/z 728.559) across the tissue with accumulation in the corpus callosum 
(Bottom). 3D imaging of the zebra plant leaf (A. squarrosa) uncovered different molecular distri-
butions laterally and cross-sectionally in the tissue. For example, chlorophyll a (green-blue, m/z 
893.546) was more abundant in the mesophyll layer, whereas kaempferol/luteolin (yellow-red, m/z 
287.049) accumulated in the veins of the plant with higher concentration in the second-to-third 
layer of the tissue (Images were adapted with permission from (Nemes et al. 2009). Copyright 
2009 American Chemical Society.)
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parametric oscillator to generate the light beam (e.g., Opolette 100; Opotek Inc., 
Carlsbad, CA, USA) and gold-coated mirrors (Thorlabs, Newton, NJ, USA) to focus 
the laser light through a CaF2 lens with f = 50 mm (Thorlabs) onto the sample.1

WARNING: Direct exposure of Class IV laser beams can cause permanent eye 
damage. Always wear appropriate protective eyewear that block the beam at 
the operating wavelength and perform these experiments in appropriate and 
designated laser areas. Consult your local safety officer and laser health and 
safety rules and regulations for details.

 5. Generate the electrospray by applying ~3000 V to the emitter and supplying 50% 
methanol (or acetonitrile) with 0.1% acetic/formic acid for the positive ion mode 
and 50% methanol (or acetonitrile) with 0.1% ammonium acetate (or ammonium 
hydroxide) for the negative ion mode at the above stated flow rate using a syringe 
pump.

WARNING: High voltage poses electric shock hazard. Properly shield all con-
ductive surfaces, and ensure appropriate dES−MS (at least ~10 mm) to avoid 
electrical breakdown to the mass spectrometer.

WARNING: Follow standard safety protocols to work with solvents and reagents. 
As a general guide, avoid direct contact or inhalation of solvents to prevent 
irritation to the skin, eyes, and the respiratory tract.

 6. Interface the LAESI ion source to a mass spectrometer that has an atmospheric 
pressure (AP) interface. We have successfully adapted multiple custom-built
LAESI systems and different LAESI DP-1000s to various types of mass spec-
trometers ranging from time-of-flight and ion trap instruments to instruments 
incorporating ion mobility separation (refer to publications earlier).

 7. (Optional) In preparation for MSI of animal tissues, utilize a cryostat microtome 
(e.g., CM1800; Leica Microsystems Inc., Buffalo Grove, IL, USA) to prepare 
~20–150 μm-thick sections of tissue and immediately freeze these section onto 
glass slides to avoid the loss of native water.

WARNING: Always handle cold surfaces using a pair of appropriate protective 
gloves.

1 Er:YAG lasers are widely used to produce this type of laser beam, e.g., in IR-MALDI MS
applications.

• TIP: Set the distance between the lens and sample to the focal length of the 
lens before focusing the laser beam to establish a good starting point for 
fine-tuning ablation in later steps.
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3.1.2  Setup Initialization

 1. Coarse-adjust the optical beam path to yield ablation marks of desired size on the 
sample. The dimension of the ablation area will determine the maximal imaging 
resolution.

 2. Obtain a LAESI mass spectrum for the sample, and select a biomolecular ion of 
interest which will be used to optimize the setup.

 3. Fine-tune all parameters of the LAESI setup (including the source geometry, 
voltages, and optics) to maximize ion production for the biomolecular ions of 
interest. During this step, it is important to utilize a pristine tissue area at each 
X–Y–Z coordinate between consecutive conditions.

 4. For 3D MSI, determine the resolution of depth profiling for the tissue by inspect-
ing the depth of the ablation crater under a microscope (upright or stereo). The 
depth of the ablation crater determines the depth resolution (RZ) during 3D MSI.

• TIP: Start with a thermosensitive (burn) paper as the sample (e.g., S-18642; 
Uline, Pleasant Prairie, WI, USA) to monitor the optical path and establish
conditions yielding ablation marks of ~250 μm circular diameter.1 Inspect 
the ablation marks for symmetry (circular vs. ellipsoidal burn marks). 
Afterward, the thermosensitive paper should be replaced with the sample 
to refine the setup (e.g., for an animal tissue section).

• TIP: It is useful to select two different ions (m/z peaks), one with high 
initial abundance to coarse-adjust the setup, and the other with lower abun-
dance for fine tuning. Inspect the ablation marks to avoid obtaining increas-
ing S/N at the expense of lower resolution, unless acceptable otherwise.

• TIP: Continuously raster the sample in the X–Y dimensions manually or 
by using the motorized translation stage (line scan function).

• TIP: Fine-adjust the laser fluence while inspecting the ablation crater in 
the lateral (X–Y) and the cross-sectional (Z) directions using the 
microscope.

1 1 Today’s supermarket receipts are often made of thermosensitive paper and therefore inexpen-
sive alternatives
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3.1.3  Perform 2D/3D LAESI MSI

 1. Mount a fresh sample on the translation stage.

 2. Determine the area of interest on the sample, and calculate the amount of time 
required for imaging, t2D for 2D and t3D for 3D imaging. Based on this time, cal-
culate the amount of electrospray solvent that will be necessary to perform the 
imaging experiment, and also determine the size of MS data that will be 
generated.

 3. To ensure that the experiment will be performed without obstruction, inspect that 
the translation stage has a free travel range in the X, Y, and Z directions, the 
syringe supplying the electrospray solvent contains a sufficient volume of the 
solvent and the corresponding piston has adequate translation range, and the PC
controlling the mass spectrometer has sufficient disk space. Ensure that the MS 
instrument is able to collect data for the entire time.

 4. (Important) Depending on the sample, ablated particles may deposit on the elec-
trospray emitter, at which point direct ESI may elevate the background signal for 
an extended amount of time. This can be readily avoided by refining the laser 
pulse energy, increasing dS−ES, and/or occasionally cleaning the surface of the 
electrospray emitter.

 5. To perform MSI in two dimensions, execute the following steps in sync: turn on 
the mid-IR laser, start rastering the sample surface in the X–Y plane, and simul-
taneously acquire MS data while delivering multiple laser shots at each location, 
i.e., X–Y coordinate (pixel).

 6. To perform MSI in three dimensions, utilize single laser pulses and register the 
corresponding mass spectra individually for each laser pulse.

• TIP: For plant tissues, use tape to immobilize the sample on a microscope 
glass slide, and mount the slide into a slide holder held by the translation 
stage. For animal tissues, thaw-mount the tissue by allowing it to thaw for 
a few seconds followed by prompt refreezing on a substrate cooled by a 
Peltier stage.2

• TIP: Utilize at least 2–3-times faster data acquisition rates than the repeti-
tion rate of the mid-IR laser source. In our experiments, we found 0.2 Hz
repetition rate and 1–2 Hz mass spectrometric data acquisition rate particu-
larly useful during the development of 3D MSI. Note that the LAESI 
DP-1000 provides a commercial source for 3D LAESI MSI.

2 Instructions on building a Peltier stage are available elsewhere (Shrestha et al. 2010a
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7. To finish the experiment, turn off the mid-IR laser, the data collection, the elec-
trospray source, and the syringe pump.

 8. Visualize the molecular distribution of detected ions by correlating their selected- 
ion peak areas to the coordinates of analysis, X–Y in 2D MSI and X–Y–Z in 3D 
MSI, where Z corresponds to individual laser pulses delivered in the Z direction.

3.2  Imaging Bacterial Colonies Using the LAESI DP-1000

The following protocol outlines molecular imaging of living microbial colonies on 
agar using the LAESI DP-1000 system.

3.2.1  Materials

1. Install the LAESI DP-1000 system on a compatible mass spectrometer (Thermo
Fisher Scientific and Waters mass spectrometers), and activate the data acquisi-
tion and analysis software packages.

2. Pour agar close to the brim of the Petri dish. After solidification of the agar, plate
the bacteria and incubate them until desired amount of growth has occurred.

3.2.2  Optimization of the Ion Source

1. Place the bacterial culture plate on the sample tray of the DP-1000. Using inter-
active mode, adjust the stage in the Z dimension to dS−ES = ~15 mm.

 2. Set dMS−ES to 7 mm. At this distance, the dLA−ES measurement will be 2 mm.

• TIP: Rinse the electrospray emitter with water–methanol mixture.

• EXAMPLE: Representative imaging results are provided in Fig. 3 using 
the coronal section of the rat brain for a 2D and the leaf of the zebra plant 
(A. squarrosa) for a 3D experiment. Comparison of the optical image with 
the 2D ion image reveals that glycerophosphoethanolamine was accumu-
lated in the corpus callosum of the brain. The example for 3D imaging 
demonstrates that chlorophyll a and kaempferol/luteolin have a vastly dif-
ferent lateral and cross-sectional distribution in the leaf.

• TIP: Good starting parameters for the electrospray are: 4000 V spray 
potential; 1 μL/min flow rate; 50% methanol with 0.1% acetic acid in posi-
tive ion mode.

B. Shrestha et al.



161

 3. Use the interactive mode to fine-tune the focusing distance (f, Fig. 1).

 4. Select the appropriate laser fluence.

3.2.3  Data Acquisition

 1. To start an imaging experiment, set up a project in the control software (LAESI 
Desktop Software) of the LAESI DP-1000. Take a photograph of the sample using
the onboard wide-angle camera and define a desired imaging area by using a grid.

 2. Set the spatial resolution of the grid using the LAESI Desktop Software. A set-
ting of ~200 μm provides a robust initial estimate.

 3. Save experimental parameters including analysis locations, electrospray condi-
tions, stage temperature, and laser settings, in the project for archive use. After 
saving the project, start the analysis. MS data can be acquired manually or auto-
matically with the LAESI DP-1000. When the analysis is complete, the LAESI
DP-1000 will automatically turn off the LAESI subsystems by default. The data
acquisition can be stopped automatically (e.g., after a pre-defined time period in 
the software) or terminated manually.

3.2.4  Data Analysis

1. Use ProteaPlot to visualize molecular images for the detected ions of interest.

• TIP: It is recommended to empirically determine the focal distance by 
translating the focusing lens until the sample is in visual focus (in line with 
the camera) and by monitoring the mass spectrometric signal intensity 
upon delivering the laser pulses.

• TIP: Recommended starting parameters for the laser include 80% energy
(~800 μJ) and 10 pulses at 10 Hz repetition rate for 2D imaging of bacterial 
colonies.

• TIP: Experiment with background subtraction, photographic and molecu-
lar image overlay, spectral comparison, and data export capabilities in 
ProteaPlot to highlight features of interest and enhance data analysis.

• EXAMPLE: A representative example is provided for the human patho-
gen Serratia marcescens in Fig. 4. For this experiment, a bacterial colony 
of S. marcescens was grown on LBK agar and imaged in two dimensions 
using the LAESI DP-1000. The positive ion mode mass spectrum (m/z 
150–2000) shows a complex molecular makeup with hundreds of metabo-
lites. The molecular images were constructed for six selected molecular 
species in the colony using the ProteaPlot software.
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3.3  Imaging Cell by Cell

Last, this section describes a cell-by-cell imaging protocol for a monolayer of single 
cells using a custom-built LAESI system that is equipped with an optical fiber (cf. 
Fig. 2). A representative image of the optical fiber setup is shown in Fig. 5.

3.3.1  Materials

1. Set up an electrospray source, mid-IR laser, three-axis translation stage, and
mass spectrometer in function as described in Sect. 3.1.

 2. Use a germanium oxide (GeO2) optical fiber transmitting in the mid-IR spectral
range (e.g., 450 μm core diameter HP fiber; Infrared Fiber Systems Inc., Silver

Fig. 4 MSI of bacterial colonies using the LAESI DP-1000 (Top). Photographs of Serratia marc-
escens bacterial colony growing on LBK agar area before and after LAESI. Ablation craters are 
visible after the analysis (Bottom). A representative mass spectrum acquired during LAESI MSI of 
the colony. Insets (a) to (e) correspond to the molecular image of various mass-selected ions that 
were detected in this spectrum (see m/z values in spectrum). Ion intensity increases from blue to 
red color. Using accurate mass and tandem MS, the signal labeled (a) at m/z 324.5 was identified 
as prodigiosin, a secondary metabolite pigment that provides the characteristic red color of this 
bacterial species
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Spring, MD, USA) and sapphire blade (e.g., KITCO Fiber Optics, Virginia 
Beach, VA, USA) for cleaving this optical fiber.

 3. Use a fiber micromanipulator (e.g., MN-151; Narishige, Tokyo, Japan) and other 
miscellaneous optical components (Thorlabs) as needed.

 4. For visualization of the tissue in perpendicular directions, employ a long- 
working-distance microscope system consisting of two independent cameras 
(e.g., K1 CentriMax; Edmund Optics Inc., Barrington, NJ, USA).

Fig. 5 LAESI MSI with single-cell resolution (Top). The tip of an etched optical fiber transmitting 
mid-IR light is brought proximally to individual cells of interest to perform local ablation. A two-
camera system measures distances and angles of incidence (not shown). Critical parameters requir-
ing careful optimization are labeled. Key: dS−F, distance between sample (cell) and fiber tip 
(Bottom). To obtain molecular images on a cohort of cells, the LAESI analysis is performed on 
every cell of the population, one cell at a time, using the sharpened optical fiber. As an example, 
the ion image of cyanidin (m/z 287) is overlaid on the optical image of an onion epidermal tissue, 
demonstrating that this ion correlates with purple pigmentation (Images were adapted with permis-
sion from (Shrestha and Vertes 2009; Shrestha et al. 2011). Copyrights 2009 and 2011 American 
Chemical Society)
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5. Prepare a mock sample such as the abaxial or adaxial epidermis layers peeled off
from a leaf (e.g., Peace lily), mounted on a clean microscope slide, and attached
to the three-axis translation stage.

3.3.2 Preparing the Optical Fiber

1. Remove the plastic coat of the optical fiber by dipping it into heated 1-methyl-2-
pyrrolidinone (reagent grade) until the coat turns soft, allowing to peel off the 
coat with a lint-free tissue. Minor debris needs to be washed off by rinsing with 
methanol. Score the ends of the fiber using a sapphire blade, and gently snap the 
ends off to attain clean, blunt tip ends.

 2. Chemically sharpen (etch) one end of the fiber using 1–2% nitric acid (reagent 
grade) as follows: To produce a fiber with ~20 μm tip diameter, immerse the end 
of the fiber vertically in the nitric acid solution ~0.3–0.5 mm below the meniscus 
until the fiber tip automatically detaches from the acid surface. Remove the
sharpened tip and rinse it with deionized water prior to use. The other end of the 
fiber should be left unmodified.

3.3.3 Setup for LAESI Single-Cell MSI

 1. Mount the fiber on a fiber chuck (e.g., BFT-5; Siskiyou Corporation, Grants 
Pass, OR, USA) using a bare fiber chuck (e.g., BFC300; Siskiyou). A schematic
of the setup is shown in Fig. 5 (top panel).

2. Couple the mid-IR laser beam into the fiber by focusing it onto the blunt end of
the fiber using a plano-convex CaF2 lens.

3. Position the sharpened end of the fiber a few millimeters from the sample surface
at an incidence angle θLA of ~30°.

4. Deliver the mid-IR laser pulses at high repetition rate (e.g., 10 Hz) to individual
cells using the sharpened optical fiber to cause localized ablation, usually with 
dimensions <50 μm in diameter. Gently lower the fiber tip to a distance from the 

• TIP: For the next step, it is important to ensure that the optical fiber has 
smooth ends. Repeat this step if needed. Inspect the quality of the fiber
ends under a microscope.

• TIP: Use a dual-camera system to aid positioning of the fiber and to pre-
vent accidental damages to the fiber tip. Should the tip break off, dismount 
the optical fiber, and re-etch its end to the desired tip dimension.
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surface of the tissue (dS−F) of ~20 μm to ablate the cell of interest. It is common 
that rupture of the cell wall occurs after a few tens of laser pulses.

 5. Maneuver the sharpened end of the fiber tip in front of the mass spectrometer 
orifice by using a micromanipulator at an angle θLA of ~45° and adjust the dis-
tance/position between the optical fiber tip and the cell surface (dS−F) to obtain 
the best signal. Be careful not to break the tip.

6. Turn on the electrospray source, the mass spectrometer, and the mid-IR laser to
begin data collection.

3.3.4 Cell-by-Cell LAESI MSI

1. Perform successive ablations on individual selected cells across a pre-defined
area of the tissue by positioning the sharpened optical fiber tip proximally to the 
cells of interest and coupling the mid-IR light into the optical fiber.

 2. Optimize the repetition rate of the laser and its energy output to obtain the high-
est signal-to-noise (S/N) ratio from each sample pixel at a desired dwell time 
(e.g., 4 s).

• TIP: Optimize the position of the fiber tip with respect to the mass spec-
trometer to maximize the signal-to-noise ratio for biomolecules of 
interest.

• TIP: Step-by-step instructions on single-cell analysis using LAESI are dis-
cussed in greater detail elsewhere (Shrestha et al. 2010a).

• TIP: This process can be performed manually. The sample can be readily 
positioned using a manual translation stage while observing single cells 
with the long-working-distance microscope. This process can also be auto-
mated based on the coordinates of the single cells.

• TIP: (1) For single-cell analysis, make sure to tune the laser parameters to 
obtain the best mass spectrum with minimal damage to the neighboring 
cells. (2) For automated cell-by-cell imaging, identify coordinates around 
the centroids of single cells using an image processing software (e.g., 
MetaMorph; Olympus Corporation, Center Valley, PA, USA) and supply
the coordinate data to a stage-control program to sequentially position the 
cells under the optical fiber tip for analysis. A protocol for automated cell-
by- cell imaging is described in detail elsewhere (Li et al. 2015b).
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 3. To finish the experiment, turn off all the subsystems and stop the data 
acquisition.

 4. Visualize the molecular distribution of the detected ions across the cell popula-
tion, cell by cell, by correlating peak intensities/areas to the coordinates of each 
analyzed cell. Normalizing ion intensities to a common ion or the total ion signal 
aids the interpretation of the results. Molecular images are constructed by overlay-
ing false colors representing peak intensities on the microscopic image of cells.
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      MALDESI: Fundamentals, Direct Analysis, 
and MS Imaging       

       Milad     Nazari      and     David     C.     Muddiman     

    Abstract     Mass spectrometry (MS) has become one of the most important tools in 
analytical and bioanalytical fi elds. One of the areas of research in MS is the develop-
ment of ambient ionization methods that allow for the analysis of samples with little 
to no sample preparation. Matrix-assisted laser desorption electrospray ionization 
(MALDESI) is a hybrid ionization method combining attributes from matrix- assisted 
laser desorption/ionization (MALDI) and electrospray ionization (ESI). The vast 
experimental space governing the MALDESI process has been investigated thor-
oughly, while its applications in direct analysis of biomolecules were explored. 

 MALDESI has evolved to perform mass spectrometry imaging (MSI) of biologi-
cal and forensic samples. Using ice as the energy-absorbing matrix, a mid-IR laser 
is used to desorb material from the sample. The desorbed material then partitions 
into the charged electrospray droplets and are ionized in an ESI-like process. Ion 
images of endogenous and exogenous analytes in biological tissues have been gen-
erated using an IR-MALDESI MSI source. Another application of IR-MALDESI 
MSI is in the fi eld of forensics, where dyes and fi bers can be directly analyzed. This 
chapter discusses the fundamentals, mechanisms, and some applications of 
IR-MALDESI. Finally, a detailed protocol for performing a quantitative MSI 
(QMSI) experiment using the IR-MALDESI source is provided.  

1          Introduction 

  Mass spectrometry (MS)   has become an irreplaceable analytical tool due to its sen-
sitivity, specifi city, and versatility. The advent of ‘soft’ ionization techniques such 
as electrospray ionization (ESI) (Fenn et al.  1989 ) and  matrix-assisted laser desorp-
tion/ionization (MALDI)   (Karas and Hillenkamp  1988 ; Tanaka et al.  1988 ) argu-
ably revolutionized the fi eld of MS by allowing the analysis of large biomolecules, 
and further advancing the utility of MS in analytical and biological applications 
(Aebersold and Mann  2003 ). One of the rapidly evolving areas of MS has been mass 
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spectrometry imaging ( MSI  ), which involves generating mass spectra from discrete 
locations in an array over the surface of a sample, such as a biological tissue section. 
Using the exact  positio  n where each mass spectrum was collected and the abun-
dance of any ion in the spectrum, a heat map can be generated that displays the 
distribution of that ion within the sample. 

 Even though the concept of MSI was initially conceived by the introduction of 
 secondary ion mass spectrometry (SIMS)   (Castaing and Slodzian  1962 ), pioneering 
work in this fi eld using  MALDI   was demonstrated by Caprioli et al. in 1997 
(Caprioli et al.  1997 ). The softness of the ionization process in  MALDI   and the 
capability to generate ions from a specifi c position make  MALDI   a prime candidate 
for MSI analysis. Indeed, MALDI is the most common ionization method used for 
MSI analysis with a variety of applications such as in proteomics (Burnum et al. 
 2008 ),  metabolomics   (Reyzer and Caprioli  2007 ),  lipidomics   (Berry et al.  2011 ), as 
well as pharmacokinetics/pharmacodynamics (Castellino et al.  2011 ). Vast improve-
ments have been made to lasers and sample preparation methods utilized, as well as 
data acquisition methods and data/image processing algorithms since the introduc-
tion of MALDI MSI. However, the general demand for vacuum and relatively 
extensive sample preparation steps place some restrictions on the type of samples 
that can be analyzed by MALDI MSI (Laiko et al.  2000 ; Goodwin  2012 ). 

 In order to circumvent the limitations mentioned above, development of ambient 
ionization methods has been the focus of many groups.  Atmospheric pressure 
MALDI (AP-MALDI)   overcame the vacuum requirements (Laiko et al.  2000 ); 
however, the sample preparation steps in AP-MALDI were similar to those in con-
ventional vacuum MALDI. The introduction of  desorption electrospray ionization 
(DESI)   (Takáts et al.  2004 ) signifi ed the trend toward native sample analysis. DESI 
allows for direct analysis of samples from a surface with little to no sample prepara-
tion, and has been used for MSI of biological tissues (Wiseman et al.  2008 ; Eberlin 
et al.  2011 ) and plants (Esquenazi et al.  2009 ; Lane et al.  2009 ), as well as forensic 
applications (Morelato et al.  2013 ). Since the introduction of DESI, many new 
ambient ionization techniques including direct analysis in real time (DART) (Cody 
et al.  2005 ), atmospheric pressure solids analysis probe (ASAP) (McEwen et al. 
 2005 ), electrospray-assisted laser desorption/ionization (ELDI) (Shiea et al.  2005 ), 
and matrix-assisted laser desorption electrospray ionization (MALDESI) (Sampson 
et al.  2006 ) have been introduced. 

 Introduced in 2006, the MALDESI  source   was the fi rst hybrid ionization source 
combining resonant laser desorption and electrospray post-ionization. Figure  1  
shows the schematic of a typical MALDESI source. In summary, an  ultraviolet (UV)   
or infrared (IR) laser can be utilized to resonantly excite the matrix. The term ‘matrix’ 
refers to any molecule, endogenous or exogenous, that is present in large excess and 
facilitates the desorption of neutral molecules from the sample by absorbing the 
energy of the laser. The plume of desorbed material partitions into the charged drop-
lets of electrospray, where ions are generated in an ESI-like process and are sampled 
by the mass spectrometer. Characterization of the fundamentals of the ionization 
process (Sampson et al.  2006 ,  2007 ,  2008a ,  b ,  2009 ; Dixon and Muddiman  2010 ) 
and optimizing the source parameters (Barry and Muddiman  2011 ), along with appli-
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cations of the source in direct analysis of biological tissues (Robichaud et al.  2013a , 
 2014 ; Barry et al.  2014 ,  2015 ; Bokhart et al.  2014 ; Nazari and Muddiman  2014 ) and 
forensic analysis (Cochran et al.  2013 ,  2014 ) have been the focus of our group. 
Figure  2  shows an overview of the  development and application   areas of MALDESI 
source from investigation of fundamentals to its applications in direct analysis of 
samples.

2         Applications 

2.1     Intact Characterization and Direct Analysis 
of  Biomolecules   

 As the acronym suggests, MALDESI combines attributes from both MALDI and 
ESI. Naturally, many of the initial studies were focused on investigating and under-
standing the ionization mechanism. One of the applications of MALDESI is direct 
analysis of peptides and proteins from sample surfaces. The original MALDESI 
source utilized a 337-nm pulsed nitrogen laser and UV-absorbing organic matrices 
to desorb neutral peptides and proteins from the surface, where they subsequently 
partitioned into the charged electrospray droplets and were ionized. The sample 
preparation steps for these analyses are similar to those in MALDI. However, the 

  Fig. 1    Schematic of a typical MALDESI  source         
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multiple charging (lower  m / z ) afforded by ESI provides signifi cant advantages for 
the analysis of macromolecules using high resolving power the analyzers such as 
Fourier transform ion cyclotron resonance (FT-ICR) or Orbitrap analyzers since the 
resolving power in these instruments has an inverse relationship with  m / z . Figure  3  
shows MALDESI-FT-ICR mass spectra obtained for multiply charged peptides and 
proteins, providing further evidence for the proposed ESI-like charging mechanism 
in MALDESI (Sampson et al.  2006 ,  2008b ).

   One of the major  advantages   of MALDESI is its inherent versatility. In 2009, a 
mid-IR laser ( λ  = 2940 nm, 10 Hz repetition rate) was implemented in place of the 
UV laser used in earlier experiments. Using an IR laser allows endogenous or exog-
enous water, in liquid or solid form, to be used as the energy-absorbing matrix by 
resonantly exciting the O–H stretching mode of water. Several advantages of using 
water as a matrix include its ubiquitous presence in nearly all biological samples 
and the fact that it will not result in matrix-related interferences typically observed 
in lower  m/z  range. The IR-MALDESI source was used for direct analysis of bio-
molecules with no sample preparation, using endogenous water as the energy- 
absorbing matrix (Fig.  4 )  1    . The signal abundance was increased by a factor of ~15 
when an IR laser was used, which can be attributed to the increased number of 
neutral molecules desorbed by IR laser ablation (Kampmeier et al.  1997 ).

   Statistical  design of experiments (DOE)   can be used to explore the vast experi-
mental space, and optimize the source parameters such as stage height,  sample-inlet 

  Fig. 2     Development and application   areas of MALDESI from its introduction in 2006 up to the 
present date       

1 LAESI (using an IR laser – cf. Chapter ‘Microprobe MS Imaging of Live Tissues, Cells, and 
Bacterial Colonies Using LAESI’) and IR-MALDESI using endogenous water as the energy-
absorbing matrix are conceptually the same ionization technique. 
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distance, and laser fl uence in order to signifi cantly improve the sensitivity. 
DOE inherently recognizes that the optimization of one variable at a time cannot be 
achieved due to factor–factor interactions. Successful completion of the  DOE 
approach   using liquid MALDESI allowed the detection of attomole amounts of 
intact protein (Barry and Muddiman  2011 ).  

  Fig. 3    ( a ,  b ) UV-MALDESI ( top ) and nano-ESI ( bottom ) FT-ICR mass spectra of bradykinin and 
ubiquitin, respectively. Adapted with permission from (Sampson et al.  2006 ) © 2006, Springer. 
( c, d ) UV-MALDESI-FT-ICR spectra of a dried spot of myoglobin and lysozyme, respectively, 
mixed 1:1 (vol:vol) with 150 mg/mL 2,5-dihydroxybenzoic acid (DHB). Adapted with permission 
from (Sampson et al.  2008b ) © 2008, Springer       

  Fig. 4    MALDESI mass spectra of bovine milk with no sample preparation using ( a ) UV laser 
desorption, ( b ) IR laser desorption. Adapted with permission from (Sampson et al.  2009 ). © 2009, 
Springer       
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2.2     Biological and Chemical MSI 

 Introduced in 2013, the versatile IR-MALDESI MSI source can be utilized in direct 
analysis of endogenous and exogenous compounds from biological tissues 
(Robichaud et al.  2013a ,  2014 ; Barry et al.  2014 ,  2015 ; Bokhart et al.  2014 ; Nazari 
and Muddiman  2014 ), as well as analysis of fi bers and dyes in forensic applications 
(Cochran et al.  2013 ,  2014 ). Typically, in IR-MALDESI MSI experiments, a thin 
layer of ice is formed over the top of the sample as the energy-absorbing matrix. 
A mid-IR laser ( λ  = 2940 nm, 20 Hz repetition rate) is then used to facilitate the 
desorption of neutral material by resonantly exciting the O–H stretching mode of 
water present within the sample as well as the exogenous ice matrix. The neutral 
molecules are then post-ionized in an ESI-like process and analyzed by MS 
(Robichaud et al.  2013a ,  2014 ). Parameters such as solvent composition, ESI laser 
spot distance, ESI tip diameter, and sample height were optimized in a DOE. Serial 
mouse brain sections were analyzed (Fig.  5 ) using the newly optimized parameters, 

  Fig. 5    Comparison of newly optimized settings for tissue imaging, the previously optimized 
parameters for liquid IR-MALDESI, and those parameters found optimal by others. ( a ) Summary 
of studied parameters, ( b ) comparison of sets of parameters in imaging experiments performed on 
serial 50 μm-thick mouse brain sagittal sections, ( c ) average abundance and coeffi cient of variation 
(CV) of cholesterol ( m/z  369.351 ± 5 ppm, [M-H 2 O + H] + ) over a region of interest where the 
 molecule was found uniformly. Adapted with permission from (Robichaud et al.  2015 ). © 2015, 
Springer       
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the parameters previously found for liquid IR-MALDESI (Barry and Muddiman 
 2011 ), and those parameters found optimal by others in similar setups (Nemes et al. 
 2010 ). IR-MALDESI was empirically compared with UV-MALDI for imaging of 
biological tissue sections (Fig.  6 ), and it was demonstrated that both techniques 
offer similar information (Barry et al.  2015 ). However, there are inherent benefi ts 
and drawbacks for each method. For instance, IR-MALDESI reduces sample prepa-
ration methods involved and circumvents the restrictions imposed by UV-MALDI 
analysis under vacuum. However, the number of ions that are sampled in the mass 
spectrometer in IR-MALDESI (and other ambient ionization methods) is often a 
fraction of the total number of ions generated. Also, since IR-MALDESI is an ambi-
ent ionization method, many ambient ions can interfere with the analyte ion signal 
of interest. These ambient ions, combined with the sheer complexity of biological 
molecules present in tissue, require coupling of the ionization technique with high 

  Fig. 6    Optical images of tissue sections analyzed by IR-MALDESI and UV-MALDI before ( a ,  f ) 
and after ( b ,  g ) matrix deposition, along with the ion images of lapatinib ( m/z  581.142 ± 5 ppm 
[M + H + ] +  ( c ,  h ), and SM(34:0) or PE-Cer(37:1) ( m/z  725.558 ± 5 ppm [M + H + ] + ) ( d ,  i ) showing the 
distribution of the blood vessels. In ( e ,  j )  blue  corresponds to lapatinib and  red  shows the distribu-
tion of blood vessels. Adapted with permission from (Barry et al.  2015 ). © 2015, Elsevier       
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mass accuracy and high resolving power instruments in order to generate accurate 
and detailed images. For this, the IR-MALDESI source can be coupled to a Q 
Exactive Plus (Thermo Fisher Scientifi c, Bremen, Germany) mass spectrometer.

    One of the areas of active research in the MSI community is obtaining quantita-
tive information from the analytes of interest. A  quantitative approach   can be an 
invaluable tool in analyzing tissues since it provides information about the distribu-
tion of analyte and potential metabolites, as well as their concentrations in tissue. 
Although MSI has proven its utility in providing important spatial information of 
analytes of interest in tissues, obtaining quantitative information from MSI data 
with greater accuracy has proven to be a diffi cult task. Many factors such as the 
need for organic matrices, analysis under high vacuum, and pixel-to-pixel variabil-
ity play a part in the diffi culty of achieving quantitative information from MSI data. 
A quantitative IR-MALDESI method along with a normalization procedure to 
reduce voxel-to-voxel variability was recently used in order to quantify the content 
of an antiretroviral drug in incubated human cervical tissue. A visualization of the 
protocol used is presented in Fig.  7 , while the details of the protocol are discussed 
in the next section.

  Fig. 7    Summary of the  quantitative mass spectrometry imaging (QMSI) protocol   for IR-MALDESI 
imaging. ( a ) The abundance of the analyte is normalized to that of a structural analogue previously 
applied to the slide in order to reduce variability, ( b ) Series of calibration spots with a stable- 
isotope labeled (SIL) compound are used to generate a calibration curve, ( c ) Resulting calibration 
curve generated using SIL molecules, along with the calculated tissue concentration, ( d ) Summary 
of values used to calculate the total abundance of drug present in tissue. FTC (emtricitabine) and 
3TC (lamivudine) are nucleoside reverse transcriptase inhibitors (NRTIs) that are used in treatment 
of HIV infection. 3TC was used as the structural analogue of FTC in this study. Adapted with 
permission from (Bokhart et al.  2014 ). © 2014, Springer       
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   IR-MALDESI has also been utilized in forensic applications in order to directly 
analyze fi bers and dyes from surfaces. Traditional analysis of dyes by MS requires 
extraction of the dye from the fabric and separation of dye components by chroma-
tography prior to MS analysis. Direct analysis of dyes using  IR-MALDESI   shortens 
the sample preparation steps involved in the extraction, thereby signifi cantly reduc-
ing the sample analysis time (Cochran et al.  2013 ). A ‘real-world’ sample extraction 
was simulated by using a tape-lift method. The dye and fi ber polymers were 
observed from individual pixels (Fig.  8 ), indicating that IR-MALDESI coupled to a 
high-resolution instrument is sensitive enough to detect these molecules from a 
10-μm diameter fi ber that is as small as 100 μm in length (Cochran et al.  2014 ).

   Current studies are focused on fundamental  a  nd new applications of 
IR-MALDESI. One such application is using a polarity switching method to map 
out the distribution of lipids in ovary tissues in order to investigate the lipid metabo-
lism and its alterations in ovarian cancer. Fundamentals of the MALDESI source 
such as re-designing the geometry of the laser path and optics in order to reduce the 
focus diameter, as well as approaches for reducing the voxel-to-voxel variability in 
images are currently under investigation.   

3     Materials and Protocols 

 A detailed protocol used in IR-MALDESI quantitative  MSI   (QMSI) of biological 
tissues is presented below. The steps denoted with an asterisk (*) are those that only 
pertain to quantitative MSI. These steps can be skipped when only the spatial distri-
bution of the analyte(s) is of interest. 

3.1     Tissue Preparation 

     1.    The tissue is  fl ash  -frozen in dry isopentane immediately after animal sacrifi ce 
and then stored in a freezer at −80 °C until analysis.   

   *2.    Before analysis, a carefully chosen internal standard (often a structural analogue) 
is sprayed uniformly on the glass microscope slide using an automated pneumatic 
sprayer (e.g., TM Sprayer, LEAP Technologies, Carrboro, NC, USA).   

   3.    The frozen tissue is sectioned into the desired thickness at −20 °C using a cryo-
stat (CM1950, Leica, Buffalo Grove, IL, USA). In QMSI experiments, the tis-
sue is thaw-mounted onto the glass slide sprayed with the internal standard. 
Since the laser in typical IR-MALDESI experiments completely ablates all 
 tissue material from each location, the internal standard placed under the tissue 
is still effectively sampled.   

   *4.    A dilution series of a stable-isotope labeled (SIL) analyte is prepared. 100 nL 
of each analytical standard is spotted directly on top of the tissue. Critical atten-
tion is paid to ensure that the  spot  s do not overlap.      
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  Fig. 8    Results from the polarity switching IR-MALDESI MSI of fi bers. Optical images of the 
thread, fi ber bundle, and single fi bers for basic violet 16 and acid black 58 in nylon 6,6 are shown 
before and after deposition of ice matrix ( a ). Ion images of the protonated and deprotonated mono-
mer of acid black 58 dye ( b ,  c , respectively), along with the protonated ( d ,  f ) and deprotonated 
( e ,  g ) form of the nylon 6,6 polymer ( d ,  e  are  n  = 2 and  f ,  g  are  n  = 3) are shown. Adapted with 
permission from (Cochran et al.  2014 ). © 2014, Springer       
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3.2     MSI Data Acquisition 

     1.    The glass slide is placed on a water-cooled Peltier plate that is within a custom- 
built enclosure and  mounted   on an  X – Y  motion-controlled stage. The details of 
the different components of an IR-MALDESI MS source are discussed else-
where (Robichaud et al.  2013a ).   

   2.    The enclosure is then purged with dry nitrogen in order to reduce the relative 
humidity inside, which is monitored throughout the experiment using a tempera-
ture/relative humidity sensor. The Peltier plate is turned on once the relative 
humidity is below 1%, in order to prevent condensation of water in the air on the 
surface of the tissue.   

   3.    The stage is cooled to −9 °C, and the tissue slide is allowed to come to thermal 
equilibrium (approximately 10 min).   

   4.    The nitrogen fl ow to the enclosure is turned off, and the tissue is exposed to the 
ambient environment. A thin layer of ice is deposited on the surface of the tissue 
due to condensation of water from the air. If the relative humidity is below 10–15%, 
a beaker of water can be placed inside the enclosure to facilitate the formation of 
an ice layer.   

   5.    The enclosure is purged with nitrogen again in order to maintain a relative 
humidity of 10 ± 2%, providing a consistent ice matrix layer throughout the 
experiment (Robichaud et al.  2014 ). 1    

   6.    Next, a region of interest (ROI) is chosen. 2  Other parameters such as the number 
of laser shots, repetition rate of the laser, as well as the delay between the laser 
trigger and MS acquisition can be controlled by the operator.   

   7.    The oversampling method (Jurchen et al.  2005 ) is used in all imaging experi-
ments. 3  A step size of 100 μm is used in most experiments, resulting in complete 
ablation of the tissue region analyzed. This also ensures that the amount of mate-
rial desorbed from each voxel stays constant. The content of single cells can be 
assayed by using a step size of 10 μm (Nazari and Muddiman  2014 ).   

   8.    Parameters such as solvent fl ow rate, capillary temperature, and the ionization 
mode can be chosen according to the application. Positive-ion mode is used in 
 pharmaceutical analyses  , whereas a polarity switching method is used in  lipido-
mics   and forensic analyses in order to gain a more comprehensive overview of 
the analytes involved.      

1   This sample preparation takes less time than a typical MALDI matrix spraying process, and sim-
plifi es the process since matrix solution preparation and application processes such as spraying or 
sublimation are not needed. More importantly, in contrast with MALDI where the choice of matrix 
depends on the analyte(s) of interest, this process is universal for all tissues and does not depend 
on the analyte(s) of interest (i.e., the ice matrix is used for small molecules as well as large biomol-
ecules such as peptides and proteins.) 
2   In our lab, we use an in-house developed graphical user interface built in MATLAB (MathWorks, 
Natick, MA, USA) and control the  X – Y  stage with this. 
3   In the oversampling method, the sample spot will be fully desorbed before the laser focus is 
moved to its new desorption position by a distance, which is less than the focal diameter. Thus, a 
spatial resolution that is below the diameter of the laser focus can be achieved. 
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3.3     Data Analysis 

     1.    The .raw fi les  generat  ed by the instrument are converted to imaging fi le formats 
such as mzXML (Kessner et al.  2008 ) or imzML (Schramm et al.  2012 ) using 
open-source converters. These fi les are then subsequently loaded into 
MSiReader (Robichaud et al.  2013b ), which is an open-source software devel-
oped for analyzing high-resolution MSI data.   

   2.    Ion maps of analytes of interest can be generated using MSiReader. Built-in 
features such as peak picking, optical image overlay, co-localization of ion 
maps, and normalization/interpolation can be utilized for further data analysis.   

   *3.    Using the normalization feature in MSiReader, the abundance ratio of analyte 
to internal standard is calculated in each voxel. The average value of this ratio 
is then calculated over the entire area of the analyzed tissue region.   

   *4.    An MSI calibration curve is generated by using the signal abundance and con-
centration per area of the SIL analyte (Fig.  7c ).   

   *5.    The average ratio calculated in step *3 is then used along with the calibration 
curve to calculate the average concentration of analyte per unit area in the tis-
sue. The concentration per area can then be used to obtain the total amount of 
analyte in the tissue. This quantitative approach has been validated using 
LC-MS/MS of a serial tissue section (Bokhart et al.  2014 ).          
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      Disease Profi ling by MALDI MS Analysis 
of Biofl uids       
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    Abstract     There is an urgent need for accurate biomarkers of disease. The low- molecular 
weight proteome of blood serum or other biological fl uids may be an ideal source of 
such biomarkers, although its analysis requires high-throughput strategies to enrich 
and quantify peptides and small proteins with biomarker potential. Herein, serum 
samples from cancer cases and controls are compared using a workfl ow of robotic 
reversed-phase extraction and clean-up, followed by automated MALDI MS spec-
tral acquisition and analysis of the low-molecular weight peptidome. The aim of 
the presented methodology is to facilitate the discovery of candidate serum bio-
markers of cancer using MALDI MS profi ling, although the method is applicable to 
any comparative proteomic analysis of any biofl uid.  

1          Introduction 

 There is an urgent need for  accurate   disease biomarkers, which may provide novel 
approaches to diagnosis and screening.  The   blood serum/ plasma    proteome   may be 
an ideal source of such biomarkers, although its complexity necessitates novel strat-
egies to enrich and quantify low-abundance protein species with biomarker poten-
tial.  The   low-molecular  weight   proteome or ‘peptidome’ of  serum/plasma   is also a 
source of potential disease biomarkers (Geho et al.  2006 ; Hortin  2006 ; Liotta and 
Petricoin  2006 ; Petricoin et al.  2006 ; Villanueva et al.  2006a ).    Low- molecular   
weight proteins and peptides occur endogenously within the  bloodstream  , whilst 
protein fragments may be derived in vivo or ex vivo through the action of proteases 
on both blood-borne and cell/tissue-derived proteins. Both MALDI and its deriva-
tive SELDI MS are well suited for profi ling the peptidome of  biofl uids   and are 
particularly suited for high-throughput analyses, i.e. profi ling of 100s or 1000s of 
samples in a single experiment. For comparative analyses in biomarker discovery, 
peptide peak intensities (peak areas or heights) from spectra acquired from multiple 
samples are compared between different clinical and control groups using dedicated 
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analysis software tools. Differences in peak intensities are typically reported as 
ratios between the groups with an associated statistic to evaluate the signifi cance of 
any differences. Since the comparisons are multivariate, correction for multiple 
testing must be applied. Any peaks of interest must then be identifi ed, usually  using 
  orthogonal methods such as tandem MS or antibody-based methods. The onus is on 
proving that a peak identifi ed by such methods is exactly the same species as the 
differential peak identifi ed from the (MALDI) MS profi ling. This is not always 
trivial, particularly given the lower mass accuracy of typical MALDI time-of-fl ight 
(TOF) instruments. Ideally, tandem MS identifi cation is performed within the same 
experiment as the profi ling. 

 Much criticism has been levelled at  low-molecular weight   serum/plasma  profi ling   
for biomarker discovery using MALDI and SELDI MS (Diamandis  2004a ,  2006 ; 
Davis et al.  2010 ). This largely concerns experimental bias introduced during pre-
analytical  sample handling     . It is without doubt the case that proteolysis has a huge 
infl uence on the peptidome patterns of biofl uids, particularly serum.    Any difference  in 
  handling (e.g. clotting time, temperature, storage) between samples may affect prote-
olysis and has been shown to infl uence the resulting peptidome patterns (Karsan et al. 
 2005 ; Banks et al.  2005 ; Timms et al.  2007 ; Baggerly et al.  2004 ). Essentially, this 
gives rise to technical variation that can mask true biological variation and increase 
the false positive rate. Thus, in any profi ling study it must be ensured that all samples 
are collected, handled and stored as identically as possible to avoid such bias. Concerns 
have also been raised over assay reproducibility and the robustness  of   class-discrimi-
nating algorithms used for MALDI MS profi ling biomarker discovery (Diamandis 
 2004b ; Baggerly et al.  2005 ). Thus, monitoring and reporting of platform reproduc-
ibility is obligatory, whilst the robustness of algorithms must be assessed through 
proper training and test set validation. Finally, it has been argued that these high-
throughput methods lack the sensitivity to detect low-abundance species, with cover-
age limited to abundant small proteins and fragments of coagulation proteins. This 
appears to be the case as evidenced by identifi cations assigned to MALDI MS spectral 
peaks recorded from serum  samples  , where fi brinogen fragments were the predomi-
nant species (Tiss et al.  2010 ). However, this is not to say that these small proteins, 
endogenous peptides or proteolytic fragments do not have potential as disease bio-
markers as many seemingly well-controlled studies have reported. Indeed, it has 
been proposed that fragments of abundant coagulation proteins are surrogate pep-
tide markers of cancer, generated ex vivo during coagulation through the action of 
tumour-specifi c exopeptidases (Villanueva et al.  2006c ). This may also hold true in 
other diseases, where low-abundance, disease- associated proteases may generate 
specifi c patterns of protein fragments with diagnostic potential.  

2        Applications 

 Herein, we describe a reproducible, high-throughput, semi-automated, MALDI MS 
profi ling method similar to that used in (Timms et al.  2010 ) (see Fig.  1 ).    The method 
describes the  profi ling of serum   from case–control sample sets, although it is equally 
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applicable to other biological fl uids/clinical specimens such as plasma, cerebrospinal 
fl uid, urine, ascites and saliva. We also describe the data analysis steps and a proto-
col for identifi cation of discriminatory peaks with biomarker potential. The aim of the 
presented methodology is to  facilitate   the discovery of candidate serum  biomarkers   
for the differential diagnosis of ovarian cancer.

   This protocol and a slight variation of it with regard to the serum  peptide extrac-
tion step   (Tiss et al.  2007 ) have been used for biomarker discovery studies for the 
early detection of ovarian cancer (Timms et al.  2010 ,  2011 ) and differential diagno-
sis of biliary tract cancer (Sandanayake et al.  2014 ). Similar protocols have been 
used by other groups for diagnostic biomarker discovery in a variety of cancers 
(Villanueva et al.  2006b ,  c ; Pietrowska et al.  2009 ) and other diseases/infections 
(Conraux et al.  2013 ; Li et al.  2012 ; Terracciano et al.  2011 ; Teunissen et al.  2011 ; 
Xiao et al.  2011 ), for predictive and prognostic biomarker discovery (Vafadar- 
Isfahani et al.  2010 ; Taguchi et al.  2007 ),  and   to  i  dentify  blood-borne markers of 
ageing   (Lu et al.  2012 ).  

  Fig. 1     Schematic   workfl ow for  MALDI MS profi ling of   biofl uids       
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3     Materials and Protocols 

3.1     Materials 

3.1.1      Serum   Collection  and   Storage 

     1.    8.5-mL BD Vacutainer ®  SST™ Advance Tubes (Becton Dickinson Diagnostics, 
New Jersey, USA).   

   2.    Bench top centrifuge.   
   3.    Cryovials.   
   4.    −80 °C freezer.   
   5.     Quality    control   human serum (cat. no.: H4522; Sigma-Aldrich Company Ltd., 

Gillingham, Dorset, UK).      

3.1.2      Serum   Polypeptide Extraction  and   Sample Preparation 

     1.    96-well Star PCR raised rim skirted plates (Starlab UK Ltd., Milton Keynes, UK).   
   2.    RPC18 Dynabeads (Invitrogen Ltd., Paisley, UK). 1    
   3.    96-well magnetic bead separator (Bruker UK, Coventry, UK).   
   4.    Trifl uoroacetic acid (TFA; 100% HPLC grade; Rathburn Chemicals Ltd., 

Walkerburn, Scotland).   
   5.    Acetonitrile (ACN; 100% HPLC grade; Rathburn Chemicals Ltd.).   
   6.    Methanol.   
   7.     Genesis    Freedom   200 liquid-handling work station (Tecan UK Ltd., Reading, UK).   
   8.    α-Cyano-4-hydroxycinnamic acid (CHCA) matrix solution (6.2 mg/mL in 

36%/56%/8% methanol/ACN/water; Agilent Technologies UK Ltd., 
Stockport, UK).   

   9.    Ground steel MALDI target plates (Bruker UK).      

3.1.3    MALDI-TOF  MS      Data Acquisition and Analysis 2  

     1.    Bruker Ultrafl ex II MALDI-TOF/TOF mass spectrometer (Bruker UK).   
   2.    Flexcontrol v2.0 software (Bruker UK). 3    
   3.    Peptide calibrant standard II and protein calibrant standard I (Bruker UK).   
   4.     ClinPro   Tools   v3.0 software (Bruker UK).      

1   RPC18 Dynabeads are paramagnetic, non-porous particles modifi ed with hydrophobic C18 
reversed phase chromatographic material. Other manufacturers and chromatographic materials 
can be used (e.g. C8 reversed phase, weak cation exchange, Cu 2+ -IMAC), but we have found that 
the RPC18 Dynabeads gave good yields in terms of the numbers and intensities of the peaks 
detected. 
2   Other high-performance MALDI-TOF MS systems should be perfectly adequate, though might 
require additional data analysis software (cf. Sects.  3.2.3  and  3.2.4 ). 
3   Software versions higher (newer) than stated should also be adequate. 
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3.1.4     Peptide Identifi cation         by LC-MS/MS 

     1.    Ultimate 3000 nano LC system coupled to an LTQ Orbitrap XL mass spectrome-
ter (Thermo Fisher Scientifi c, Hemel Hempstead, UK) via a PicoView nanospray 
source (New Objective Inc., Woburn, MA, USA). 4    

   2.    C18 PepMap guard column (300 μm i.d. × 5 mm, 5 μm bead size, 100 Å pore 
size; LC Packings, Amsterdam, The Netherlands).   

   3.    C18 PepMap nano LC column (75 μm i.d. × 150 mm, 3 μm bead size, 100 Å 
pore size; LC Packings).   

   4.    Solvent A: 0.1% formic acid (FA) in HPLC grade water.   
   5.     Solvent   B: 0.1% FA, 99.9% HPLC grade ACN (Rathburn Chemicals Ltd.).   
   6.    Xcalibur v2. 0   (Thermo Scientifi c) and Mascot Server v2.4 (Matrix Science 

Ltd., London, UK) software3.   
   7.    Novex ®  Bolt™ Gel Electrophoresis System with pre-cast 10–20% gradient 

SDS-PAGE mini gels and running buffer (Life Technologies, Paisley, UK).   
   8.     InstantBlue      colloidal Coomassie blue protein stain (Expedeon, Cambridge, UK).   
   9.    Siliconised Eppendorf tubes.   
   10.    SpeedVac.       

3.2     Methods 

3.2.1     Serum   Collection 

     1.    Collect  blood samples   from consenting subjects by venepuncture into 8.5-mL 
BD Vacutainer ®  SST™ Advance tubes. 5    

   2.     Gently   invert tubes fi ve times and allow the blood to clot at room temperature for 
60 min.   

   3.    Centrifuge tubes at 2200 rpm at 4 °C for 10 min and aliquot 200 μL of serum 
supernatant into clearly labeled cryovials and freeze at −80 °C until further use. 
Record date of sampling and freezing.      

3.2.2     Serum  Polypeptide Extraction    and   Sample Preparation 

     1.    Thaw one 200-μL aliquot of serum per subject/patient and distribute 50 μL into 
three replicate 96-well Star PCR raised rim skirted plates. Change the location 
of samples across each replica plate. Also add 50 μL of quality control (QC) 

4   Other instrumentation and modes of operation can be used for peptide identifi cation. 
5   Blood collection requires informed consent from donors and studies require ethical approval from the 
relevant Committees on the Ethics of Human Research. Blood should be taken by a trained phleboto-
mist. Time of venepuncture should be recorded along with other subject/patient information relevant to 
the study, such as clinico-pathological features, treatment details, demographic data and any routine 
clinical assay results. Ideally, controls should be matched as closely as possible to cases. Ensure all 
samples are handled and processed identically (see Timms et al.  2010  for further information). 
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serum at 6–12 random positions on each plate which are used to monitor assay 
reproducibility. Record all sample positions. Re-store plates at −80 °C and run 
each plate on three separate days.   

   2.    Wash magnetic beads in 0.1% TFA solution and resuspend to a concentration 
of 50 mg/mL in an Eppendorf tube.   

   3.    Carry out  the   following steps on a Genesis Freedom 200 liquid-handling work 
station (or similar) 6  except where indicated.   

   4.    Resuspend magnetic beads by pipetting up and down ten times and transfer 
5 μL to the wells of a 96-well plate containing the 50 μL aliquots of serum.   

   5.    Mix  by   pipetting up and down ten times and allow to stand for 1 min.   
   6.    Pull the  bea  ds to one side of the wells using the magnetic bead separator and 

allow beads to settle on the side for 30 s.   
   7.    Remove the supernatant and discard.   
   8.    Add 200 μL of wash solution (0.1% TFA) and pull the beads left to right ten 

times using the magnetic bead separator and then allow to settle on one side 
for 30 s.   

   9.    Remove the wash solution and repeat the wash step.   
   10.    Spin  the      beads to the bottom of the wells by centrifugation at 2000 g for 2 min 

and remove remaining wash buffer.   
   11.    Add 7 μL of elution solvent consisting of 50% ACN in 0.1% TFA and mix by 

pipetting up and down ten times. Leave the mixture to stand for 30 s.   
   12.    Transfer  the   96-well plate to the magnetic bead separator and pull the beads to 

one side for 30 s.   
   13.    Add 35 μL of pre-prepared CHCA matrix solution to each well and mix by 

pipetting up and down fi ve times.   
   14.    Spot volumes of 1 μL of the eluate/matrix mix in quadruplicate onto a ground 

steel  MALDI   target plate and allow samples to dry at room temperature. 7  This 
generates 12 spotting replicates per sample.      

3.2.3        MALDI-TOF MS Data Acquisition 

     1.     Externally   calibrate the MALDI-TOF mass spectrometer 8  in  the   linear positive 
ion mode using commercial peptide and protein calibration standards (in CHCA 
matrix) spotted onto the same target plate as the samples of interest. Use approx-
imately 30 fmol of peptide and 500 fmol of protein standards per spot and use 
average masses for calibration.   

6   Other robotic liquid-handling platforms can be employed, although the protocol would need to be 
adjusted for other platforms. For example, a CyBi™-Disk liquid handling robot (CyBio AG, Jena, 
Germany) with pre-packed C4 and C18 ZipTips (Millipore, Watford, UK) was used successfully 
in previous work (Tiss et al.  2007 ). 
7   Note that drying at relative humidity below ~30–40% has been reported to be detrimental for 
MALDI MS (Tiss et al.  2007 ). Thus, ensure that the relative humidity is ≥35–40%. 
8   The Ultrafl ex II MALDI-TOF/TOF mass spectrometer is equipped with a 337 nm nitrogen laser, 
a gridless ion source, delayed-extraction (DE), a high-resolution timed ion selector and a 2 GHz 
digitizer. Other MALDI-TOF platforms can be used (see Footnote 2). 
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   2.    Set the  following   automated irradiation programme and data quality fi ltering 
 using      FlexControl’s ‘AutoXecute’ function: each spectrum is the sum of 1000 
laser shots per spotted sample delivered to ten different locations on the spot in 
ten sets of 100 shots (at a laser frequency of 10 Hz), after pre-irradiation with ten 
shots at 5% higher laser power to improve spectral quality; set evaluation param-
eters so that only spectra (of 100 shots) containing at least one peak with a 
resolving power of greater than 300 and a signal-to-noise ratio ( S / N ) > 10 in the 
 m/z  range of 700–4000 are accumulated.   

   3.    Automatically acquire spectral profi les of the samples over a  mass-to-charge 
( m/z ) range   of approximately 700–10,000 in the linear positive ion mode under 
25 kV of ion acceleration,  a   delayed extraction (DE) potential difference of 
1.4 kV, a lens potential of 5.9 kV and high gating strength to defl ect ions below 
 m/z  400. Apply DE (in our case at 80 ns) to give appropriate time-lag focusing 
after each laser shot. For signal detection, the detector gain is typically set to 7.5 
and the sample rate to 2 GS/s.   

   4.    For further analysis,  only   include data for an individual serum sample when at least 
three of the four spotting replicates had 1000 summed shots in at least two of the 
three run replicates. Typical  averaged spectra   for case control serum samples are 
shown in Fig.  2  with ~300 aligned peaks detected across the dataset ( S / N  > 3.0).

3.2.4            Spectral   Data Analysis 9  

     1.     Use      ClinProTools v2.2 software for processing spectral data as follows: apply smooth-
ing by averaging the intensities within a 5-point width moving window; apply base-
line subtraction using an algorithm based on fi nding the lowest points between 
dominant local intensity maxima within a particular mass window; apply normalisa-
tion by dividing the intensity of each data point in a spectrum by the sum of all inten-
sities in that spectrum; multiply intensities by a constant (e.g. 2 × 10 7 ) to give 
manageable output intensities; defi ne peaks by identifying all local maxima in the 
spectra above a normalized intensity threshold of 0.2 and signal-to-noise ratio of 3; 
perform peak alignment to defi ne common peaks using a mass window of 1500 ppm.   

   2.    Determine average peak areas and standard deviations  for   QC  serum samples   
and for each sample group (case, control, etc.). All aligned peaks from the QC 
samples can be used to determine intra-plate and inter-plate assay reproducibility 
which should be within 10% and 20%,  respectively   (see Fig.  3 ).

       3.     Determine   distribution of peak areas and apply appropriate test of signifi cance  to 
  defi ne peaks, which discriminate between sample groups. Apply correction for 
multiple testing.   

   4.    Split full dataset into training and test datasets. Construct  multi-marker models   (e.g. 
neural networks, support vector machines, genetic algorithms) from training data and 
determine classifi cation performance on the test set, ideally in a blinded fashion. 10       

9   See Footnote 2 in Sect.  3.1.3 . 
10   Multi-marker model building and testing can be performed with the ClinProTools software. As 
before, other (classifi cation) software can be used. 
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  Fig. 2    ( a )    Average MALDI-TOF MS spectra for case ( dark grey ) and control ( light grey ) serum 
samples over the full scan range of  m/z  700–10,000. ( b ) Zoomed MS spectra over the  m/z  range of 
1700–6900       
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3.2.5    Identifi cation of MALDI-TOF  Peaks   by LC-MS/MS 11  

     1.     P  repare a fresh C18-extracted sample from 50 μL of serum without adding 
matrix solution (see Sect.  3.2.2 ; up to step 12). Using an Ultimate 3000 LC system, 
inject 5 μL of the extract from the autosampler onto a C18 PepMap guard 
column and wash for 3 min with 100% solvent A at a fl ow rate of 25 μL/min.   

   2.    Switch to an analytical C18 PepMap nano LC column with 10% solvent B and 
apply a linear gradient of 10–50% B over 90 min, then to 100% B over 3 min. 
Continue with 100% B for 20 min and then reduce to 10% B over 0.5 min and 
continue for a further 20 min to re-equilibrate the column for the next injection.   

   3.    Operate the  mass   spectrometer (LTQ Orbitrap XL) in the data-dependent mode 
for automated switching between MS and MS/MS acquisition. Acquire survey 
full scan MS spectra (from  m / z  400–2000) in the orbitrap with a resolution of 
60,000 at  m / z  400. Select the ‘top 6’ most intense ions for CID. Select a target 
ion value of 1 × 10 6  and maximum scan time of 500 ms for the survey full scan 
in the orbitrap. Select target ion values of 1 × 10 4  and a scan time setting of 

11   See Footnote 4 in Sect.  3.1.4 . 
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  Fig. 3     Aligned   MS spectra  of    QC   serum replicates in pseudo-gel view (three replicate runs per-
formed on different days with 12 samples per run each with six spotting replicates, i.e. total of 216 
spectra). Using all peaks, intra-assay variation was 6.2% ± 4.8 (SD%) and inter-assay variation was 
13.9% ± 7.6 (SD%)       
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150 ms for CID. Dynamically exclude ions selected for MS/MS for 60 s. Enable 
the lock mass option for accurate mass measurement, using the polydimethylcy-
closiloxane ion ( m / z  455.1200) as an internal calibrant.   

   4.    Use initial precursor ion monitoring to identify masses matching the peaks of 
interest and then target these by mass and retention time in subsequent runs using 
high-resolution MS/MS in the orbitrap.   

   5.    Process  raw   spectra using Mascot Distiller and search against the human 
UniProtKB database. For searching, select ‘no enzyme’, set MS tolerance to 
±10 ppm and MS/MS tolerance to 0.1 Da. Set oxidation (M), dehydration 
(N-term C) and deamidation (NQ) as variable modifi cations. Also search data in 
the same way using the ‘de novo sequencing’ function of Mascot Distiller. 12    

   6.    For larger  peaks   ( m/z  > 5000), dry down the extracted sample in a SpeedVac, 
resuspend in sample buffer and resolve on a 10–20% gradient mini gel following 
the manufacturer’s instructions. Stain the gel with InstantBlue and excise a gel 
piece in the molecular weight region of interest.   

   7.    Destain  the      gel piece by shaking at room temperature for 30 min in 200 μL of 
50% methanol/10% acetic acid and then wash the gel piece in 100 μL of 100% 
ACN with shaking for 15 min. Extract polypeptides in 200 μL of 50% formic 
acid, 25% ACN, 15% isopropanol by vigorous shaking for 2 h at room tempera-
ture. Centrifuge and recover the extract, dry down and resuspend in 0.1% formic 
acid. Analyse one fi fth of this sample by MALDI-TOF MS (see Sect.  3.2.3 ) to 
verify the presence of peaks of interest. ZipTip the remaining sample and analyse 
by  LC-MS/MS    as   described above in this section, starting with the fi rst step.           
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    Abstract     In 1996, independent publications demonstrated the application of 
MALDI-TOF MS for microorganism identifi cation using whole-cell profi le mass 
spectra. As these were characteristic for distinct bacterial and fungal species, they 
could be used as a molecular fi ngerprint. Subsequently, sample preparation, data 
evaluation with bioinformatics and further aspects of the technology were further 
improved. Ease-of-use, rapidity and accuracy of this technology fi nally led to the 
implementation of MALDI-TOF MS into routine analytical work, particularly in 
clinical microbiology. 

 Today, microorganism identifi cation by MALDI-TOF MS is performed in many 
clinical microbiology laboratories and is increasingly replacing the conventional 
methods utilized for decades. In this chapter, the impact of this technology on clini-
cal diagnostics is described. Furthermore, exemplary protocols for microorganism 
identifi cation are presented. Specialized protocols even allow identifi cation of more 
demanding microorganisms like mycobacteria and fi lamentous fungi as well as 
identifi cation from liquid culture media inoculated with patient specimen. Some 
analytical systems allow the extension of reference databases with own entries and 
an insight into evaluation algorithms, interpretation of results and creation of own 
references is given. 

 Further, MALDI-TOF MS has proven its utility in identifi cation of food-borne 
and veterinary microorganisms. These topics as well as regulatory aspects together 
with the necessary steps for qualifi cation and validation are also covered for the 
interested reader.  
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1          Introduction 

 Early in the development  of   mass spectrometry (MS) technologies their applica-
bility to microorganism analysis, in particular the identifi cation of microbes, was 
already discussed (Anhalt and Fenselau  1975 ; Sinha et al.  1985 ; Heller et al.  1987 ). 
The real breakthrough was achieved with the appearance of matrix-assisted laser 
desorption/ionization (MALDI)-time-of-fl ight (TOF) MS, a technology which 
combines soft ionization of large biomolecules with short analysis time. In 1996, 
three independent  scientifi c   publications showed ground-breaking results in the 
application of MALDI-TOF MS for microorganism identifi cation using whole-cell 
profi le mass spectra (Claydon et al.  1996 ; Holland et al.  1996 ; Krishnamurthy and 
Ross  1996 ). 

 The idea was to use the microbial MALDI-TOF profi le mass spectra of whole 
cells as a molecular fi ngerprint, being characteristic for bacteria and fungi. 

 During the fi rst years, several scientists worked on the improvement of  samp  le 
preparation (Welham et al.  1998 ; Gantt et al.  1999 ; Smole et al.  2002 ; Vaidyanathan 
et al.  2002 ), reproducibility (Wang et al.  1998 ; Demirev et al.  1999 ; Saenz et al. 
 1999 ; Williams et al.  2003 ), bioinformatic data evaluation (Arnold and Reilly  1998 ; 
Jarman et al.  1999 ; Jarman et al.  2000 ; Pineda et al.  2000 ), and applicability of the 
technique to different microbial groups (Haag et al.  1998 ; Nilsson  1999 ; Amiri- 
Eliasi and Fenselau  2001 ; Conway et al.  2001 ; Bernardo et al.  2002 ; Hettick et al. 
 2004 ; Krader and Emerson  2004 ; Mandrell et al.  2005 ). Ryzhov and Fenselau 
( 2001 ) found that most of the peaks which can be observed in typical bacterial pro-
fi le spectra are derived from ribosomal and other high-abundant housekeeping pro-
teins, which explains the robustness and reproducibility of approaches analysing 
profi les in the mass range of 2–20 kDa. 

 A  fi rst   commercial system, launched by the company Micromass (Manchester, 
UK), analyzed fi ngerprints in the lower mass region (approximately up to  m / z  4000) 
but did not succeed in routine laboratories. Therefore, MALDI-TOF MS profi ling 
for microorganisms stayed a scientifi c topic in the area of mass spectrometry for 
quite some time but did not enter the area of routine (clinical) microbiology. 

 This situation started to change in 2007 with the introduction of a new generation 
of commercially available systems in clinical microbiology, equipped with easy-to- 
use software solutions and broadly applicable reference databases, supported  with 
  standard operating procedures (SOPs)    for sample preparation. All these systems 
analyzed biomolecules in the mass range of approximately  m / z  2000–20,000. 
Mellmann and co-workers compared the performance of the MALDI Biotyper 
 system (Bruker Daltonik GmbH, Bremen, Germany) for the identifi cation  of 
   Gram- negative non-fermenting bacteria with sequence analysis of 16S ribosomal 
DNA which is currently the ‘gold standard’ for identifi cation of bacterial species 
(Mellmann et al.  2008 ). They found that for this bacterial group, which is very dif-
fi cult to characterize by biochemical tests, 85.9% of strains were correctly identifi ed. 
This performance was superior to the  established   biochemical routine analysis sys-
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tems. Subsequently, the same group performed the fi rst large multi-centre study for 
this technology (Mellmann et al.  2009 ). In this international study, eight laborato-
ries analyzed 60 blind-coded non-fermenting bacteria samples each and achieved an 
inter-laboratory reproducibility of 98.75%. Only six of the 480 samples were mis-
identifi ed due to sample interchanges (four samples) or contamination (one sample) 
or could not be identifi ed because of insuffi cient signal intensity (one sample). The 
authors concluded that this level of reproducibility is usually only achievable with 
DNA sequence-based methods and that MALDI-TOF MS for microorganism iden-
tifi cation is therefore a highly reproducible technology, a prerequisite for any rou-
tine utilization.  

2     Applications 

2.1     MALDI Biotyping in Medical Microbiology: An Overview 

 Medical  microbiology   plays an important role in the diagnosis and treatment of 
infectious diseases today. In case of an infection,  patient specimens   are collected 
and examined with laboratory methods to identify the infection-causing microor-
ganisms like bacteria, fungi and viruses. 

 While viruses are usually identifi ed using molecular methods, bacteria and fungi 
are generally identifi ed from cultures grown on solid or in liquid media. Fast grow-
ing microorganisms form small colonies on solid media after 24–48 h. Shape and 
color of individual colonies as well as their microscopic features can be used for a 
fi rst categorization of the microorganism.  Gram staining   is generally used for a fur-
ther quick characterization step. Final identifi cation is normally performed using 
biochemical reactions and tests that indicate the metabolic characteristics of the spe-
cies of interest during growth for about another 6 h for fast growing bacteria (like 
enterobacteria, enterococci or staphylococci) in automated systems and up to 48 h 
for slower growing organisms or with fewer characteristic metabolic reactions. 

 MALDI biotyping, a modern, fast and accurate method suitable for  routine anal-
ysis   allows the identifi cation of microorganisms in a few minutes from a colony. 
This has led to ‘a fundamental shift in routine practice of clinical microbiology’ as 
described by Clark et al. (Clark et al.  2013 ), while other authors call it an ‘ongoing 
revolution’ (Seng et al.  2009 ). The latter publication and work from Eigner and col-
leagues (Eigner et al.  2009 ) were the fi rst reports of studies investigating the broad 
utilization of MALDI-TOF MS biotyping in a clinical microbiology laboratory. 
These studies revealed excellent results for the identifi cation of microorganisms 
occurring in clinical routine. Subsequently, a number of studies have proven the 
superiority of the technology in comparison  to   traditional biochemical test systems 
(Marklein et al.  2009 ; Nagy et al.  2009 ; Bader et al.  2011 ; Bizzini et al.  2010 ; van 
Veen et al.  2010 ; Bille et al.  2012 ; Dhiman et al.  2011 ). 

 A particular strength of MALDI-TOF MS (with an appropriate database) is the 
potential to identify not only the frequently occurring but also rare and diffi cult-to- 
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identify organisms which normally have to be characterized by  DNA sequencing   if 
identifi cation is at all possible at species level (Bizzini et al.  2011 ). Thereby, species 
name can now be assigned for some bacteria, which were previously classifi ed by 
many laboratories only to the genus level or an even more general  systematic   group, 
e.g. ‘Gram-positive, non-sporulating rods’ or ‘   Gram-negative non-fermenting rods’. 
Thus, MALDI-TOF MS profi ling improves the quality of diagnostic microorganism 
identifi cation through both greater accuracy and higher taxonomic resolution. 

 For example, in the group  of   yeasts,    the  Candida parapsilosis  complex and  the 
   Candida haemulonis  complex can now be resolved as distinct species (Quiles- 
Melero et al.  2012 ; Cendejas-Bueno et al.  2012 ). For  bacteria  , important examples 
are the corynebacteria (Alatoom et al.  2012 ; Vila et al.  2012 )  and    Haemophilus 
infl uenzae/haemolyticus  (Zhu et al.  2013 ; Bruin et al.  2014 ) .  For some groups of 
microorganisms, which usually had to be referred to reference laboratories, identi-
fi cation can now be performed by routine laboratories. This applies in particular to 
mycobacteria (Lotz et al.  2010 ; Saleeb et al.  2011 ; Balada-Llasat et al.  2013 ; Buchan 
et al.  2014 )  and   fi lamentous fungi (Cassagne et al.  2011 ; Iriart et al.  2012 ; Lau et al. 
 2013 ; Schulthess et al.  2014 ), where MALDI-TOF MS profi ling can also be 
employed to get a fi rst-line identifi er.  

2.2     The Impact of MALDI-TOF MS on the Clinical 
Microbiology Laboratory 

 The methods and procedures described in this  chapte  r are suitable for the identifi ca-
tion of microorganisms in the microbiology laboratory. With the introduction of this 
technology, it has also been possible to optimize established routine workfl ows that 
use conventional methods. Formerly, microbial identifi cation  and   antimicrobial sus-
ceptibility testing (AST)    were performed in parallel after an initial ‘triage’ by col-
ony morphology to decide which test panels could be the most appropriate. Today, 
in many cases where morphological assessment is diffi cult, AST can be started 
based on the precise identifi cation of the microorganism by MALDI biotyping, and 
 corresponding   AST panels can be applied. Rapid identifi cation also allows earlier 
therapy adjustment. This is particularly true for slow growing organisms or when 
differentiation by conventional biochemical methods is diffi cult. 

 Another important benefi t of MALDI-TOF MS biotyping is its precision and 
high discriminatory power. Reviews  of   laboratory statistics of the MVZ (Medical 
Center) Dr. Eberhard & Partners (Dortmund, Germany)—one of the major 
 independent laboratories in Germany—show a signifi cant enhancement in 
 identifi cation of microorganisms after the introduction of MALDI-TOF MS. Sited 
in Dortmund this laboratory is located in the heart of the Ruhr valley which is one 
of the largest urban agglomerations in Europe with about fi ve million inhabitants. 
The Department of Microbiology of the MVZ Dr. Eberhard & Partners serves as 
a diagnostic partner for several hospitals and many doctors in private practices as 
well as for other laboratories. In the year 2009, before the introduction of a MALDI-
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TOF system at the Department of Microbiology, a total of 299 different species 
from 115 genera were found. By the end of 2009 fi rst tests with a MALDI  biotyping 
system   had started, and the new technology was introduced into routine analysis a 
few months later. In 2010, the fi rst year with MALDI-TOF MS as an additional 
routine identifi cation method, the reports showed a total of 438 different species 
(+46%) from 146 different genera (+27%). Especially in the group of anaerobic 
bacteria and non- fermenters, which are usually diffi cult to identify by conventional 
methods, a broad variety of species can now be differentiated. Also, the commonly 
consolidated  ‘coryneform bacteria’   can now be broken down into distinct species. 

 Arguably, this new accuracy in identifi cation will also lead to an increase of 
knowledge about individual microorganisms and their infection potential. The pos-
sibility of extending the database with your own entries offers the potential for easy 
detection of uncommon microorganisms. To date,    nucleic acid sequencing is the 
‘gold standard’ in microorganism identifi cation and remains the last option in 
selected cases where other identifi cation methods are insuffi cient. With the subse-
quent creation of an own MSP (‘main spectrum’, i.e. reference database entry), 
uncommon microbes can easily be re-identifi ed without the need for laborious and 
costly biomolecular sequencing. Even for yet unnamed species, recognition of recur-
rence of these microorganisms is now possible. Therefore, in addition to the manu-
facturers’ databases major laboratories often also employ an increasing number of 
their own reference spectra for routine diagnostics. As the  manufacturers’ reference 
databases   have grown over the years a broad range of identifi cations is now possible. 
A further extension of these reference libraries can be expected. Statistics from MVZ 
Dr. Eberhard & Partners, where the standard reference libraries are extended by 
about 200 self-acquired MSPs, show that in the year 2014 more than 700 different 
species from 190 genera were recorded. Compared to species identifi cation before 
the implementation of MALDI-TOF MS, this is an increase of about 150%. In addi-
tion, MSPs of 21 different yet unnamed bacterial species detected these microorgan-
isms in about 130 cases. This clearly stresses the great potential of MALDI-TOF MS 
in routine diagnostics of microbiology laboratories and its future prospect for a bet-
ter knowledge about microorganisms in infections.  

2.3     Regulatory Aspects 

 While in the beginning  only   research-use-only (RUO)  systems   were available for 
the identifi cation of microorganisms by MALDI-TOF MS, this has changed in the 
following years. The pioneers who have introduced the technology into the diagnos-
tic fi eld validated the instrumentation, software and databases in thorough studies 
with reference strains and clinical isolates. 

 Aspects like the performance for specifi c microorganism groups as well as the 
robustness of the method and repeatability from day to day and user to user have to 
be proven and documented. If the system is labeled and distributed as RUO by the 
manufacturer and not intended for diagnostic purpose, the user takes full responsi-
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bility for the functionality and results of the system. On the other hand, users have 
the fl exibility to defi ne and control their own diagnostic device. For the improvement 
of results of a self- validated   RUO system, several specialists have reported exten-
sions of the manufacturer’s database, modifi cations of preparation techniques or 
adaptations of acceptance criteria (Christensen et al.  2012 ; Khot et al.  2012 ; Theel 
et al.  2012 ; Ford and Burnham  2013 ; McElvania TeKippe et al.  2013 ; Murugaiyan 
et al.  2014 ). 

 In 2009, the  fi rst    IVD-CE labeled system   became available in Europe, for diag-
nostic identifi cation of bacteria and yeast in clinical microbiology laboratories, the 
IVD MALDI Biotyper (Bruker Daltonik GmbH). Later,  with   the VITEK ®  MS IVD 
(bioMérieux, Marcy l’Etoile, France) a further system became available. With such 
a system, the manufacturer takes over the validation for clinical usage and later 
responsibility for the function of the system—provided that the system is utilized in 
the area of intended use and according to the instructions of the manufacturer. 

 In the USA, a clearance of such a device for in vitro diagnostic usage by the  US 
Food and Drug Administration (FDA)   is necessary and was obtained for both the 
MALDI Biotyper—Clinical Application (Bruker Daltonics, Billerica, MA, USA) 
and the VITEK ®  MS IVD (bioMérieux) in 2013. In particular, the  FDA   process 
involved detailed and expensive studies including investigations of robustness and 
repeatability, media compatibility and infl uence of all possible environmental con-
ditions to the analyses. Furthermore, several thousands of samples had to be ana-
lyzed in clinical studies, and the results were compared to DNA sequencing as the 
current ‘gold standard’. All studies resulted in the proof of excellent performance 
for the investigated MALDI-TOF MS systems which may therefore become a new 
‘gold standard’ for microbial identifi cation in the near future. 

 In Germany, laboratories offering diagnostic services to others need an accredita-
tion according to DIN EN ISO 15189. Since 2009 accreditation of new methods 
using MALDI-TOF MS for microorganism differentiation has become possible, with 
suffi cient familiarization as well as specifi c quality assurance being mandatory.  

2.4     MALDI-TOF MS Profi ling of Veterinary and Food-Borne 
Organisms 

 In parallel to the fi eld of medical microbiology, MALDI-TOF  MS   has also con-
quered the fi eld of microbial identifi cation and characterization in veterinary and 
food microbiology. The reasons for success are the same as before:    speed, accuracy 
and cost-effectiveness. As regulatory hurdles are lower in the veterinary fi eld, in 
particular for university veterinary institutes, which are used to perform their own 
validation of methods, MALDI-TOF MS could even spread faster in veterinary 
microbiology, e.g. in the USA. 

 Besides studies to investigate the broad applicability of MALDI-TOF MS in 
these areas (Boehme et al.  2013 ; Wragg et al.  2014 ), studies for microorganisms 
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from particular diseases and certain microorganisms, which are diffi cult to identify 
by traditional methods, have been performed (Alispahic et al.  2010 ; Taniguchi et al. 
 2014 ; Frey and Kuhnert  2015 ). It has to be mentioned that less  sophisticated   bio-
chemical ready-to-use kits are available in veterinary microbiology because of the 
smaller commercial interest. Further, as not only pathogens but also hosts are very 
variable the diversity of microorganisms is  signifi cantl  y higher than in human 
microbiology. Both are very good reasons to use a universal technology like 
MALDI-TOF MS profi ling. 

 Barreiro and colleagues found MALDI-TOF MS profi ling very suitable for 
pathogens isolated from milk of cows with mastitis (Barreiro et al.  2010 ). Excellent 
identifi cation of group D Streptococci could be demonstrated (Werner et al.  2012 ). 
Grosse-Herrenthey and co-workers investigated the performance of MALDI-TOF 
MS for the identifi cation and differentiation  of   clostridia, a group of anaerobic, 
   Gram-positive sporulating bacteria which comprises a number of pathogens with 
veterinary but also medical relevance (Grosse-Herrenthey et al.  2008 ). They ana-
lyzed a total of 64 clostridial strains of 31 different species and found an excellent 
differentiation of these. It was even possible to identify species, which are normally 
diffi cult to differentiate  by   traditional methods, such as  C. chauvoei  and  C. 
septicum . 

 The group of Campylobacter species and the related genera Helicobacter and 
Arcobacter were also found to be well identifi ed and differentiated by MALDI-TOF 
MS profi ling. Alispahic and colleagues analyzed 144 clinical isolates of these gen-
era using whole spectral profi les (Alispahic et al.  2010 ). It was found that correct 
identifi cation could even be obtained from bacteria stored at room temperature or at 
4 °C up to 9 days prior to being tested. Other groups also found MALDI-TOF MS 
an excellent tool for the identifi cation of these species, which partially are also 
important human pathogens (Bessède et al.  2011 ; Martiny et al.  2011 ; Taniguchi 
et al.  2014 ). For  Campylobacter jejuni , effective distinction of subgroups has 
recently been reported. It was possible to group specifi c  C. jejuni  subgroups of phy-
logenetically related isolates in distinct clusters by principle component analysis 
(PCA) and hierarchical clustering (Zautner et al.  2013 ). 

 Another study demonstrated that MALDI-TOF MS  profi lin  g represents a fast 
and reliable method for the identifi cation and differentiation of Gallibacterium 
 species, with applications in clinical diagnostics (Alispahic et al.  2011 ). Even the 
very diffi cult-to-identify pathogenic algae from the  genus   Prototheca, occurring in 
mastitis and sometimes infecting milkers, could be reliably identifi ed (von Bergen 
et al.  2009 ; Murugaiyan et al.  2012 ). This is one of the examples where MALDI-
TOF MS profi ling can be of particular diagnostic power as the algae might initially 
be misidentifi ed as yeast which could lead to an ineffective treatment with antimy-
cotic drugs. 

 Another case for the importance of accurate technology can be made in the fi eld 
of food-borne pathogens. The power of identifying  accurately   Campylobacter spe-
cies has already been described. However, the most well-known  bacteri a causing 
food-borne diseases are Salmonella species. Reliable identifi cation of the genus 
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Salmonella has been described by several researchers (Dieckmann et al.  2008 ; He 
et al.  2010 ) but a serovar differentiation  whic  h would be highly desirable  for 
  Salmonella species is currently questionable. There have been reports that the 
highly pathogenic serovar  Salmonella typhi  might be differentiated from the other 
residual members of the genus (Kuhns et al.  2012 ; Martiny et al.  2012 ; Schaumann 
et al.  2013 ), but this still has to be validated. A method described for the rapid detec-
tion of Salmonella species in stool samples of diseased people, which comprises the 
enrichment of the bacteria in a liquid selective broth (Sparbier et al.  2012 ), may also 
be adapted to food products but will need further development and validation work. 

 Identifi cation of  further   food-borne pathogens as described for Listeria species 
(Barbuddhe et al.  2008 ; Hsueh et al.  2014 ), Bacillus species (Farfour et al.  2012 ) 
and Yersinia species (Ayyadurai et al.  2010 ; He et al.  2010 ; Lasch et al.  2010 ; 
Stephan et al.  2011 ) may be mainly applied for confi rmation of clinical diagnostics 
and/or further developed towards fast detection tests as shown in a  st  udy with spiked 
samples for Listeria (Jadhav et al.  2014 ).  

2.5     Instrument Qualifi cation and Method Validation  (for 
the Interested Reader: Can Be Skipped by the MALDI 
Novice)  

2.5.1     Qualifi cation as an Analytical Instrument: DQ-IQ-OQ-PQ 

 Instrument qualifi cation of automated, computerized systems is a critical step and 
has to follow accepted offi cial ‘good manufacturing practices’ (   GMP) guidelines. 
All initial activities are usually summarized  as   design qualifi cation (DQ) steps. This 
includes system documentation of hardware and software, intended use consider-
ations/statements, user and/or functional requirement declarations and vendor 
assessments in coordination with a dedicated risk management defi ned by GMP 
guidelines for analytical procedures (e.g. USP, EP, ICH, PDA Tech Report33; cf. 
  http://www.gmp-navigator.com/nav_guidelines.html    ;   http://www.ich.org/home.
html    ;   http://www.usp.org/    ;   http://www.pda.org/    ). 

 Next,    installation qualifi cation (IQ) documents as well  as   operational qualifi ca-
tion (OQ) procedures are fully documented references to ensure that the system is 
installed and operational according to dedicated specifi cations to guarantee the 
intended use. It typically includes a system suitability test in a fi nal performance 
qualifi cation step (PQ) with several different freshly grown microorganisms. 

 In addition, a set of operational and administrative SOPs, preventive mainte-
nance plans/activities and complete method validation scenarios are a crucial part of 
initial considerations. Once these steps are initiated any changes or amendments to 
software, hardware, methods,    SOPs, etc. are not allowed or have to follow a strin-
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gent risk management-based approach usually handled by change control under 
well-defi ned, mandatory  quality management (QM)   rules and followed by a fi nal 
approval through the responsible qualifi ed person (QP). These QM rules are based 
on the aforementioned established GMP guidelines and conventions and are meant 
to show (objectively) whether any change in the complete process will infl uence the 
outcome/intended use of the system negatively. A small change in the process may 
require a complete new validation procedure.  

2.5.2     Validation 

 The in-house  validation   part requires a setup of independent experiments generally 
starting with an equivalence study showing the sensitivity and specifi city of the 
new method compared to an established standard method. Discrepancies between 
both methods have to be resolved by utilizing established DNA sequencing tech-
niques (the current ‘gold standard’) or additional methods if required. Several 
strains of each relevant group (e.g.    Gram-positive  and   Gram-negative bacteria, 
spore-formers and non-spore-formers, fungal species if relevant and additional rel-
evant groups if existing) have to be freshly prepared and identifi ed. Further, a 
system performance check or system suitability check needs to be run before every 
experiment to document correct system operation and demonstrate a fi t-for-pur-
pose state. 

 A system suitability test shall include at least one well characterized and offi -
cially certifi ed strain. In addition, a negative test with a strain delivering a true 
detectable MALDI-TOF MS profi le but resulting in ‘no identifi cation’ after data 
processing (because it is not contained in the respective database) has to be success-
fully employed throughout all experiments. 

 To show method robustness, small but deliberate changes during the analytical 
process have to be demonstrated. These can be shown by experiments at different 
temperatures and humidity, using different pipettes if exact volumes are required, 
different time frames between sample handling and processing steps and/or utiliz-
ing different lots of matrix and solvents. 

 For the precision of the method, the degree of  agreement   of multiple runs of the 
same sample or different suspensions of the same bacterial material (usually in the 
same lab within a short time) will be recorded. If different people on different days 
(ideally in different labs) using different preparations of the same bacterial sample 
are included, the intra- and inter-assay repeatability (intermediate precision) can be 
shown and documented.    
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3     Materials and Protocols 

 The protocols usually applied for routine microbial identifi cation by MALDI-TOF 
MS profi ling are quite similar among the different commercially available systems. 
In the following, protocols are described for the MALDI Biotyper (Bruker 
Daltonics), one of the leading systems with about 1500 installed instruments at the 
end of 2014. Generally, these protocols can also be applied or transferred to other 
MALDI-TOF mass spectrometers. 

3.1      Chemicals for Microorganism Identifi cation 
by MALDI- TOF MS Biotyping 

•     HPLC water,  ethan  ol, acetonitrile (ACN), trifl uoroacetic acid and formic acid  
•   Matrix: α-Cyano-4-hydroxycinnamic acid (CHCA)  
•   Standard solvent composition: ACN:water:trifl uoroacetic acid  ( 50%:47.5%:2.5% 

(v:v:v))    

 All chemicals used should  be   of highest purity (intended for use in mass spec-
trometry or HPLC). 

 The matrix solution is typically prepared by adding 250 μL of the standard sol-
vent to 2.5 mg of CHCA and vortexing the mixture until all matrix crystals are 
completely dissolved. The manufacturers usually offer small tubes with pre- 
portioned amounts of matrix to which just the adequate volume of solvent has to be 
added. The standard solvent is also available as a ready-to-use solution (cat. no. 
19182; Sigma-Aldrich). 

 The matrix solution can be stored in the dark at room temperature for up to 2 
weeks. As the organic solvents are volatile and ACN is strongly hygroscopic, it is 
recommended to review storage conditions. Storing small volumes in big tubes or 
containers as well as  w  orking for long time with opened containers for reagents can 
result in a shift in concentrations that render MALDI-TOF MS profi ling measure-
ments impossible.  

3.2      Spectrum Acquisition 

 The MALDI-TOF mass spectrometer  is   typically operated in linear mode. The 
spectrum is acquired in an  m / z  range of 2000–20,000 targeting ribosomal proteins, 
which are highly conserved and in general independent on culture conditions. It is 
recommended to perform regular calibrations with a standard, covering the  m / z  
range of interest. A total of up to 240 laser shots from different positions of the 
sample is suffi cient to obtain a representative spectrum with many characteristic 
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peaks. Latest software versions allow an early termination of the spectral acquisi-
tion as soon as enough peaks with a satisfactory resolution or amplitude have been 
acquired. Statistics from routine diagnostics in medical microbiology show that 
about 25% of the measurements are fi nished after 40–120 shots, while 50% of the 
measurements need less than 200 shots (Data source: MVZ Dr. Eberhard & 
Partners). This saves time and extends the laser life time as well as intervals between 
servicing for source cleaning.  

3.3       Direct Transfer (DT) Procedure 

 Besides the speed of  identifi cat  ion, the ease-of-use in daily routine analysis has 
been one of the main reasons for the success of MALDI-TOF MS in medical 
microbiology. This is especially true for the direct transfer (DT) procedure, which 
can be applied to most cases of routine analysis in medical microbiology. From the 
colony to be identifi ed some biological material is directly transferred to the steel 
target and smeared as a very thin fi lm on the sample spot area. Best results can be 
obtained from cultures that are still growing. So in case of fast growing bacteria, 
fresh overnight cultures are suitable and identifi cations from slow growing organ-
isms can be performed from cultures over several days. As proteins can quickly 
degrade from organisms stored in a refrigerator where they enter the lag phase, 
spectrum quality for such organisms can also quickly degrade. However, measure-
ments from colonies stored at room temperature and kept in a metabolic active 
state show acceptable spectra even after days. For smearing the colony material 
onto the steel target, inoculation loops, pipette tips or wooden toothpicks are used 
in most laboratories. Sometimes, it needs some training to establish the right tech-
nique and amount of biological material that has to be applied to the sample spot. 
Usually, very thin fi lms  t  hat can sometimes hardly be seen by the naked eye pro-
vide better results. Some users also prefer to employ ground steel targets instead of 
polished steel targets. 1  The sample spot is then directly overlaid with 1 μL of matrix 
solution, which is prepared according to the description in Sect.  3.1 . After drying 
at room temperature, spectral acquisition (see Sect.  3.2 ) can be started. Figure  1  
shows the steps of the DT method for a freshly grown colony picked from a blood 
agar plate. 2 

1   The slightly rougher structure of ground steel targets can facilitate the smearing to the right 
thickness. 
2   Most culture media are blood-based. The haemoglobin in these media can produce artifi cial peaks 
disturbing the spectral acquisition or deteriorating the identifi cation result. Thus, accidental trans-
fers of parts of the culture media to the target should be avoided. 
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3.4        Extended Direct Transfer (EDT) Procedure 

 The DT procedure provides good-quality spectra for the majority of microorgan-
isms in routine work. For some analytes like yeasts that have a more rigid cell wall, 
 the   extended direct transfer (EDT) procedure might be more advantageous. After 
smearing the colony material onto the MALDI target, the thin analyte fi lm is over-
laid with 1 μL of 70% formic acid. Then, after drying, 1 μL of the matrix solution is 
added and dried at room temperature. The formic acid can help to penetrate the cell 
walls and liberate the proteins of interest. Before applying the EDT method, it is 
advisable to check whether optimization of the  st  andard DT procedure (cf. Sect. 
 3.3 ) could also improve results. In many cases, the amount of microorganism bio-
mass transferred to the MALDI target is the more critical parameter.  

  Fig. 1     Direct transfer (DT) procedure for m  icroorganism identifi cation by MALDI-TOF MS bio-
typing: ( a ) pick small amount of biomass from a bacterial colony of a freshly (overnight) grown 
culture, ( b ) transfer the biomass onto a sample spot area on a steel MALDI target plate and smear 
it out, producing a very thin fi lm, ( c ) overlay with matrix, and ( d ) dry at room temperature before 
MALDI-TOF MS measurement       
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3.5      Ethanol/Formic Acid Extraction (EFEx) 

 The best spectrum quality can be expected with the ethanol/formic acid extraction 
(EFEx)  method  . Compared to the DT and EDT procedure, it is more laborious and 
can be performed when the simpler methods  g  ive no satisfactory spectra. This elab-
orate extraction method is also appropriate for applications like strain sub-typing 
and the acquisition of reference spectra for extending the database when maximum 
spectrum quality is critical. 

 EFEx  is   performed in an Eppendorf ®  or similar tube with a volume of 1.5 mL by 
pipetting 300 μL of water into the tube and suspending a small amount of biological 
material (e.g. one single colony from a freshly grown culture of up to 5–10 mg) into 
it. Repeated pipetting (dispensing/aspirating) and/or vortexing facilitates the mixing 
process. Then, 900 μL of ethanol (absolute) are added and the solution is thoroughly 
mixed. The tube is then centrifuged at maximum speed for 2 min. The supernatant 
can be decanted and after another centrifugation step the remaining ethanol should 
be carefully removed without touching the pellet. Subsequently, the pellet is dried 
for some minutes at room temperature, followed by the addition of 1–80 μL of 70% 
formic acid. The exact amount depends on the amount of biological material entered 
into the extraction process: About 1–5 μL are suffi cient for a small colony, while for 
bigger colonies 5–15 μL should be used. If a full 1-μL inoculation loop with colony 
material is used 10–40 μL are appropriate and for a 10-μL loop about 30–80 μL of 
70% formic acid should be used and mixed well by pipetting (dispensing/aspirat-
ing) and/or vortexing. Then, pure ACN is added in the same amount as the formic 
acid and mixed. After centrifugation for 2 min, one should obtain a small pellet with 
the residual material and a supernatant with the extracted proteins. Then, 1 μL of the 
supernatant can be pipetted onto one sample spot of the steel target. After drying at 
room temperature, 1 μL of the matrix solution can be added and again dried at room 
temperature. To prevent chemical reactions like oxidation and methylation of the 
samples that lead to peak shifts in the spectrum, the supernatant with the extracted 
proteins should be used immediately and overlaid with the matrix solution as soon 
as possible (in general within 10 min). 

 Typical MALDI MS  profi   le spectra using the EFEx procedure for the preparation 
of a variety of microorganisms from different phylogenetic branches are depicted in 
Fig.  2 .

3.6        Extraction from Blood Cultures 

3.6.1     Sepsityper Protocol 

 Blood  cultures   play an important role in medical microbiology. They allow the 
detection of pathogens in blood stream infections. Although these infections are 
severe and can lead to serious complications, there is usually only a small number 
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of 1–10 microorganisms per millilitre that can be detected. Therefore, liquid media 
in bottles are used as enrichment culture. A volume of 10–15 mL of blood is col-
lected from the patient, inoculated into a bottle and incubated in an automated sys-
tem that regularly checks for growth. As soon as the system detects growth (usually 
after several hours to days depending on the microorganism concentration and 
speed of growth), the liquid medium with the enriched microorganisms can be used 
for inoculation of usual solid media for further culture for at least another 24–48 h 
and subsequent identifi cation and susceptibility testing. As blood stream infections 
can show a quite severe clinical picture an early initiation of antimicrobial therapy 
is essential. This is the reason why for an initial analysis direct microscopy with 
Gram staining is performed as soon as the blood culture has turned positive in order 
to estimate the group of organisms and a potentially effective therapy. MALDI-TOF 
MS now allows the identifi cation directly from a positive blood culture bottle with-
out subculture and identifi cation results can be available about 12–24 h earlier. 

 There are several protocols  p  ublished for the extraction of proteins for microor-
ganism identifi cation directly from positive blood cultures (La Scola and Raoult 
 2009 ; Christner et al.  2010 ; Moussaoui et al.  2010 ; Stevenson et al.  2010 ; Ferreira 
et al.  2011 ; Schubert et al.  2011 ). The main objective of all procedures is to enrich 
the cultured microorganisms and to separate them from blood cells and other blood 

  Fig. 2    MALDI-TOF MS profi les acquired using the ethanol/formic  a  cid extraction (EFEx) 
method for four microorganisms belonging to different phylogenetic branches: the mold  Aspergillus 
fumigatus , the Gram-positive bacterium  Bacillus subtilis , the yeast   Candida albicans ,   and the 
Gram-negative bacterium  Escherichia coli        
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components. Especially, the haemoglobin of the erythrocytes can perturb the 
MALDI-TOF measurement and need to be excluded. 

 For the MALDI Biotyper system, the  man  ufacturer offers a ready-to-use kit 
(MBT Sepsityper IVD Kit) which has been investigated in more than 20 published 
studies (see e.g. Kok et al.  2011 ; Schubert et al.  2011 ; Yan et al.  2011 ; Buchan et al. 
 2012 ; Juiz et al.  2012 ; Klein et al.  2012 ; Loonen et al.  2012 ; Schieffer et al.  2014 ) 
and is currently the  only   IVD-CE kit for this purpose. The kit comprises a lysis buf-
fer, a washing buffer and 1.5-mL plastic reaction/microcentrifugation tubes. As the 
procedure is based on the EFEx method, the same reagents as for EFEx should also 
be used. 

 The extraction is started by transferring about 1 mL of the blood culture fl uid to 
the 1.5-mL plastic reaction tube. In the next step, 200 μL of the lysis buffer are 
added and mixed by vortexing for about 10 s. 3  The tube is then centrifugated at 
13,000 rpm for about 2 min and the supernatant is removed. The remaining pellet is 
suspended in 1 mL of the washing buffer and mixed by pipetting several times up 
and down (i.e. dispensing/aspirating). After another centrifugation step for 1 min at 
13,000 rpm, the supernatant is again removed. The EFEx procedure can now be 
performed using the resulting pellet by suspending it in 300 μL of HPLC-grade 
water, adding 900 μL of ethanol and mixing the solution. After fi nishing these 
extraction steps, 1 μL of the extract can be transferred to a spot on the target, dried 
and then overlaid with 1 μL of matrix solution (cf. Sect.  3.5 ). The MALDI-TOF MS 
profi ling measurement can then be performed with standard methods. 4  

 As haemoglobin will produce large  artifi ci  al peaks in MALDI-TOF MS mea-
surements, which render the MS spectra useless, several additional washing steps 
after lysis with the supplied washing buffer can help reducing such problems.  

3.6.2     Alternative Protocols 

 There have been other methods published for the extraction of proteins from blood 
culture. For instance, saponin (Ferroni et al.  2010 )  or   ammonium chloride (Prod’hom 
et al.  2010 ) can be used for lysis, while the separation of microorganisms from 
blood cells can be performed with differential centrifugation and gel separator tubes 
(Stevenson et al.  2010 ; Moussaoui et al.  2010 ) or just with simple sedimentation (La 
Scola and Raoult  2009 ; Christner et al.  2010 ; Ferreira et al.  2011 ).   

3   For blood culture bottles that contain charcoal for adsorbing antimicrobial substances, fi ltering 
the blood culture/lysis buffer mixture in the fi rst steps with a spin column like SigmaPrep (cat. no. 
SC1000-1KT, Sigma-Aldrich; centrifugation for 2 min at 2000 rpm) can remove the distracting 
particles. For blood cultures with resin particles this procedure is not needed. 
4   Sometimes it is advisable to accept slightly lower score values. In the rare cases when more than 
one pathogenic microorganism is suspected in the blood culture or when Gram staining already 
shows multiple morphologies in microscopy, mixture algorithms can be applied for identifi cation. 
However, in general, blood cultures only contain one microorganism. 
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3.7     Limitations of Standard Extraction Methods 

 The described procedures for microorganism profi ling, especially the effortless DT 
method (cf. Sect.  3.3 ), have disburdened the routine microorganism identifi cation 
process in medical microbiology. Furthermore, new workfl ows have been made 
possible as subsequent steps can now be based on precise identifi cation results. 
Nevertheless, there are microorganisms that are resistant to standard extraction pro-
cedures and give low-quality spectra with no or only a low number of peaks. 

 As some of these pathogen groups can play an important role in infectious dis-
eases adapted protocols have been developed or are still under review. 

3.7.1     Filamentous Fungi 

 One of the above mentioned  gro  ups of microorganisms are the fi lamentous fungi. 
Usually, culture on solid media is performed with subsequent microscopy of the 
grown fungi. Identifi cation is then based on the micromorphological structures 
observed in the different growth states of the fungus. Since these different growth 
states and also the sporulation of the fungi provide problems for MS spectrum 
acquisition, special culture conditions and extraction procedures can produce ana-
lytically more valuable spectra. 

 Different protocols have been published with several starting from mycel grown 
on solid media (Cassagne et al.  2011 ; Iriart et al.  2012 ; Lau et al.  2013 ; Ranque 
et al.  2014 ), one using a short incubation of mycel in liquid medium to unify the 
fungal material before extraction (Schulthess et al.  2014 ). 

 Figure  3  shows the identifi cation of a  fun  gus by conventional microscopy (a) and 
mass spectral analysis (b).

3.7.2        Mycobacteria 

  For   mycobacteria, special extraction methods are currently under review. These 
bacteria have only a low number of ribosomes, and standard extraction methods 
cannot usually overcome their rigid cell walls. Generally, the currently adapted 
methods apply silica or zirkonia microbeads to disrupt cell aggregates and make the 
cell surface more accessible to the extraction solution (Lotz et al.  2010 ; Saleeb et al. 
 2011 ; El Khéchine et al.  2011 ; Balada-Llasat et al.  2013 ; Buchan et al.  2014 ). 
Reported identifi cation rates are in the range of 80–90% of strains occurring in 
clinical routine work. The results show some limitations in distinguishing very 
closely related species, similar to the limitations of 16S rDNA sequencing but in 
some cases somewhat superior. As an example,    the  Mycobacterium tuberculosis  
complex members cannot be differentiated from each other but there are reports  that 
   Mycobacterium abscessus  and  Mycobacterium massiliense , both sometimes 
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  Fig. 3    Identifi cation of the fi lamentous fungus  Aspergillus terreus : ( top ) by microscopy using the 
characteristic size and shape of cells and micromorphological structures (e.g. from conidia 
(spores), which are formed on long cells sitting on round vesicles); ( bottom ) by MALDI-TOF MS 
profi le analysis, allowing identifi cation 2 days before characteristic morphological structures are 
observed by microscopy       
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regarded as subspecies  M. abscessus , can be differentiated (Tseng et al.  2013 ; 
Fangous et al.  2014 ). 

 A further fi eld of improvement is the identifi cation  of   mycobacteria directly from 
liquid media which have been directly inoculated with patient sample material (gen-
erally sputum or aspirates from the patient’s respiratory tracts). This might be the 
most signifi cant contribution of MALDI-TOF MS towards mycobacteria identifi ca-
tion as it will further accelerate microbiological routine analysis. However, prob-
lems with low cell count in the samples and interference from the patient’s sample 
matrix may have to be overcome to achieve this. 

 A MALDI mass spectrum collected based on the microbead preparation method 
published by Buchan and co-workers (Buchan et al.  2014 ) is shown in Fig.  4 .

3.8          Interpretation of Identifi cation Results 

 Identifi cation through the dedicated software of the different manufacturers is often 
based on proprietary algorithms. These algorithms differ signifi cantly from each 
other.  The   calculation and interpretation of values for identifi cation purposes is 
defi ned by the corresponding manufacturer. 

 With the MALDI Biotyper system a log(score) value is calculated to indicate 
reliability of the identifi cation result. For the match of a spectrum with each 
 database reference entry (MSP), a score is initially calculated by multiplication of 

  Fig. 4    Profi le mass spectrum of the mycobacterium  Mycobacterium fortuitum  after bead- 
supported extraction of proteins. The microorganism was cultivated on solid Löwenstein–Jensen 
medium       
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three independent values. These  values   are (a) the proportion of peaks from the 
newly acquired spectrum, which match with peaks from the reference peak lists of 
the database entries (MSPs), (b) the proportion of the MSP peaks, which match with 
peaks from the unknown spectrum, and (c) the overall correlation of peak height of 
both the unknown spectrum and the MSPs. The result is a list of scores between 0 
and 1000. The most similar MSP has the highest score value. By taking the loga-
rithm the respective log(scores) are calculated and then ranked by value. The high-
est log(score) value (maximum of 3) is used for identifi cation, while the following 
matches can be used for a reliability/quality check. 

 Initially, the manufacturer defi ned  thresholds   for identifi cations at the genus 
(≥1.7) and species (≥2.0) level. These were also the acceptance criteria applied in 
the  respective   IVD-CE study by the manufacturer in 2008/2009. Subsequent studies 
of users have shown that the thresholds might be too stringent and sensitivity (pro-
portion of identifi cations) of the system can be increased without signifi cantly los-
ing specifi city, i.e. inducing a higher rate of misidentifi cations (Theel et al.  2011 ; 
Alatoom et al.  2012 ; Fedorko et al.  2012 ). Szabados and co-workers even proposed 
the utilization of species-specifi c thresholds (Szabados et al.  2012 ). As the database 
has evolved and expanded over the years, the manufacturer removed the genus- 
specifi c limit and redefi ned the log(score) values of 1.7 and 2.0 as thresholds for 
low-confi dence and high-confi dence identifi cation at the species level, respectively. 
Similarly, the threshold for identifi cation of microorganisms directly isolated from 
positive blood cultures was adjusted. 

 In diagnostics, it is sometimes advisable to know which score level can be 
reached for different species under routine conditions. This can help with  the   inter-
pretation of the results. For example, enterobacteria usually yield high log(score) 
levels up to 2.3 or more. In cases where identifi cations show lower log(score) levels 
than usual the identifi cation result should be reviewed as the lower score can be a 
sign of impure or mixed cultures or other problems in spectra acquisition that can 
lead to a lower discriminatory power. Statistics of scores from prior identifi cations 
for particular species can be utilized to fi nd additional species-specifi c criteria for 
acceptance of the identifi cation results.  

3.9     Databases 

 Acquired spectra are typically compared to a database of reference spectra (cf. Sect. 
 3.8 ). Current database versions have grown over time to several thousand references 
and are suitable for routine use in medical microbiology. 

 Nevertheless, due to the broad range of microorganisms that can occur in routine 
clinical microbiology analysis there are cases when good-quality spectra show no 
matches against the database. The software then shows implausible results with 
scores indicating low reliability of identifi cation. Contrary  to   conventional bio-
chemical identifi cation systems, the software of MALDI-TOF MS-based systems in 
principle allows the extension of the database. As the databases of different manu-
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facturers are generated differently, based on different mathematical algorithms and 
identifi cation principles, there are also differences between the systems regarding 
their possibility to extend the database with own reference spectra. 

  The   Vitek MS system (bioMérieux)   is a pure IVD system, which allows no 
expansion of the database by the user. This is not only due to the restrictions imposed 
by the principles of an in vitro diagnostic system but also to a limitation of the algo-
rithm used for the generation of the database. In short, the advanced spectra classi-
fi er algorithm uses a network of biomarkers to characterize a reference spectrum of 
a given species. For this, a spectrum is divided into thousands of bins. For each bin, 
the value for identifi cation of the species as well as its value for identifi cation of all 
other species in the database is calculated. The result is not a database of reference 
spectra but a kind of a ‘biomarker network’. This network has to be calculated anew 
for each database extension which is only done by the manufacturer for database 
updates. 

  However , the  VITEK MS plus system   has a second,    RUO, database which is 
based on SARAMIS (Spectral ARchive And Microbial Identifi cation System) for-
merly developed by the company ANAGNOSTEC in Germany. SARAMIS stores 
raw peak lists from measured strains as well as the so-called ‘Super Spectra’ in its 
database. ‘Super Spectra’ are the main tool for identifi cation. They consist of 
curated peak lists from multiple measurements with a manually introduced weight-
ing of characteristic peaks for genus and species. The user can also introduce own 
‘Super Spectra’ to extend the database. This is performed based on own measure-
ments and a manual weighting process of the characteristic peaks. 

 The  MALDI Biotyper database   is available in two IVD versions, which do not 
support any extensions by the user. The one called MBT-CA (MALDI Biotyper—
Clinical Application) is dedicated to the US diagnostic market, which is regulated 
by  the   FDA (US Food and Drug Administration). The other system is  the   IVD-CE 
MALDI Biotyper, which is intended for the European market and other countries 
where European  c  ertifi cations are applied. In addition, a research-use-only system 
(MALDI Biotyper RUO) is available. It  use  s the same algorithms as both diagnostic 
systems and contains  th  e same general database as the IVD-CE MALDI Biotyper. 
The MALDI Biotyper  RUO   database can be extended by the user with own refer-
ence spectra (MSP). 

3.9.1     Database Extension and Creation of Own MSPs for the MALDI 
Biotyper System 

  The   creation of own MSPs in the MALDI Biotyper software is quite simple and 
compatible with the usual workfl ow in microorganism identifi cation. For this, a 
spectrum with the best possible quality should be acquired. Thus, the optimum pro-
tein extraction method should be applied for the given microorganism. In general, 
the EFEx method is used for bacteria. For compensation of a potentially high mea-
surement variance, the spectrum is acquired multiple times. Therefore, the extract is 
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transferred to eight sample spots on the target. These eight spots are measured at 
least three times resulting in 24 spectra of the pure microorganism. An accurate cali-
bration of the MALDI-TOF MS instrument before measurement is mandatory. 

 After alignment of the 24 microorganism spectra in the fl exAnalysis spectra 
evaluation software (Bruker Daltonik GmbH), they can be reviewed visually and 
selected in a manual process. Spectra that show conspicuous deviations from the 
other spectra can then be excluded. In general, it  is   advisable to use about 20 spectra 
for the calculation and creation of the MSP in the MALDI Biotyper software for 
best database entry creation. This ensures an adequate weighting of frequent and 
less stable peaks. The resulting MSP should be checked by running an identifi cation 
of itself against the existing database entries. If there are no implausible results and 
the new strain can be clearly differentiated from other MSPs, it can be used in rou-
tine identifi cation. In case of database updates by the manufacturer, own database 
entries should be reviewed and checked for confl icts with new entries.       
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Future Applications of MALDI-TOF MS 
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Markus Kostrzewa and Arthur B. Pranada

Abstract The appearance of MALDI-TOF MS in microbiological laboratories has 
rapidly induced new ideas of its potential for further applications to improve 
microbe characterization. Its introduction into routine analysis is well justified on 
the basis of accuracy, speed, and cost-effectiveness. Further, laboratory staff with-
out any prior knowledge of mass spectrometry can be easily trained and convinced 
of the ease of using MALDI-TOF MS. Two applications in microbiology are most 
promising and shall be highlighted here.

One is the determination of microbial resistance/susceptibility. Traditional meth-
ods to detect susceptibility or resistance against antimicrobial drugs are time con-
suming. Frequently overnight incubation is required, leading to significantly 
delayed adapted therapy. Alternatively, for some resistance phenomena fast DNA-
based methods are used which are often expensive and laborious. Further, there are 
limitations for molecular tests in cases of a multiplicity of different resistance genes 
or newly emerging resistance variants. Typical examples are emerging resistance 
types against β-lactam anti-infectives. Functional assays using MALDI-TOF MS 
for detecting the cleavage of the β-lactam ring can detect resistance in less than 2 h. 
Further assays using MALDI-TOF MS are under thorough evaluation. MALDI-
TOF MS may also be used for typing microbial strains in the near future. Spectra 
acquired from bacteria and fungi do not only contain species- specific information 
but can also be used to differentiate subgroups within a species. In some cases, the 
identification of resistant or particular aggressive (virulent) strains is possible. 
In addition, sub-differentiation can be valuable for tracking strains in the course of 
infection control or epidemiological studies.
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1   Introduction

With the introduction of matrix-assisted laser desorption/ionization-time-of-flight 
(MALDI-TOF) mass spectrometry (MS) for fast microbe identification in the clini-
cal microbiology laboratory the workflow in most labs has changed fundamentally. 
In particular, the information about the identity of a bacterium or yeast is now avail-
able at least about one day earlier than the information about antibiotic susceptibil-
ity or resistance, creating a significant time gap between both. While the fast 
identification is of interest and helpful for therapeutic decision making with physi-
cians becoming quickly used to this new service, the successful application of anti-
biotic therapy is often still only possible after conventional, time-consuming 
antimicrobial susceptibility testing (AST). To date, phenotypic susceptibility testing 
with conventional methods is performed by culturing the microorganism together 
with the antimicrobial substance for a predefined time. The level of inhibition of 
growth of the microorganism caused by the antimicrobial substance allows a catego-
rization into clinically ‘susceptible’ (high likelihood of therapeutic success with this 
antimicrobial against the microorganism), ‘intermediate’ (uncertain effect, high 
dosage level may be needed to be effective) or ‘resistant’ (therapeutic success is 
unlikely). Clinical breakpoints for those categories in combination with different 
antimicrobials and microorganisms are determined by organizations like EUCAST 
(European Committee on Antimicrobial Susceptibility Testing) or CLSI (Clinical 
and Laboratory Standards Institute) located in the USA. Incubation time for conven-
tional AST is usually about 18–24 h, although with automated systems incubation 
time can sometimes be shorter. The demand for accelerating this part of diagnostics 
is obvious and has led to increased activities in developing adequate technologies.

In the race between technologies to fill this gap—a competition which still has 
not been concluded—one obvious option is to use MALDI-TOF MS. The necessary 
instrumentation has already been established in many laboratories and MALDI- 
TOF MS has been proven to be a fast, robust and cost-effective technology. Very 
different MALDI-TOF MS approaches have already been undertaken to enter the 
field of antibiotic resistance testing. Although thorough investigations and further 
studies still have to prove their performance in the clinical microbiological labora-
tory, it appears that some of them will make it into routine analysis.

2  Applications

2.1  Genotypic Methods: The Search for Antibiotic Resistance 
Markers in the MALDI–TOF MS Profile

Already in the very early days of MALDI-TOF MS profiling of microorganisms, a 
major goal was the differentiation of the two groups of Staphylococcus aureus that 
differ in their susceptibility or resistance against methicillin and related antibiotics, 
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MSSA and MRSA  (Methicillin Sensitive Staphylococcus aureus and Methicillin 
Resistant Staphylococcus aureus). Staphylococci are facultative pathogenic bacte-
ria which can colonize mucosa and skin. Under certain conditions, like small lesions 
of the skin, they can cause invasive infections. Among the staphylococci the species 
S. aureus is the most significant. With several virulence factors, this species has the 
potential to be responsible for many diseases. Furthermore, S. aureus has shown 
growing resistance against several important antibiotics over the years (Lowy 
2003). While it was initially susceptible to penicillin, which was introduced in the 
1940s, resistant isolates producing penicillinase, a penicillin-hydrolyzing enzyme, 
were already observed by the end of that decade (Barber and Rozwadowska-
Dowzenko 1948). A similar history could be seen with the introduction of the 
penicillinase- stable anti-infective substance methicillin in 1959: 2 years later, in 
1961, the first MRSA were found (Jevons 1961). The genetic key element for this 
was a gene called mecA encoding for an altered additional penicillin-binding pro-
tein PBP2a that has a low affinity to all β-lactam antibiotics (Enright et al. 2002). 
This renders the large and widely used group of β-lactam antibiotics, which are 
often applied in initial and empirical therapy, useless and is one of the reasons why 
rapid differentiation between MSSA and MRSA today is important for clinical 
practice.

The idea of using MALDI-TOF MS profiling is to differentiate both groups by 
characteristics in their protein profiles. Several reports indicated the possibility of 
this by a simple MS profile comparison (Edwards-Jones et al. 2000; Du et al. 2002) 
but other authors argued against it (Bernardo et al. 2002). In this context, Szabados 
et al. (2012) could demonstrate that two strains having the same genetic background 
did not show any difference in their protein mass fingerprint. For their experiments 
they used one strain with and one without the SCCmec cassette harboring mecA, 
resembling isogenic MRSA and MSSA strains, respectively. These results clearly 
argued against any characteristic difference between mass fingerprints of MRSA 
and MSSA strains. But new findings did change this view again. It was shown that 
a characterization of Staphylococcus aureus as MRSA with very high specificity, 
although limited sensitivity, can be done based on a single peak at m/z 2415 which 
is indicative for a small protein, psm, encoded on certain types of mecA cassettes 
(Josten et al. 2014). As only a subset of MRSA contains such a mecA cassette the 
sensitivity of this detection method is limited and dependent on the respective geo-
graphical region with its particular distribution of MRSA clonal groups. A further 
interesting aspect is that this peak can only be detected by simple ‘smear’ (direct 
transfer) preparation of the bacterial sample but not by tube extraction of its  proteins, 
a fact which might have prevented its detection in earlier studies, e.g., by Szabados 
et al. (2012). The automated detection of the psm peak in S. aureus profiles is cur-
rently under development and, together with Bacteroides fragilis division II detec-
tion as described below, may be the first diagnostic resistance screening method 
based on simple MALDI-TOF MS profiling introduced to clinical microbiology 
practice. Such approaches are extremely valuable as the resistance information is 
virtually available at the same time as the identification, and respective clinical 
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measures (e.g., adapted treatment or isolation of the patient) can be started at once. 
Examples of MALDI-TOF MS profiles with and without the psm indicator peak are 
given in Fig. 1.

Besides the detection of the psm-positive MRSA strains, to a limited extend the 
classification of a Staphylococcus aureus strain as MRSA or MSSA can be per-
formed based on other typing information. Here, the applicability of MALDI-TOF 
MS profiling to determine mutations of S. aureus has been described by Josten et al. 
(2013).

In addition to the important MRSA case, there are two further examples for 
resistance prediction based on characteristic protein profile mass spectra. One has 
been published for the anaerobic gram-negative bacterium Bacteroides fragilis. For 
this species two molecular divisions are known, i.e., division I and II, respectively. 
The more rare division II carries a gene, cfiA, encoding for a very potent 
 metallo-β- lactamase. This enzyme cleaves and thereby inactivates virtually all 
β-lactam antibiotics including carbapenems, a very powerful and today’s last 
resort antibiotic. Two independent groups described the differentiation of both 
divisions by simple MALDI-TOF MS analysis (Nagy et al. 2011; Wybo et al. 2011). 
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Fig. 1 Sections of MALDI profile mass spectra acquired for two Staphylococcus aureus strains. 
The methicillin-susceptible strain (MSSA) spectrum (upper panel) does not contain the peak for 
delta toxin at m/z 3007 nor the psm peptide peak at m/z 2415. The spectrum of the strain given in 
the lower panel exhibits both peaks which is typical for an agr-positive MRSA strain.
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Division II B. fragilis profiles exhibit a number of characteristic peak shifts com-
pared to division I which can be visually observed in the mass spectra, as depicted 
in Fig. 2, and also detected by different bioinformatics means, as described by the 
authors. This genotypic resistance prediction can be very useful in the future as the 
respective strains might not express the full β-lactamase activity in the beginning 
but could get activated under treatment. Implementation into routine analysis 
seems to be possible and eligible (Fenyvesi et al. 2014).

A further typing approach for resistance detection was described by Griffin and 
coworkers (2012). They used a commercial software package (ClinProTools, 
Bruker Daltonik GmbH, Bremen, Germany) to calculate a multivariate statistic 
model which should discriminate vancomycin-resistant Enterococcus faecium 
(vancomycin-resistant enterococci, VRE) from those that are vancomycin-suscep-
tible. Their model worked very well in a first experimental internal validation (sen-
sitivity of 92.4% and a specificity of 85.2%) and even better implementation into 
their routine analysis (sensitivity and specificity at 96.7% and 98.1%, respectively). 

Fig. 2 Pseudo gel view of profile mass spectra of three strains each of Bacteroides fragilis division 
I (a) and division II (b). In the pseudo gel view, a gray scale is used for ion signal intensities. 
Arrows depict characteristic peak shifts between these two divisions
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On the other hand, a German group has argued against the use of MALDI-TOF MS 
for vancomycin resistance detection by such a typing approach (Lasch et al. 2014). 
In their study, they did not identify any statistically relevant marker peaks linked to 
glycopeptide resistance determinants (vanA, vanB) in E. faecium. So it might be 
that the findings of Griffin and coworkers are based on a special epidemiological 
situation and not transferable to other parts of the world.

The beauty of peak-based profiling approaches as described above is their sim-
plicity and speed. The information is easily available within the spectrum which has 
been acquired for identification and can be readily investigated by a second, dedi-
cated algorithm adapted to finding the resistance marker of interest. Thereby, after 
introduction of such algorithms into commercially available systems, the idea of 
resistance detection at the same time as identification of a microbe can become true. 
However, this will only be possible for some particular species where a resistance 
phenomenon is linked to a specific peak pattern and thereby only a facet of MALDI- 
TOF MS-based resistance detection. A further drawback of such an approach, as for 
any genotypic method, is the fact that only a genetic predisposition for resistance 
can be quickly established. False positives, e.g., by inactive resistance genes, and 
false negatives, e.g., through non-detectable new variants, cannot be excluded. The 
real, active resistance status of a microorganism has to be determined by functional 
assays.

2.2  Functional Assays for Resistance Detection Using 
MALDI-TOF MS

2.2.1 Detection of β-Lactam Hydrolysis

The currently most near-to-routine MS-based resistance detection method is the 
cleavage analysis of β-lactam antibiotics (penicillin and its modern successors). 
This analysis will probably become the first widely used routine resistance detec-
tion by MALDI-TOF MS. The assay is based on the observation of the enzymatic 
activity of β-lactamases, destroying the antibiotic drugs by hydrolysis. β-lactamases 
are key to the most common resistance mechanism against the large group of 
β-lactam antibiotics. These enzymes are synthesized and excreted by resistant 
microorganisms. Point mutations in their genes can also cause resistance against 
newer classes of β-lactam antibiotics like the widely used broad-spectrum cephalo-
sporins or the carbapenems, which have the broadest activity and should only be 
used in cases where other β-lactams are ineffective. Very often β-lactamases are 
encoded by genes located on plasmids. These are transferable DNA elements, which 
can easily transport the resistance from one bacterium to the other and thereby 
accelerate the spread of resistance. They are sometimes even linked with other 
genetic elements conferring resistance against other classes of antibiotic substances 
and thus causing resistance against multiple drugs.
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Enzymatic cleavage by hydrolysis of the antibiotic’s β-lactam ring in a first step 
leads to the addition of a water molecule to its chemical structure, resulting in an 
increase in molecular mass of about 18 Da. A further reaction, cleavage of a CO2 
from the molecule, frequently causes a mass change of −44 Da. Such mass changes, 
although tiny for classical technologies known from microbiology and molecular 
biology, can easily be detected by mass spectrometry. Thereby, MALDI-TOF MS 
enables a totally new way in microbiology to monitor this reaction.

Several variations of the assay have been described by different authors. The first 
publications have shown the applicability of the MALDI-TOF MS-based assay to 
carbapenemase activity detection (Hrabák et al. 2011; Burckhardt and Zimmermann 
2011), focusing on the most powerful and threatening β-lactamases. Sparbier and 
coworkers described that MALDI-TOF MS can be used to investigate many differ-
ent classes of β-lactams, making it broadly applicable in microbiology. Hrabák and 
colleagues (Hrabák et al. 2011) used 2,5-dihydroxybenzoic acid (DHB) as MALDI 
matrix, while Burckhardt and Zimmermann (2011) as well as Sparbier and cowork-
ers (2012) preferred α-cyano-4-hydroxycinnamic acid (CHCA).

An exemplary protocol for the detection of β-lactamase activity is given in 
Sect. 3.2.

While a few authors have published on the utilization of this method for various 
bacterial species and β-lactam antibiotics (Hrabák et al. 2012; Kempf et al. 2012; 
Carvalhaes et al. 2012; Lee et al. 2013; Pavelkovich et al. 2014; Sauget et al. 2014a) 
others have worked on its extension towards a broader and more advanced applica-
bility. One of these extensions is the usage of the MS-based assay for enzyme char-
acterization. Here, the general principle of using an enzyme-specific inhibitor has 
already been shown in the publication of Sparbier and coworkers (2012) for several 
antibiotics using clavulanic acid as well as for piperacillin/tazobactam. Also, these 
authors showed the confirmation of carbapenemases of the Ambler class A (e.g., 
KPC, Klebsiella Pneumoniae Carbapenemase) using carbapenem antibiotics and 
the inhibitor APBA (amino-phenol-boronic acid). Further, scientists showed the 
applicability of this characterization assay with different antibiotic drug/inhibitor 
combinations and for different bacteria (Álvarez-Buylla et al. 2013; Hoyos-Mallecot 
et al. 2013; Johansson et al. 2014a, b). The possibility to detect and characterize 
β-lactamase activity at the molecular level might not only be interesting for clinical 
diagnostics but also for future drug development.

The second of the advanced applications, which might become the most impor-
tant one in future, is the combination of the MALDI β-lactamase assay with the 
direct identification of bacteria from positively flagged blood cultures as it is 
described in the preceding Chapter ‘MALDI Biotyping for Microorganism 
Identification in Clinical Microbiology’. The speed of resistance detection for very 
important groups of bacteria, in particular the detection of ESBL (Extended 
Spectrum β-Lactamase) and CRE (Carbapenem Resistant Enterobacteriaceae), 
directly after rapid identification can be a major step towards improved treatment of 
sepsis or bloodstream infections. A proof-of-concept experiment has already been 
shown by Sparbier et al. in 2012. Carvalhaes et al. (2014) detected 21 of 29 
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 carbapenemase producers in 100 randomly selected positive blood culture bottles 
after 4 h of incubation time for the cleavage reaction. Jung and coworkers (2014b) 
 investigated enterobacteria from 100 consecutive positive blood cultures. They 
were able to discriminate between bacteria susceptible or resistant for aminopenicil-
lins with 100% sensitivity and specificity, also for resistance to third-generation 
cephalosporins in enterobacteriaceae that constitutively produced class C 
β-lactamases. Species expressing class A β-lactamases were characterized with a 
sensitivity and specificity for this group of 100% and 91.5%, respectively. For the 
anaerobe Bacteroides fragilis, the bacterial pellet recovered from spiked blood cul-
tures was used in a totally MALDI-TOF MS-based sequential ‘identification—
resistance typing (for division I or II, as described above)—carbapenemase activity 
confirmation’ workflow in only 3 h (Johansson et al. 2014b). These results show the 
great potential of such a diagnostic test.

Finally, there is also some hope to apply a similar test to other types of resistance, 
namely for aminoglycosides where the main resistance mechanism is also based on 
an enzymatic modification of the antibiotic drug (Wright 2005). Aminoglycoside 
inactivation can be performed by different enzymatic reactions, i.e., modifications 
by acyltransferases, phosphotransferases, and nucleotidyltransferases. Future might 
also see MALDI-TOF MS as a diagnostic system here although respective assays 
still have to be established.

2.2.2  Other Antibiotic Resistance Detection Methods by Protein 
Profile Changes

The first publication about a resistance assay observing a protein profile change 
came from the area of fungal resistance testing. Here, a particular need exists as 
little fungal resistance testing is done in diagnostic laboratories at all and virtually 
no rapid test is available. Marinach and coworkers (2009) reported that the yeast 
Candida albicans grown for 24 h in a dilution series of an antimycotic drug, fluco-
nazole, at a particular drug concentration changes its mass profile. The concentra-
tion at which the profile change occurred was in a maximum range of one dilution 
difference compared to the MIC (minimum inhibitory concentration) set for tradi-
tional tests by the CLSI (Clinical and Laboratory Standards Institute). The lowest 
concentration which caused the MALDI-TOF MS profile change was named MPCC 
(Minimal Profile Changing Concentration). An Italian group applied this assay with 
slight modifications to other Candida species and also Aspergillus species using the 
antifungal drug caspofungin (De Carolis et al. 2012). They used commercial soft-
ware for data analysis (CCI, part of MALDI Biotyper, Bruker Daltonik GmbH) and 
thereby simplified the workflow significantly. Complete essential agreement was 
observed with the CLSI reference method. Essential agreement here was defined as 
agreement at a drug concentration within 2 twofold dilution steps. Categorical 
agreement with the breakpoints for susceptibility and resistance was observed for 
94.1% of isolates tested. Although being an important first step, this assay still 
needed 15 h of incubation time. Later, the same group modified the test to simplify 
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and accelerate it (Vella et al. 2013). First, they reduced the assay to a breakpoint 
assay, i.e., the number of incubation concentrations was reduced to three: no anti-
mycotic, an intermediate drug concentration, and the maximum drug concentration, 
respectively. Resistance prediction was done by comparison of the profile at the 
breakpoint concentration with the profile at the two other concentrations. Resistant 
yeasts show identical profiles at the intermediate concentration and after incubation 
without any antimycotic drug. Second, they reduced the incubation time down to 3 
h only. An excellent agreement (98.4%) with only one very major categorical error 
was achieved for 62 Candida albicans strains. These results show the high potential 
of the method but it still has to be reproduced by other routine laboratories. Also an 
MPCC assay has never been applied successfully to detect resistance in bacteria.

For bacteria, a novel method has recently been reported which is somewhat 
related to established metabolic labeling methods from MS-based quantitative pro-
teomics such as SILAC (Hoedt et al. 2014). The new assay directly observes activ-
ity of protein synthesis in cells using media containing stable isotope-labeled 
nutrient compounds. In one publication, the protein synthesis was performed in a 
medium, which was entirely labeled with 13C (Demirev et al. 2013). The experiment 
was performed in three vials, labeled medium with (1), and without (2) the antibi-
otic as well as in a control without antibiotic in unlabeled medium (3). A susceptible 
cell incubated in labeled medium is inhibited by the antibiotic drug and will not start 
protein synthesis. Thereby the cell will not synthesize proteins with an increased 
molecular mass, while a resistant microbe will quickly synthesize proteins with an 
increased molecular weight. In the protein profile, the increase of molecular masses 
can be observed. A drawback of this version of the assay are the entirely 13C-labeled 
media which are not all commercially available today and are expensive to make. 
Sparbier and coworkers (Sparbier et al. 2013) published a somewhat different assay 
which they called MS-RESIST (Mass Spectrometry-based Resistance Testing with 
Stable Isotopes). They incubated the bacteria in a medium where only one amino 
acid was substituted by a labeled one (13C6/15N2-L-lysine) and showed the differen-
tiation of MRSA and MSSA by visual as well as automated data analysis in 3 h only. 
Even 2 h is sufficient to detect Klebsiella pneumoniae carbapenem resistance 
(Kostrzewa et al. 2013). Further, the same group investigated the application of 
MS-RESIST to Pseudomonas aeruginosa strains and antibiotics of three different 
classes (meropenem, a carbapenem; tobramycin, an aminoglycoside; and ciproflox-
acin, a fluoroquinolone) in a subsequent study (Jung et al. 2014a). For each antibi-
otic, 15 strains of the susceptible and 15 strains of the resistant range (according to 
EUCAST) were tested. Incubation times were 2.5–3 h only and all strains were 
correctly classified. These results point to a broad applicability of this novel assay 
although more tests by other labs and with different antibiotic/microorganism com-
binations have to be performed. Resistance prediction from positive blood cultures 
has not been demonstrated yet.

Just after the publication of the stable isotope-based assays another variant of 
microorganism resistance testing was reported (Lange et al. 2014). Here, growth in 
normal medium is monitored. Not protein synthesis but cell proliferation is observed 
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by semi-quantification. In parallel, microorganisms are grown with and without an 
antibiotic. It is important to start with the same suspension to guarantee the same 
starting point (cell count). After a short growth phase of about 2 h, cells are  harvested 
by centrifugation and proteins are extracted by a standard method for MALDI MS 
profiling. During this procedure, an equal amount of a standard protein is spiked 
into the bacterial extracts. Acquired MALDI MS profile spectra are then used for 
the differentiation of susceptible and resistant strains. Areas under the curves of the 
bacterial profiles compared to the peak of the standard protein can be used to semi- 
quantify the amount of bacterial protein. Due to the inhibition of growth by the 
antibiotic, susceptible strains will show significantly reduced profile intensities. In 
their study, with 94 Klebsiella strains and meropenem as antibiotic, Lange and 
coworkers could demonstrate a sensitivity of 97.3% and a specificity of 93.5% for 
resistance detection. A further benefit of this assay is that the profile spectrum with-
out antibiotic can be used in parallel for identification confirmation and as growth 
control. Interestingly, this assay was even successful in a small proof-of-concept 
study with ten susceptible and eight resistant Klebsiella strains spiked and grown in 
blood culture bottles. Seventeen of these strains were correctly classified, one was 
invalidated by the lack of growth in the control. Incubation time for this test was 1 
h only. Although these are very early results, which have to be confirmed in further 
studies, such an assay could essentially accelerate bacterial resistance detection 
from blood cultures and thereby improve treatment of sepsis, one of the most severe 
microbial infections with high morbidity and mortality rates.

The latest assays described here are similar to conventional phenotypic AST 
methods. They monitor growth or inhibition of growth by antimicrobials and so 
may have some advantages in the future compared to methods only detecting resis-
tance mechanisms. Since an early initiation of an appropriate treatment can reduce 
mortality and morbidity in certain infections, the knowledge about susceptibility, 
i.e., efficacy of a drug, is sometimes preferred over the information about resis-
tance towards anti-infectives or their mechanisms. Further studies are needed to 
clarify further if these assays can reliably detect susceptibility with such short 
incubation times.

2.3  Epidemiological and Wider Typing Analyses  
by MALDI-TOF MS

Besides resistance detection, the differentiation of microorganisms below the spe-
cies level with MALDI-TOF MS is one of the objectives for the novel users in clini-
cal as well as in food and veterinary microbiology. This is again driven by the 
promise of shorter analysis time and cost reduction. The aims range from detection 
of particular infectious or virulent strains or subgroups to the tracking of individual 
strains and epidemiological surveillance. Generally, there is variation in the MALDI-
TOF MS profiles below the species level but the profile variance is very different 
from species to species, and sometimes the discriminatory power is insufficient.
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2.3.1 Examples for Microbial Typing Using MALDI-TOF MS

Because of its importance as a pathogen in clinical microbiology and appearance in 
outbreaks, S. aureus was early in the focus of investigations on MALDI-TOF MS 
typing. The possibility to discriminate strains of S. aureus by MALDI-TOF MS 
profile spectra was already reported by Bernardo and coworkers in 2002 (Bernardo 
et al. 2002). Most of this work with S. aureus was focused on MRSA/MSSA dis-
crimination as already described earlier (see Sect. 2.1). Therefore, it took some time 
until wider, less-specific typing was investigated in-depth. Investigation of the first 
outbreak of a community-associated non-multiresistant and PVL-positive MRSA 
strain in a neonatal intensive care unit in Australia revealed surprisingly good results 
with MALDI-TOF MS profiling. PVL (Pantone-Valentine Leucocidine) is a strong 
cytotoxin with the potential to cause severe skin and soft tissue infections or even 
necrotizing infections and therefore has a high impact on morbidity or even mortal-
ity. Correlation analysis of MALDI-TOF MS data led to a similar inter-strain relat-
edness as SNP-plus-binary gene typing (Schlebusch et al. 2010). In a more 
fundamental study with 25 representative MRSA isolates belonging to the 5 major 
hospital-acquired (HA-)MRSA clonal complexes (CC5, CC8, CC22, CC30, CC45) 
and 60 independent clinical MRSA isolates, Wolters and coworkers (2011) demon-
strated reproducible spectral differences based on 13 characteristic m/z values lead-
ing to 15 reproducible specific mass profiles. This allowed them to discriminate 
clonal complexes in a robust way. The authors concluded that MALDI-TOF MS has 
the potential to become a valuable first-line infection control tool for inexpensive 
and rapid typing of MRSA. Another study showed that the US300 strain, an endemic 
community-acquired (CA-) MRSA strain in the USA (also harboring the gene for 
PVL), could be separated from other S. aureus strains by a multivariate statistical 
model with three peaks (m/z 5932, 6423 and 6592). Josten and colleagues (2013) 
showed that peak shifts differentiating the main S. aureus clonal complexes CC5, 
CC22, CC8, CC45, CC30, and CC1 correlate to point mutations in the respective 
genes. A retrospective study of an MRSA outbreak showed that it was possible to 
differentiate unrelated MSSA, MRSA, and borderline resistant S. aureus (BORSA) 
strains isolated from healthcare workers. The authors concluded that MALDI-TOF 
MS allows the detection of the epidemic lineages of S. aureus during species 
identification.

For typing of gram-positive bacteria, a big challenge are vancomycin-resistant 
enterococci (VRE). In addition to the detection of VRE as described above (see 
Sect. 2.1), Griffin and coworkers reported the utilization of MALDI-TOF MS to 
determine the relatedness of isolates contributing to an outbreak (Griffin et al. 
2012). The capability of MALDI-TOF MS in combination with multivariate statisti-
cal data evaluation to differentiate vanA-positive Enterococcus faecium (VPEF) 
from vanA-negative E. faecium (VNEF) strains was also recently demonstrated 
(Nakano et al. 2014). Using a genetic algorithm, the separation of >90% of the two 
groups was achieved for 61 VPEF and 71 VNEF isolates. The authors concluded 
that this would enable the use of the technique in routine analysis. In contrast, Lasch 
and coworkers argued against the suitability of MALDI-TOF MS for E. faecium as 
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well as S. aureus typing because they did not find suitable, robust markers for this 
purpose (Lasch et al. 2014).

In the case of Streptococcus agalactiae, highly specific marker peaks have been 
detected for sequence types ST-1 and ST-17 (Lartigue et al. 2011). The strains of 
these STs are major causes of meningitis and late-onset disease in neonates. 
Therefore, it could be of high impact to introduce a MALDI-TOF MS-based screen-
ing method for those sequence types in parallel to MALDI MS identification.

Propionibacterium acnes is a commensal anaerobic, gram-positive microorgan-
ism which is of increasing importance as a potential pathogen. Phylogroup-specific 
peaks and peak shifts were identified for types IA, IB, IC, II as well as III and suc-
cessfully validated in comparison to multilocus sequence typing (MLST) with an 
independent set of 48 isolates (Nagy et al. 2013). The clinical impact of this typing 
has yet to be proven.

For Escherichia coli several groups have shown the successful application of 
MALDI- TOF MS typing. Karger and coworkers demonstrated the successful typ-
ing of Shiga toxin-producing E. coli (STEC) isolates of serotypes O165:H25, 
O26:H11/H32, and O156:H25 (Karger et al. 2010). E. coli O104:H4 from a large 
outbreak in northern Germany in 2011 could be reliably typed using MALDI-TOF 
MS profiling (Christner et al. 2014). Using libraries with entries specific for differ-
ent E. coli pathotypes, most of the pathotypes could be identified correctly in a 
study with 136 isolates (Clark et al. 2013). Sauget and colleagues studied E.coli 
isolates representing the phylogroups A, B1, B2, and D (Sauget et al. 2014b). 
Phylogroup B2, which represents the vast majority of E. coli strains causing septi-
cemia, urinary tract infections, and other extra-intestinal infections, could be dif-
ferentiated from groups A, B1, and D by a single peak shift. By this marker peak 
they accurately classified 89% of the 656 isolates investigated. Using ClinProTools 
(Bruker Daltonik GmbH) to calculate a multivariate statistical model, they were 
able to differentiate strains belonging to the phylogroup B from the other phylogroups 
with an accuracy of 92%. Therefore, MALDI-TOF MS has the potential to detect 
the most virulent strains and to monitor the epidemiology of extra- intestinal patho-
genic E. coli.

For the gram-negative pathogen Yersinia enterocolitica which is known as an 
important cause of food-borne gastro-intestinal infections, a specific identification 
of the non-pathogenic biotype 1A and pathogenic biotypes 2 and 4 was reported 
(Stephan et al. 2011).

With MALDI-TOF MS profiles from 535 Klebsiella pneumoniae strains from 
hospitals in France and Algeria, a dendrogram revealed five distinct clusters associ-
ated with particular phenotypes from different clinical and geographical sources 
and from different seasons (Berrazeg et al. 2013). Bernaschi and coworkers com-
pared clustering of K. pneumoniae by pulsed-field gel electrophoresis (PFGE), 
automated repetitive-sequence-based PCR (rep-PCR) genotyping, and MALDI- 
TOF MS profile analysis (Bernaschi et al. 2013). All typing methods agreed on the 
generation of three different clusters of K. pneumoniae isogenetic/related multi- 
drug resistant (MDR) strains. The authors suggested MALDI-TOF MS proteome 
profiling as a fast and valuable preliminary screening tool being able to support 
microbiologists during nosocomial outbreak surveys.
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Investigation of Acinetobacter baumanii, a further important pathogenic bacte-
rium involved in nosocomial outbreaks, MALDI-TOF MS has been evaluated in 
comparison with the rep-PCR-based Diversilab system (bioMérieux, Marcy 
l’Etoile, France) and a good correlation of results was found (Mencacci et al. 2012).

In the field of highly pathogenic bacteria, the successful differentiation of 
Francisella tularensis subspecies has been shown (Seibold et al. 2010). The subspe-
cies F. tularensis ssp. tularensis (or type A), which is predominantly found in North 
America, is the most virulent of the four known subspecies and is associated with 
lethal pulmonary infections. MALDI-TOF MS was also reported to be able to dif-
ferentiate the three biotypes of Yersinia pestis (Ayyadurai et al. 2010).

For fungi, much less experience exists with MALDI-TOF MS typing approaches 
than for bacteria. Pulcrano and colleagues genotyped 19 strains of Candida parap-
silosis isolated from blood cultures of neonates (Pulcrano et al. 2012). 
Electrophoretic and MALDI-TOF mass spectrometric profile results were com-
pared in order to identify similarities among the isolates and to study microevolu-
tionary changes. Both methods were found to be rapid and effective.

In the area of food microbiology, MALDI protein profile cluster analysis of 33 
Saccharomyces cerevisiae strains was compared to a DNA-based method (delta- 
PCR). It was shown that MALDI-TOF MS provides valuable information about the 
relationship between yeast strains (Usbeck et al. 2014).

In summary, there is growing evvidence that MALDI-TOF MS profiling-based 
typing has the potential to become a routine microbiological tool. In particular, 
serving as a fast and inexpensive pre-screening method, it might help to avoid 
expensive and laborious DNA-based tests and enable in some cases the typing in 
parallel to identification of the species. Still some work has to be done until typing 
by MALDI-TOF MS will be suitable for routine analysis as variations in the 
acquired spectra might also be due to slightly different culture conditions. A com-
parison of strains might also be difficult if they have been measured in different 
mass spectrometers or even in different runs of the same instrument as no standard-
ization has been proposed so far. Furthermore, there are currently no cut-offs or 
thresholds to determine similarity of strains during typing. While it is simple to see 
that mass spectra of two clonal strains are (almost) identical it is more difficult to 
separate two similar mass spectra from each other. At the moment, there is no guide-
line that exactly defines how much difference is needed in two mass spectra to 
decide that their corresponding strains are epidemiologically not related to each 
other. This is also a difficult question for the currently used typing methods that are 
usually based on genetic characteristics. These established methods and the experi-
ence in their use make them a valuable tool in the analysis of outbreaks in healthcare 
facilities. Databases with genotypes or sequence types are common, and for other 
techniques there are proposed criteria for interpretation of typing patterns like the 
criteria of Tenover and coworkers for pulsed-field gel electrophoresis (PFGE) DNA 
restriction patterns (Tenover et al. 1995). In this regard, MALDI-TOF MS-based 
typing is still at the beginning but may show its full potential when robust 
 mathematical algorithms and defined criteria for interpretation of mass spectra simi-
larity become available.
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3  Materials and Protocols

3.1  MALDI MS Profiling and Detection of MRSA Strains

A protocol for the detection of the psm profile peak is given below:

 – Prepare a direct bacterial biomass transfer (‘smear’) of the respective strain onto 
a spot of a MALDI sample target as described in Chapter ‘MALDI Biotyping for 
Microorganism Identification in Clinical Microbiology’.

• NOTE: A well-calibrated MALDI-TOF MS instrument with regard to 
peptide analysis has to be used to be able to acquire quality spectra (inten-
sity, resolution).

Sample extraction with the ethanol/formic acid method will remove the 
indicator peptide and therefore create a false negative result!

 – Load the spectrum into suitable software for mass spectra analysis.
 – Calibrate the spectrum using a conserved, generally present peak in the 

spectrum.
 – Interrogate the spectrum for a peak at m/z 2415. A mass deviation of a maximum 

up to 1 Da can be accepted.
 – Control: a strain expressing the psm peptide should also show the peak for delta 

toxin at m/z 3007 (most strains) or m/z 3037 (CC1 strains)!

3.2  Functional Assay of β-lactamase Activity Using MALDI- 
TOF MS

A typical simple protocol for the detection of β-lactamase activity is given below:

 – Start with fresh, isolated overnight culture of the test strain. Use a positive and 
negative control strain appropriate for the respective antibiotic.

 – Add 50 μL of antibiotic solution with the appropriate buffer to a PCR microtube. 
A 1.5 mL-Eppendorf tube or a well of a PCR microplate can also be used. The 
appropriate concentration depends on the antibiotic and has to be determined 
before the experiment. The range is generally between 100 and 500 μg/mL.

 – Pick three to five individual bacterial colonies with a 1 μL-inoculation loop.
 – Suspend the bacteria in the respective antibiotic solution tube (corresponding to 

3–6 × 108 cells/mL) and vortex for 5 s to mix the cell suspension.
 – Incubate the cell suspension with the bacterial test strains at 37 °C. Treat positive 

and negative control strains the same way.
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 – Centrifuge the reaction tubes for 2 min at 13,000 rpm at room temperature in a 
standard laboratory microcentrifuge. PCR microtubes/microplates should be 
centrifuged for 4 min at 4,000 rpm.

 – For each sample, pipette 1 μL of the cell-free supernatant onto a polished steel 
MALDI target plate.

 – Dry at room temperature.
 – Overlay spots with 1 μL of CHCA matrix solution (10 mg/mL in 50% acetoni-

trile) and dry at room temperature.
 – The MALDI-TOF measurement should be performed with a well-calibrated 

instrument in an m/z range of approximately 300–1000. An internal calibrant 
(e.g., matrix peak) improves the mass accuracy.

• CAUTION: Make sure to use plastic material which is compatible with 
MALDI-TOF MS!

• NOTE: Depending on the type of carbapenemase (e.g., KPC, NDM, VIM, 
OXA- 48), its activity and the buffer used (e.g., carbonate, citrate, pure 
water), the incubation time can vary between 0.5 and 4 h. Agitation (e.g., 
at 900 rpm) can accelerate the antibiotic’s degradation.

• NOTE: The occurrence of different adducts has to be considered! The ions 
in the spectrum might occur as hydrogenated forms but also as sodium or 
potassium adducts, or as a combination of these.

• NOTE: Parallel incubation of the same bacteria/drug mixture with specific 
inhibitors for drug-degrading enzymes can be used to detect and character-
ize the β-lactamase type. If the specific inhibitor significantly reduces the 
hydrolysis activity, the sample is positive for the corresponding enzyme.

• NOTE: Identification confirmation should always be performed (prefera-
bly also by MALDI-TOF MS) using the same bacteria that were used to 
analyze β-lactamase activity.

• NOTE: Multiple measurements from multiple spots should be used and 
averaged per sample for calculating cleavage performance.

Figure 3 shows an example of spectra from a β-lactam cleavage assay. An alter-
native version of this assay has been published by Hooff and coworkers (2011). 
They introduced an extraction method to use only the enzyme but not whole cells 
for the β-lactam hydrolysis detection. This variant adds preparation steps extending 
the time to result significantly. Nevertheless, although this early protocol is lengthy 
and laborious, it might have advantages for special applications if it is simplified 
and shortened. For instance, the characterization of enzymes might be improved as 
effects of the cell wall and outer membrane on the result are eliminated, and thereby 
standardization is improved.

Future Applications of MALDI-TOF MS in Microbiology
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      Whole/Intact Cell MALDI MS Biotyping 
in Mammalian Cell Analysis       

        Bogdan     Munteanu      and     Carsten     Hopf    

    Abstract     Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry 
(MS) biotyping of microorganisms has arguably emerged as the premier application 
of MALDI MS in recent years. It is now widely used in clinical microbiology as an 
approved diagnostic tool and has recently been applied beyond the clinic, e.g., in 
environmental microbiology. Not long ago the adaptation of MALDI MS biotyping 
methods to applications with non-preprocessed, whole mammalian cells has started. 
Important tasks such as standardization of cell culture, sample preparation, and data 
acquisition as well as development of suitable databases, classifi cation algorithms, 
and software are still at an early stage. However, applications of mammalian cell 
biotyping by MALDI MS in the clinic and beyond have already become visible, in 
particular in the pharmaceutical and diagnostics industry. They range from general 
quality assurance of mammalian assay cell lines, to at-line quality control of biopro-
cesses during development or production, and to the development of MALDI 
MS-based assays. In this chapter, we describe general methods for whole-cell 
MALDI MS biotyping of mammalian cells and highlight their application in devel-
opment of cell-based assays for discovery and profi ling of histone deacetylase 
(HDAC) inhibitors.  

1          Introduction 

 Since its fi rst description in 1975 by Anhalt and Fenselau (Anhalt and Fenselau 
 1975 ), whole-cell (WC) MS has revolutionized the identifi cation, characterization, 
and diagnosis of health threatening pathogens (Demirev and Fenselau  2008a ; 
Welker  2011 ; La Scola  2011 ). It was the development of  soft ionization techniques   
such as MALDI MS (Karas et al.  1987 ) in the mid-1980s that was critical for today’s 
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increased relevance of WC MS in clinical applications and beyond. MALDI MS has 
enabled the analysis of intact, labile biomolecules such as proteins without exten-
sive fragmentation. Before that, the analysis had been restricted to low molecular 
mass species such as lipids and ubiquinone, which were analyzed by plasma desorp-
tion (PD) MS. Pioneering work demonstrated that MALDI was a suitable ionization 
technique for MS to generate  species-specifi c protein fi ngerprints   from whole  cells   
that could be used for diagnostic applications (Cain et al.  1994 ; Holland et al.  1996 ). 
The expression ‘whole’ or ‘intact’ cell refers to the fact that the target cells (e.g., 
bacterial or mammalian cells) are analyzed without cell fractionation or complete 
lysis prior to sample preparation for MALDI MS analysis (Holland et al.  1996 ). 
However, the direct exposure to organic solvents, acids, and MALDI matrices 
results in cell perforation, protein extraction and lysis (Ryzhov and Fenselau  2001 ). 

 In the following years, due to rigorous method standardization and substantial 
volume increase of bacterial reference spectra, WC MALDI MS evolved to become 
a fast, specifi c, and automated method for the characterization and identifi cation of 
microorganisms in the clinical (Walker et al.  2002 ), the environmental (Koubek 
et al.  2012 ) and the biodefense fi elds (Demirev and Fenselau  2008b ; Ryzhov et al. 
 2000 ), thus shifting classical diagnostic procedures towards MS-based systems. The 
main  advantages   of WC MALDI MS are its simplicity of use, speed, and the lack of 
expensive additives (e.g., antibodies, purifi cation, or labeling reagents).  

2     Applications 

 Because of the complexity of the  eukaryotic proteome  , direct analysis  of   mamma-
lian cells by MALDI MS biotyping was deemed not feasible for a long time. In 
2006, however, Zhang and colleagues described the discriminatory potential of 
mammalian WC MALDI MS analysis in a landmark study (Zhang et al.  2006 ). 
Since then mammalian WC MALDI MS biotyping is being steadily developed for 
possible  clinical and industrial applications   (reviewed in Munteanu and Hopf  2013 ). 
Published applications were and still are mainly restricted to the biotyping of puri-
fi ed blood cells (Munteanu et al.  2012 ; Ouedraogo et al.  2010 ) and single types of 
primary cells or continuous cell lines (Zhang et al.  2006 ; Dong et al.  2011 ; Marvin- 
Guy et al.  2008 ; Hanrieder et al.  2011 ). Consequently, the true discriminatory 
potential of WC MALDI MS biotyping is not yet known, as no systematic studies 
of defi ned cell mixtures or very closely related cell types have been published yet. 
Nevertheless, much progress has been made (Munteanu and Hopf  2013 ), and these 
major improvements in mammalian WC MALDI MS biotyping beyond clinical 
applications shall be discussed here. In particular, two recent industrial applications 
have been described for mammalian WC MALDI MS biotyping, namely (1) the 
monitoring of product expression and cell viability in bioprocesses and (2) a rapid 
label-free cellular assay, e.g., for histone deacetylase inhibitors (HDACi). 
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2.1     WC MALDI MS Biotyping for at-Line Analytics 
of Bioprocesses with  Mammalian Production Cell Lines   

 WC MALDI MS biotyping studies using  Chinese Hamster Ovarian (CHO) cells  , a 
common cell line used in biotechnological processes (Kim et al.  2012 ; Rodrigues 
et al.  2014 ), have recently suggested that this technique could be a fast, cheap, and 
complementary tool for ‘at-line’ process analytics. In one example, WC MALDI 
MS biotyping has been used to monitor product expression as part of product con-
trol analytics (Feng et al.  2010 ; Feng et al.  2011 ). Most recently it has been sug-
gested that modeling based on partial least square discriminant analysis (PLS-DA) 
may be able to predict a cell line’s growth or recombinant protein productivity in  
large bioprocessing using data from early cell line construction at small culture 
scale (Povey et al.  2014 ). Other laboratories have utilized the method to distinguish 
between several cell states (healthy, apoptotic, necrotic) and to analyze cell culture 
viability (Dong et al.  2011 ; Schwamb et al.  2013 ). It has been suggested that changes 
in cellular protein patterns that can be assessed by WC MALDI MS biotyping 
enable the prediction of upcoming cell viability changes about a day earlier than 
standard cell culture monitoring would (Schwamb et al.  2013 ).  

2.2      Reagent-Free Cell-Based Drug Discovery   
and  Profi ling    Assays   

  Target engagement   describes the process of drug target activation after drug binding 
and its demonstration represents a crucial enabling step during drug discovery. The 
development of new drugs takes up to 15 years and requires a capital investment of 
approximately one billion dollars. The failure rate is high and currently nine out of 
ten drugs tested in human clinical trials do not obtain market approval, often failing 
due to a lack of effi cacy in phase II and phase III clinical trials (Paul et al.  2010 ). 
Therefore, analytical platforms are required to allow monitoring of target engage-
ment and activation in cell culture and in-vivo studies during lead optimization and, 
ideally, in human samples during clinical development. Currently applied tech-
niques such as chemoproteomics-based profi ling (Bantscheff et al.  2011 ) or the 
recently introduced cellular (and ex-vivo) thermal shift assays (Martinez Molina 
et al.  2013 ; Savitski et al.  2014 ), are multi-step procedures and require expensive 
reagents as well as extensive sample preparation and data analysis. Reagent-free 
in-situ analysis of target-proximal pharmacodynamic signatures in cells and tumors 
remains challenging. 

 In a recently published study, we provided proof-of-concept evidence suggesting 
that drug target activation by HDACi could be quantifi ed by WC MALDI MS 
 biotyping using label-free analysis of pharmacodynamic biomarkers in cancer cell 
lines without any purifi cation, extraction, or labeling procedures (Munteanu et al. 
 2014 ). We also demonstrated that the combination of WC MALDI MS biotyping 
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with MALDI MS imaging (MSI) could provide evidence of target activation in a 
gastric cancer mouse model in-vivo. 

 In the following part of this chapter we will describe in detail the general WC 
MALDI biotyping procedure as well as its adaptation for the analysis of  drug target 
activation   of HDACi (Fig.  1 )—with a major focus on sample preparation and data 
analysis. In order to distinguish the WC MALDI MS technique for HDACi evalua-
tion from the standard biotyping technique, differences in workfl ow, sample prepa-
ration, and data analysis will be indicated  in   each section of the chapter.

3         Materials and Protocols 

3.1     Materials and Equipment 

 All listed solvents are of HPLC grade and all reagents are of the highest available 
purity from various suppliers. 

3.1.1      Cell Culture   

     1.    −80 °C Refrigerator   
   2.    Cell culture laminar fl ow hood   
   3.    Diverse cell culture plates or fl asks for cell lines growing in suspension or 

adherently (e.g., from Greiner Bio-One, Solingen, Germany)   

  Fig. 1    Schematic representation of the whole-cell MALDI MS workfl ow for the evaluation of 
HDACi potency in whole  cells         
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   4.    Small-molecule drugs (e.g., histone deacetylase inhibitors (HDACi) such as 
LBH-589) (e.g., from Selleck Chemicals, Houston, TX, USA, or LcLabs, 
Woburn, MA, USA)   

   5.    DMSO (for cell culture)   
   6.    Liquid nitrogen   
   7.    Neubauer Improved (VWR Intern, Darmstadt, Germany) counting chamber (or 

similar device)   
   8.    Phosphate-Buffered Saline (PBS)   
   9.    Cell culture medium   
   10.    1.5- or 2-mL centrifuge tubes   
   11.    Refrigerated laboratory microcentrifuge   
   12.    Trypan blue solution (0.4% (w/v) in PBS) (Applichem, Darmstadt, Germany)   
   13.    Trypsin/EDTA or  alternative   cell culture dissociation enzymes (e.g., Accutase)   
   14.    Vacuum aspirator      

3.1.2     MALDI Biotyping  Sample Preparation   

     1.    0.65-mL reagent tubes   
   2.    ddH 2 O   
   3.    Ethanol, methanol, acetic acid, acetonitrile   
   4.    MTP 384 ground steel target plates (Bruker Daltonik, Bremen, Germany)   
   5.    Sinapinic acid   
   6.    Target  cleaning   solution (50% methanol/5% acetic acid; (v/v))   
   7.    Trifl uoroacetic acid   
   8.    Ultrasonic bath      

3.1.3     MS  Data Acquisition and Analysis   

     1.    MALDI-TOF mass spectrometer (e.g., Autofl ex Speed; Bruker Daltonik)  
    2.    ClinProTools 3.0  (Bruker Daltonik)   
   3.    FlexAnalysis 3.4  (Bruker Daltonik)   
   4.    FlexControl 3.4  (Bruker Daltonik)   
   5.    GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA)   
   6.    Protein  Calibration   Standard I (Bruker Daltonik)       

3.2     Protocols 

3.2.1      Cell Culture   

 This protocol section describes in detail the cell culture process for the generation 
of the required cell material for mammalian WC MALDI MS biotyping and also 
includes the required experimental steps necessary for  quantitative evaluation   of 
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HDACi. The latter can be performed both on adherent cells as well as on cell lines 
growing in suspension. The required cell culture conditions (e.g., medium composi-
tion) will not be discussed here, since each cell line has its individual requirements. 
Relevant information can be obtained from external sources (e.g., American Type 
Culture Collection,   www.atcc.org    ).

    1.     If treatment of cell cultures with drugs is desired : Dissolve HDACi in DMSO to 
prepare a 100-mM stock solution. DMSO stocks can be stored at −20 °C or for 
longer time periods at −80 °C.   

   2.    Seed suspension or adherently growing cell lines in corresponding cell culture 
dishes at a density of 5 × 10 5  cells per well in 6- or 24-well plates 12 h prior to 
treatment. 1    

   3.     If treatment of cell cultures with drugs is desired : Add inhibitor to a fi nal dilution 
of 1:1000 (v/v) into the cell culture media. For concentration-dependence stud-
ies, the fi nal inhibitor concentration should cover a wide range of concentrations, 
for example from 100 μM to 1 nM (as cell viability permits and drug potency 
requires). In addition, a control is prepared by adding 1 μL of DMSO into 1 mL 
of cell culture medium.   

   4.     If treatment of cell cultures with drugs is desired : For qualitative evaluation incu-
bate the cell culture for at least 2 h in a cell culture incubator (5% CO 2 , 37 °C). 
However, quantitative statements (EC 50  or IC 50 ) require  an   incubation time of 
24 h or longer.    

    Harvest of  Suspension Cells      

     1.    Transfer all cells into a 1.5- or 2-mL tube.   
   2.    Spin the cell suspension for 5 min at 130 ×  g  at 4 °C. Remove the supernatant 

using a pipette or a vacuum aspirator.   
   3.    Resuspend the cell pellet in PBS (~ ½ of the volume in step 1).   
   4.    Spin the cell suspension for 5 min at 130 × g at 4 °C. Remove the supernatant 

using a pipette or a vacuum aspirator.   
   5.    Repeat steps 3 and 4 twice.   
   6.    After the last washing step, resuspend the cell pellet in a small volume of PBS 

and determine cell viability and density by trypan blue staining in a Neubauer 
counting chamber or another device such as a CASY counter. Prepare cell ali-
quots at defi ned cell counts.   

   7.    Collect the cells by centrifugation for 5 min at 300 ×  g  at 4 °C. Remove the super-
natant carefully and completely without damaging the pellet.   

   8.    Freeze  cell   pellet aliquots  in   liquid nitrogen and store at −80 °C.      

1   In order to avoid the attachment of suspension growing cell lines to the plate, suspension cell lines 
must be cultivated in dishes especially designed for suspension growing cell lines while adherent 
cell lines require cell culture dishes for adherent growing. 
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   Harvest of  Adherent Cells      

     1.    Remove the cell culture medium.   
   2.    Wash the wells with PBS in order to remove cell culture medium remains.   
   3.    Add 500 μL of trypsin/EDTA or Accutase solution and incubate at 37 °C. Monitor 

the detachment process under a light microscope. 2    
   4.    Transfer the detached cells into a fresh tube.   
   5.    Perform steps 2–8 as described for the harvest of suspension cells (see above).       

3.2.2     Sample Preparation   for WC MALDI MS Biotyping 

 MALDI sample preparation has a critical impact on the reproducibility and quality 
of the MALDI MS biotyping measurement. The fi rst step consists of the preparation 
of a  sinapinic acid (SA)   thin  layer   for a homogenous sample and sensitive MALDI 
MS (Fig.  2 ). An image of an optimal thin-layer sample preparation is presented in 
Fig.  3a, b , while ‘worst’ cases are illustrated in Fig.  3c, d . The second step consists 
of applying the cells-matrix mixture to the earlier prepared thin matrix layer on the 
MALDI target.

  Fig. 2    Ground steel 
MALDI target, being held 
inclined for thin-layer 
sample preparation       

2   In order to ensure the cell integrity during the harvest process, adherent growing cell lines should 
be detached by enzymatic detachment (Trypsin/Accutase) and not by scraping. Please consult 
standard cell culture protocols for details. Proteolysis due to residual enzymes is reduced by work-
ing at low temperatures and diluting the enzyme. Serum inhibition should be avoided in order to 
reduce contamination with serum proteins. 
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      Initial  Thin-Layer Preparation   for General WC MALDI MS Biotyping 

     1.    Immerse a MALDI target plate in the cleaning solution (50% methanol/ 5% 
acetic acid; v/v) for 30 min in a sonic bath. Thereafter, wipe the plate with meth-
anol using clean lint-free tissue paper. Finally, rinse with methanol and air-dry in 
a laminar-fl ow hood.   

   2.    After the washing step, prepare 1 mL of saturated SA solution using absolute 
ethanol as a solvent and a sonic bath.   

  Fig. 3    Sinapinic acid thin-layer MALDI samples. ( a ,  b ) Examples of homogenous thin-layer 
crystallization (optimal); ( c ,  d ) Examples of ‘worst-case’ crystallization; ( e ) Representative WC 
MALDI sample after crystallization of the cells-matrix mixture on a thin matrix layer (see text for 
details)       
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   3.    Centrifuge the matrix solution at maximum speed for 2 min.   
   4.    Transfer the supernatant onto the entire previously cleaned MALDI target plate 

using a 1-mL pipette under a laminar-fl ow hood. In order to facilitate the cover 
process, the MALDI target plate should be held inclined during the matrix solu-
tion transfer onto the plate (Fig.  2 ). The matrix solution will quickly evaporate 
and small homogenous crystals will form, covering the entire plate (Fig.  3a, b ). 3  
Clean the edges of the target  plate   with absolute ethanol in order to remove 
excess matrix. 4       

    Sample Preparation   for General WC MALDI MS Biotyping 

     1.    Prepare a 38 mg/mL SA solution in 60/40 (ACN/0.5% TFA; v/v).  For drug- 
treated cells:  Prepare a 38 mg/mL SA solution in 80/20 (ACN/12.5% TFA; v/v). 5    

   2.    Resuspend the frozen cell pellet in ddH 2 O to achieve a cell density of 5000 cells/
μL, place the cell suspension on ice. 6    

   3.    Transfer 15 μL of the cell suspension into a fresh 0.65-mL tube.   
   4.    Add 15 μL of the MALDI matrix solution that was prepared in step 1 and mix by 

vortexing.   
   5.    Saturate a 10 μL pipette tip with the cells-matrix mixture by repeated resuspen-

sion of the cells-matrix mixture and apply 1 μL each at eight different target 
positions onto the top of the thin matrix layer prepared earlier on the target plate. 7  
Air-dry at room temperature (Fig.  3e ). In addition, a calibration spot containing 
Protein Calibration Standard I is mixed in a ratio 1:1 (v/v) with the MALDI 
 matrix   solution that was prepared in step 1 and applied onto the target plate.       

3.2.3    MS  Data Acquisition and Analysis   

 MS instrument settings typically need to be adjusted according to the target analyte. 
In the example below, the histone protein molecular weights, ranging between 11 
and 16 kDa, need to be considered. Protein analysis on mass spectrometers equipped 
with a MALDI ion source is mostly performed using a linear time-of-fl ight (TOF) 
mass analyzer, and instruments are available from different manufacturers. In this 
protocol, instrument settings will only be discussed in detail for the  Bruker Autofl ex 

3   Slow evaporation is a sign for increased water content and mostly results in an inhomogeneous 
thin layer affecting reproducibility. 
4   Matrix crystals at the contact surface between steel target and target frame might negatively affect 
the conductivity, resulting in reduced sensitivity and increased noise. 
5   The increased solvent acidity for the latter is required to facilitate quantitative extraction of his-
tone core proteins from whole cells. 
6   Please note that hypotonic cell lysis is desirable at this step. 
7   Saturation of the cells-matrix mixture at the pipette tip reduces further non-specifi c binding to the 
tip surface and improves the technical reproducibility. 
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Speed mass spectrometer  . The data acquisition parameters presented here represent 
guidelines and can vary between instruments. 

   Data Acquisition and Mass Spectrometer Optimization 

     1.    Introduce the target plate into the mass spectrometer.   
   2.    Wait until source vacuum reaches at least 3 × 10 −7  mbar. 8    
   3.    Load a linear TOF positive ion mode acquisition method for the mass range of 

4–20 kDa.   
   4.     In case of HDACi    evaluation   : Adjust the acquisition  method   for optimal resolu-

tion of the  histone H4 signal   (FWHM <  m / z  15 at  m / z  11,306) using the 
FlexControl Software. The values for our set-up were:

 (a) Ion source 1 voltage:  20.0 kV 
 (b) Ion source 2 voltage:  18.6 kV 
 (c) Lens voltage:  7.8 kV 
 (d) Pulsed ion extraction delay:  200–300 ns 
 (e) Matrix suppression mode:  Gating or defl ection 
 (f)  Real-time smoothing:  High 
 (g) Sample rate and digitizer setting:  1 GS/s 
 (h) Adjust linear detector voltage and laser intensity for maximal resolution 9  

       5.    Calibrate the instrument with  the    optimized   acquisition method.

    (a)    Acquire a MALDI MS reference spectrum from the Protein Calibration 
Standard I spot, containing the following proteins listed with their average 
reference  m / z  values:

   Insulin      [M + H] +       5734.52  
  Cytochrome C  [M + 2H] 2+     6181.05  
  Myoglobin   [M + 2H] 2+    8476.66  
  Ubiquitin    [M + H] +    12,360.97  
  Myoglobin   [M + H] +    16,952.31      

   (b)    Calibrate the  mass   spectrometer by using the  quadratic calibration method  , 
which should provide mass accuracies ≪500 ppm for the linear acquisition 
mode.    

      6.    Design an AutoXecute method. 

8   High vacuum generally improves the mass measurement resolution of high molecular species 
( > 10 kDa). It may therefore be benefi cial to wait for higher and more stable vacuum conditions. 
9   A guidance value regarding a suitable detector voltage can be obtained by performing a detector 
check on a CHCA thin layer using the Detector Check Tool within the FlexControl software. The 
detector check evaluates the detector sensitivity by measuring the noise, which reaches the detec-
tor and can be used as a guidance value. 
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 The  AutoXecute method   is a feature within the FlexControl software for auto-
mated data acquisition and encompasses the following major steps:

   (a)    Load the optimized linear acquisition method   
  (b)    Add the optimal laser intensity   
  (c)    Add quality  parameters   for optimal data acquisition such as peak half-widths 

(e.g., <20 Da)   
  (d)    Introduce the intended number of laser shots per sample (2000–4000 shots 

ensure optimal spot-to-spot reproducibility)   
  (e)    Set the measurement to random walk movement in order to avoid ‘hot spots’ 

and to increase shot-to-shot reproducibility 10    
  (f)    Enable automated sample measurement stop and move to next sample after 

ten subsequently failed acquisitions as a measure against low-quality samples   
  (g)    Select the desired  sample   spots and start measurement    

         Data Analysis 

 At the data analysis stage, the objectives are to (a) recalibrate the acquired data, (b) 
generate average spectra normalized by total ion count, (c) extract the intensity of 
the ion signal of interest (e.g., non-acetylated histone H4), and  in the case of drug- 
treated cells  (d) to calculate IC 50  values for each tested HDACi.

    1.    Transfer the acquired MALDI MS spectra fi les to FlexAnalysis.   
   2.    Perform baseline-subtraction and external calibration using the Protein 

Calibration Standard I ion signals.   
   3.    Group the recalibrated data in separate fi le folders.   
   4.    Load individual  folders   into ClinProTools.   
   5.    Process data as follows:

 (a) Resolution:  800 
 (b) Mass range:   m / z  4000–20,000 
 (c) Smoothing:  Savitzky-Golay with width 6 ( m / z ) and fi ve cycles 
 (d) Null spectra exclusion:  Enable 
 (e) Noise spectra exclusion:  Enable 
 (f)  Recalibration:  500 ppm maximal peak shift 
 (g) Peak picking  S / N  threshold:  >5 on total average spectra 

       6.    During the standard WC MALDI MS evaluation process  ClinProTools   can be used 
for statistical evaluation. Groups of spectra can be analyzed for similarity or variety 
by principal component analysis (PCA) or unsupervised hierarchical cluster analy-
sis (using the Euclidean distance method and the Ward linkage algorithms).   

10   ‘Hot spots’ describe sample spot areas, which are characterized by high analyte signal intensities 
compared to surrounding areas. 
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   7.     In case of drug treatment : Extract the intensity of the non-acetylated (0 Ac) 
 histone H4 ion  signal   ( m / z  11,306 ± 5) from the average peak list (Fig.  4a ) for all 
tested compound concentrations.

       8.    Relative quantifi cation is then performed by determining the intensity fold 
change (FC) of the peak corresponding to  the   non-acetylated histone H4 (0 Ac) 
ion of the compound-treated sample versus control.   

   9.     IC 50  values   are then calculated by performing a nonlinear regression curve fi t 
 (log(inhibitor concentration) vs intensity of response)  by  Graphpad Prism soft-
ware   (GraphPad Software Inc., CA, USA) (Fig.  4b ) to obtain a sigmoidal curve 
distribution.    
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      Food Authentication by MALDI MS: 
MALDI- TOF MS Analysis of Fish Species       
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    Abstract     Consumer demand for healthy and well-sourced food has been growing 
in recent times. In particular, demand for fi sh is constantly increasing due to the 
awareness of benefi cial effects of fi shery products on human health. Furthermore, 
the opening of new markets and the use of a larger number of fi sh species are strong 
and timely reminders for the urgent need to guarantee safety, traceability, and 
authenticity of seafood. Recent European Union directives and regulations for qual-
ity control of food products have prompted the development of new methods for 
large-scale tests to ensure consumer protection. MALDI-TOF MS has provided a 
signifi cant contribution to food science, proving to be a key tool in the analysis of 
several food matrices, including fi sh, especially in studies aimed to assess food 
quality, safety, and authenticity. 

 This chapter is focused on an innovative molecular profi ling strategy based on 
MALDI-TOF MS analysis of sarcoplasmic protein extracts from fi sh muscle, suc-
cessfully applied to fi sh authentication. The described method allows to rapidly 
discriminate different fi sh species, to verify commercial product authenticity and to 
detect fraudulent substitutions.  

1          Introduction 

 Consumption of fi sh  products   that enhances the intake of long chain and shorter 
chain omega 3 fatty acids can positively affect human health, in particular contrib-
uting to the prevention of cancer and cardiovascular events (Hooper et al.  2006 ). 
Therefore, in the last decades, consumer demands for seafood has rapidly increased. 
To meet these demands, the market has enlarged fi sh species assortment including 
fi sh captured in Asian and African seas and using a growing number of species to 
produce transformed fi sh-based foods. Unfortunately, as a consequence, globaliza-
tion and freer markets have favored a seafood mislabeling phenomenon that is 
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associated with potential health risks and, at the same time, illegal economic gains. 
These issues emphasize the need to determine fi sh authenticity and origin in order 
to guarantee proper quality and safety controls and to protect consumers. Reliable 
quality control methods are crucial to detect  deceptive practices   of seafood substitu-
tion that occurs when one species of fi sh, crustacean or shellfi sh is sold as another 
species (Arvanitoyannis et al.  2005b ; Herrero  2008 ). 

  Conventional identifi cation methods   rely on the analysis of anatomical and mor-
phological characteristics, such as the head, fi ns, skin, or bones, which are lost dur-
ing processing, thus making any identifi cation impossible. In agreement with 
 European Union directives and regulations      on fi shery and aquaculture products, the 
species, geographical origin, and production method (wild or cultivated) must be 
provided in fi sh labeling (Council Regulation (EC) No.104/2000 and 2065/2001 of 
the European Parliament) to ensure market transparency. Furthermore, the European 
Food Safety Authority provided complete procedures for the traceability of food 
(including fi shery  and aquaculture products  ) and feed  businesses   to guarantee food 
safety at all stages (EC regulation no. 178/2002 of the European Parliament reviewed 
in Arvanitoyannis et al.  2005a ). 

 Classical methodologies for fi sh authentication are based on the analysis of pro-
tein extracts by electrophoretic, chromatographic, and immunological methods. The 
 isoelectric focusing (IEF) analysis      of the sarcoplasmic proteins has been applied to 
 fi sh and shrimp authentication   (Etienne et al.  2000 ; Piñeiro et al.  2000 ; Rehbein 
et al.  2000 ; Ortea et al.  2010 ) and has been adopted by the Association of Offi cial 
Analytical Chemistry as the validated method for species identifi cation purposes 
(Helrich  1990 ). DNA-based procedures (mainly DNA sequencing of the  cyto-
chrome- b gene  ) are also routinely used for the authentication of fi sh species, as they 
present a number of advantages over protein-based methods, in particular for the 
analysis of highly processed samples (Rasmussen and Morrissey  2009 ; Carrera 
et al.  2013a ). However, a fundamental drawback in  DNA-based methods   is the dif-
fi culty to standardize protocols and techniques. This is mandatory to rule out incon-
sistencies in results from different laboratories that could have regulatory or legal 
implications and to obtain a rigorous standard operating procedure (SOP) applica-
ble across different countries (Griffi ths et al.  2014 ). 

 The need for rapid screening of a large number of samples requires the develop-
ment of high-tech approaches with minimal time consumption, low costs, and high 
reliability, which can successfully complement or substitute methods already in use. 

 In the last decades, the introduction of  omics platforms   has signifi cantly con-
tributed to research activities in food science, cumulating in the term ‘ foodomics  ’ 
being coined in 2009 to indicate ‘a new discipline that studies food and nutrition 
domains through the application of advanced omics technologies to improve con-
sumer’s well-being, health, and confi dence’ (Cifuentes  2009 ; Herrero et al.  2010 ). 
Analytical methodologies based on mass spectrometry (MS) play a central role in 
foodomics. In particular, proteomics has been used to investigate several aspects of 
food quality and safety, including, traceability, authenticity, absence of contami-
nating, and/or adulterating agents and impact of the processing/storage methods 
(Herrero et al.  2012 ).  
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2      Applications   

 Recently,     ‘molecular profi ling’ strategies   based on matrix-assisted laser desorption/
ionization time-of-fl ight (MALDI-TOF) MS have emerged as a general tool for the 
discovery of biomarkers that are potentially useful as indicators of authenticity for 
several food matrices (Cozzolino et al.  2001 ; Wang et al.  2009 ; Nunes-Miranda 
et al.  2012 ; Ciarmiello et al.  2014 ). A similar strategy has also recently been applied 
to the identifi cation of shrimp at the species level (Salla and Murray  2013 ). 

 In this chapter, we describe an innovative molecular profi ling approach based on 
 MALDI-TOF MS analysis   of sarcoplasmic protein  extracts   from fi sh muscle, devel-
oped by our group and successfully applied to the authentication of fi sh species 
(Mazzeo et al.  2008 ). The main strengths of this approach are the straightforward 
sample preparation protocol and the low demands on time and cost for the analysis 
(only a few minutes are necessary for sample preparation and mass spectra acquisi-
tion). It does not require any preliminary information on the sample under investiga-
tion or the identifi cation of the biomarker-generating proteins. The methodology is 
highly accurate and sensitive, and due to the high unambiguity of mass spectromet-
ric results,    fi sh identifi cation can be achieved with high confi dence. Therefore, this 
strategy holds the potential to become a reliable fi rst-line authenticity test for fi sh. 

 Our previously published data and the data presented here demonstrate that MALDI-
TOF MS can be employed as a powerful tool  in fi sh authentication  . The presented 
methodology can be upgraded by exploiting the outstanding performance of modern 
MALDI-TOF instruments that provide high accuracy and resolution in molecular mass 
measurements, improving the defi nition of the biomarker pattern, and thus increasing 
confi dence and reliability in the identifi cation of unknown samples. Furthermore, these 
instruments assure faster analysis, perform completely automated data acquisition and 
processing and are specifi cally designed to be user- friendly, so that highly specialized 
operators would not be required to carry out mass spectrometric analyses. 

 As a matter of fact, these innovations and the development of specifi c software 
have paved the way to the introduction of MALDI-TOF MS-based methodologies 
for bacterial identifi cation as routine tests in clinical microbiological laboratories 
(see Seng et al.  2009 ). Similarly, we can foresee that the creation of a specifi c data-
base containing mass spectra and/or reference peak lists of a growing number of fi sh 
species, as well as ad hoc bioinformatics tools for database querying will prompt the 
application of this analytical approach as a routine method in fi sh and other food 
products authentication. In addition, as such database can be continuously updated 
by the operator, this method will be quite fl exible and easily adaptable to specifi c 
analytical needs of the market. As proof of concept, a commercial MALDI mass 
spectral fi ngerprint matching software has been applied for the fi rst time in food 
science to the discrimination at species level of 72 shrimp samples from  the   market 
(Salla and Murray  2013 ). 

 In conclusion, these studies strongly suggest that in the near future  analytical 
strategies   based on MALDI-TOF MS will play a key role in the assessment of food 
quality and safety and are going to represent robust tools suitable to be integrated in 
or substitute current offi cial screening methods.  
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3     Materials and Protocols 

 The robustness of the method has been assessed by analyzing protein  extracts   from 
40 different fi sh species, selected from widely consumed products of high commer-
cial value or commonly involved in frauds. The presented data were obtained from 
fi sh species belonging to seven different Orders and twenty Families, representing 
one of the most comprehensive repertoires of species analyzed in fi sh authentication 
studies (Table  1 ), including species previously reported in a similar study (Mazzeo 
et al.  2008 ). The general workfl ow employed in our lab is outlined in Fig.  1 .

   Table 1    List of the analyzed fi sh species a    

 Order  Family  Genus  Species  Common name 

 Perciformes  Serranidae   Dicentrarchus    Dicentrarchus 
labrax  

 Seabass 

  Epinephelus    Epinephelus 
marginatus  

 Dusky grouper 

 Sparidae   Sparus    Sparus auratus   Seabream 
  Pagellus    Pagellus acarne   Axillary 

seabream 
  Pagellus 
erythrinus  

 Common 
pandora 

  Diplodus    Diplodus sargus   White seabream 
  Diplodus 
vulgaris  

 Common 
two-banded 
seabream 

  Diplodus 
puntazzo  

 Sharpsnout 
seabream 

  Diplodus 
annularis  

 Annular 
seabream 

  Dentex    Dentex dentex   Common dentex 
  Pagrus    Pagrus pagrus   Red porgy 

 Centracantidae   Spicara    Spicara maena   Blotched picarel 
 Mullidae   Mullus    Mullus barbatus   Red mullet 
 Uranoscopidae   Uranoscopus    Uranoscopus 

scaber  
 Atlantic 
stargazer 

 Percidae   Perca    Perca fl uviatilis   European perch 
 Triglidae   Aspitriglia    Aspitrigla 

cuculus  
 East Atlantic red 
gurnard 

 Cichlidae   Tilapiini    Tilapiine cichlids   Tilapias 
 Scombridae   Auxis    Auxis thazard   Frigate tuna 

  Sarda    Sarda sarda   Atlantic bonito 
  Scomber    Scomber 

scombrus  
 Atlantic 
mackerel 

 Coryphaenidae   Coryphaena    Coryphaena 
hippurus  

 Common 
dolphinfi sh 

 Carangidae   Trachurus    Trachurus 
trachurus  

 Atlantic horse 
mackerel 

(continued)
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 Order  Family  Genus  Species  Common name 

 Gadiformes  Gadidae   Gadus    Gadus morhua   Atlantic cod 
  Merluccius    Merluccius 

capensis  
 Shallow-water 
cape hake 

  Merluccius 
merluccius  

 European hake 

  Merluccius 
hubbsi  

 Argentine hake 

  Merluccius 
paradoxus  

 Deep-water cape 
hake 

  Trisopterus    Trisopterus 
minutus minutus  

 Poor cod 

  Micromesistius   Micromesistius 
poutassou 

 Blue whiting 

  Molva    Molva elongata   Mediterranean 
ling 

  Phycis    Phycis 
blennioides  

 Greater 
forkbeard 

 Pleuronectiformes  Bothidae   Arnoglassus    Arnoglossus 
laterna  

 Scaldfi sh 

 Pleuronectidae   Reinhardtius    Reinhardtius 
hippoglossoides  

 Greenland 
halibut 

  Pleuronectes    Pleuronectes 
platessa  

 European plaice 

 Soleidae   Solea    Solea solea   Common sole 
 Lophiiformes  Lophiidae   Lophius    Lophius 

piscatorius  
 Angler 

 Salmoniformes  Salmonidae   Salmo    Salmo salar   Atlantic salmon 
 Clupeiformes  Engraulidae   Engraulis    Engraulis 

encrasicolus  
 European 
anchovy 

 Clupeidae   Sardina    Sardina 
pilchardus  

 European 
pilchard 

 Siluriformes  Pangasiidae   Pangasius    Pangasius 
pangasius  

 Striped catfi sh 

   a Adapted with permission from Mazzeo et al. ( 2008 ) J Agric Food Chem 56:11071-11076. 
Copyright (2014) American Chemical Society  

Table 1 (continued)

3.1         Extraction   of  Sarcoplasmic Proteins   from Muscle Tissue 

 The protocol can be applied to the analysis of fresh and frozen fi sh samples. One 
gram of white tissue muscle is taken from three individuals of each species without 
damaging any organ in order to avoid any contamination and stored at −20 
°C. Sarcoplasmic protein extraction is carried out by vortexing 0.1–0.2 g fi sh mus-
cle in 100–200 μL of 0.1%  trifl uoroacetic acid (TFA)   for 1 min. Protein extracts are 
then centrifuged at 13,000 rpm for 5 min and the recovered supernatants are diluted 
1:10 in 0.1% TFA and immediately analyzed by MALDI-TOF MS. For fi sh 
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Extraction of sarcoplasmic 
proteins from muscle tissue of three individuals

MALDI-TOF MS analysis of protein extracts
(triplicate mass spectra from the three extracts of 

each individual) 

Mass spectra calibration and processing and
extraction of the peak list from each mass spectrum

Alignment of peak lists by NEAPOLIS
and calculation of mean m/z values for each signal

Definition of the reference peak list containing the  
species-specific biomarkers 

Fish authentication by comparing the 
peak list of an unknown sample with 

the reference peak lists

  Fig. 1    Analytical scheme 
of the described 
authentication method       

species particularly rich in fats, sample extracts are subjected to a defatting step 
with  chloroform, i.e., using 0.1% TFA/chloroform (1:4; v/v) that improves  mass 
  spectra quality.  

3.2      MALDI-TOF MS Analysis   

 MALDI-TOF MS  analyses   are carried out using as matrix solution a solution of 
α-cyano-4- hydroxycinnamic acid (CHCA) in 50% acetonitrile (ACN)/0.1% TFA 
(10 mg/mL) that contains 1 pmol/μL of cytochrome C as internal standard. One 
microliter of the analyte extract is mixed with 1 μL of matrix solution and deposited 
onto a MALDI target plate so that co-crystallization occurs under ambient condi-
tions. In some cases, mass spectra quality is improved by adding 1 μL of matrix 
solution directly on the crystallized samples and analyses are carried out after sub-
sequent recrystallization. In our experiments, mass spectra are acquired on a 
Voyager-DE PRO MALDI-TOF mass spectrometer (AB-SCIEX, Foster City, CA, 
USA), operating in linear, positive-ion mode with delayed extraction, using a pulsed 
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nitrogen laser (337 nm; 3 ns). Parameters for data acquisition are the following: 
laser intensity set just above the ion generation threshold, low mass gate at 1990, 
delay time at 500 ns, accelerating voltages at 25,000 V, grid voltage and guide wire 
voltage at 95% and 0.1% of the accelerating voltage, respectively. 

 Mass spectra are typically acquired by accumulating spectra obtained from 100 
laser shots in the  m / z  range of 2000–15,000. Internal calibration is performed using 
the doubly and singly charged ions of cytochrome C ( m / z  6181.05 and 12,361.10, 
respectively). All  m / z  values are recorded as average values. 

  Reference   molecular profi les are constructed from triplicate MALDI-TOF MS 
analysis of analyte extracts from three individuals  for   each species.  

3.3      Data Analysis   

 Mass spectra are processed applying baseline subtraction and smoothing algorithms 
and transformed into a list containing the  m / z  values of signals present in the  m / z  
range of 8000–15,000 with an ion signal intensity of >10%. In our lab, DataExplorer 
5.1 software (AB-SCIEX) is used for these data processing steps. For each species, 
the peak lists obtained from the nine processed mass spectra are aligned along the 
 m / z  axis using the NEAPOLIS software (  www.bioinformatics.org/bioinfo-af-cnr/
NEAPOLIS    ) (Mangerini et al.  2011 ) which calculates the mean  m / z  value for each 
signal. The threshold mass tolerance value for the alignment is fi xed to 500 ppm, so 
that, among the aligned signals, the minimum and maximum  m / z  values differ by 
<500 ppm and the standard deviations of mass measurement are <3 Da. The mean 
 m / z  values of signals present in all replicate mass spectra are included in the refer-
ence peak list for each analyzed species. A direct comparison of the reference peak 
lists shows that the pattern of signals included in individual reference peak lists is 
unique for each analyzed species and therefore unequivocally identifi es that species. 
This pattern, containing as few as one to four signals, is considered the species- 
specifi c biomarker  pattern   and can be used to discriminate fi sh species unambigu-
ously. Table  2  details the reference peak lists for the 40 fi sh species studied in our lab.

   To identify an unknown sample, its peak list is obtained following the previously 
described method and compared to all the reference peak lists in the pre-recorded 
database. A positive match is obtained if the peak list of the unknown sample com-
pletely matches one  database   reference peak list (Table  2 , Fig.  1 ).  

3.4     General Remarks and Examples 

  MALDI-TOF MS analyses   of sarcoplasmic protein extracts yield mass spectra char-
acterized by a pattern of a few highly intense signals, mainly in  the  m / z  range of   about 
11,000–12,000, that can be considered as species-specifi c biomarkers. These  specifi c 
  molecular profi les are suitable for fi sh authentication and allow the differentiation of 
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        Table 2    Biomarker patterns useful for discriminating fi sh species, as obtained by MALDI-TOF 
MS analysis a    

 Scientifi c name  Common name  Biomarker pattern b   SD 

  Dicentrarchus labrax   Seabass  8032.0  ±  0.8 
 11,404.7  ±  1.0  M* c  
 11,495.9  ±  1.1 

  Epinephelus marginatus   Dusky grouper  11,606.8  ±  0.2  M* 
  Sparus auratus   Seabream  11,370.5  ±  1.1 

 11,442.3  ±  0.9  M* 
  Pagellus acarne   Axillary seabream  11,407.4  ±  0.7 

 11,563.3  ±  0.8  M* 
  Pagellus erythrinus   Common pandora  11,429.9  ±  0.7 

 11,588.2  ±  2.3 
 11,606.4  ±  0.9  M* 

  Diplodus sargus sargus   White seabream  11,301.5  ±  1.4 
 11,456.7  ±  1.3  M* 

  Diplodus vulgaris   Common two-banded  
 seabream 

 11,343.4  ±  1.0 
 11,457.5  ±  0.8  M* 

  Diplodus puntazzo   Sharpsnout seabream  11,380.7  ±  1.7 
 11,457.8  ±  1.5  M* 

  Diplodus annularis   Annular seabream  11,270.7  ±  1.2 
 11,461.5  ±  1.5  M* 
 11,488.2  ±  1.2 

  Dentex dentex   Common dentex  11,519.8  ±  1.0  M* 
 11,567.4  ±  1.0 

  Pagrus pagrus   Red porgy  11,489.8  ±  2.2 
 11,582.2  ±  1.4  M* 

  Spicara maena   Blotched picarel  11,376.2  ±  2.5 
 11,507.9  ±  1.2  M* 

  Mullus barbatus   Red mullet  11,383.5  ±  2.1  M* 
 11,544.9  ±  2.0 

  Uranoscopus scaber   Atlantic stargazer  11,731.1  ±  1.0  M* 
 12,078.9  ±  1.0 

  Perca fl uviatilis   European perch  11,403.0  ±  1.1 
 11,434.6  ±  0.8  M* 

  Aspritrigla cuculus   East Atlantic red  
 gurnard 

 11,519.7  ±  0.6 
 11,639.4  ±  0.6  M* 

  Tilapiine cichids   Tilapias  11,382.0  ±  0.5  M* 
 11,559.9  ±  0.9 

  Auxis thazard   Frigate tuna  11,377.1  ±  0.8  M* 
 11,419.5  ±  0.7  M* 

  Sarda sarda   Atlantic bonito  11,459.3  ±  0.4 
  Scomber scombrus   Atlantic mackerel  11,456.2  ±  0.5  M* 

 11,468.1  ±  0.6  M* 
  Coryphaena hippurus   Common dolphinfi sh  11,452.6  ±  0.2 

 11,638.3  ±  0.1  M* 

(continued)
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 Scientifi c name  Common name  Biomarker pattern b   SD 

  Trachurus trachurus   Atlantic horse 
mackerel 

 11,295.1  ±  1.7 
 11,483.1  ±  1.5  M* 

  Gadus morhua   Atlantic cod  11,366.6  ±  0.5  M* 
 11,464.0  ±  0.6 

  Merluccius capensis   Shallow-water cape 
hake 

 8432.7  ±  0.9 
 11,338.4  ±  0.5  M* 
 11,361.4  ±  0.6 
 11,387.9  ±  0.8 

  Merluccius merluccius   European hake  8432.3  ±  0.5 
 11,338.6  ±  0.4  M* 
 11,388.2  ±  0.3 
 11,361.0  ±  0.8 

  Merluccius hubbsi   Argentine hake  8437.5  ±  1.2 
 11,339.3  ±  0.3  M* 
 11,362.7  ±  0.9 
 11,387.4  ±  1.1 

  Merluccius paradoxus   Deep-water cape hake  8476.9  ±  0.5 
 11,339.1  ±  0.5  M* 
 11,389.2  ±  0.7 

  Trisopterus minutus minutus   Poor cod  11,310.7  ±  1.5 
 11,351.3  ±  0.6  M* 

  Micromesistius poutassou   Blue whiting  11,350.8  ±  0.7 
 11,448.3  ±  0.4  M* 

  Molva elongata   Mediterranean ling  11,550.7  ±  0.6 
  Phycis blennoides   Greater forkbeard  11,447.4  ±  0.8 

 11,553.3  ±  0.6  M* 
  Arnoglossus lanterna   Scaldfi sh  11,478.7  ±  1.8 

 11,548.2  ±  2.0  M* 
 11,783.0  ±  1.3 

  Reinhardtius hippooglossoides   Greenland halibut  11,433.8  ±  1.2 
  Pleuronectes platessa   European plaice  11,351.6  ±  0.6  M* 

 11,764.1  ±  0.8 
  Solea solea   Common sole  11,976.3  ±  1.4 
  Lophius piscatorius   Angler  11,522.6  ±  0.6  M* 

 11,588.9  ±  0.7 
  Salmo salar   Atlantic salmon  11,295.7  ±  0.9 

 11,825.3  ±  0.9  M* 
  Engraulis encrasicolus   European anchovy  11,537.2  ±  0.3 
  Sardina pilchardus   European pilchard  11,360.2  ±  0.2  M* 

 11,731.4  ±  0.4  M* 
  Pangasius pangasius   Striped catfi sh  11,555.1  ±  0.8  M* 

 12,075.8  ±  2.4 

   a Adapted with permission from Mazzeo et al. ( 2008 ) J Agric Food Chem 56:11071-11076. 
Copyright (2014) American Chemical Society 
  b Mean  m / z  values of signals present in the replicate mass spectra are reported. Average  m / z  values 
are recorded in the mass spectra 
  c M* indicates the most intense signal in MALDI-TOF mass spectra  

Table 2 (continued)
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fi sh species, even phylogenetically closely related, as well as the authentication of 
commercial products. In a few cases, the identifi cation is achieved by taking into 
account also signals present in a broader  m / z  range. The fi sh species analyzed up to 
now and their species-specifi c biomarker  pattern   are reported in Table  2 . The potential 
of the method is well demonstrated in the following examples. 

 The mass spectrum of   Dicentrarchus labrax  (seabass)   obtained from applying 
the above method exhibits three intense signals at  m / z  8031.9, 11,403.7, and 
11,495.3, whereas for  Sparus auratus  (seabream), two strong peaks were detected 
at  m / z  11,441.2 and 11,370.0 (Fig.  2 ). Therefore, these two species that are widely 
consumed and of high commercial value are easily discriminated.

   The method specifi city assures the discrimination of very closely related species 
as shown by the analysis of four different species belonging to the   Diplodus  genus  . 
Mass spectra of  Diplodus sargus sargus  (white seabream),  Diplodus vulgaris  (com-
mon two-banded seabream) and  Diplodus puntazzo  (sharpsnout seabream) share a 
major peak at  m / z  11,457 while minor intense peaks can be detected at  m / z  11,301.5 
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  Fig. 2    MALDI-TOF mass spectra obtained from the analysis of  Dicentrarchus labrax  (seabass) 
( a ) and  Sparus auratus  (seabream) ( b ). Signals selected as biomarkers are indicated with  asterisks . 
Adapted with permission from Mazzeo et al. ( 2008 ) J Agric Food Chem 56:11071-11076. 
Copyright (2014) American Chemical Society       
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for  Diplodus sargus sargus ,  m / z  11,343.4 for  Diplodus vulgaris , and  m / z  11,380.7 
for  Diplodus puntazzo .  The   molecular profi le of  Diplodus annularis  is quite differ-
ent showing two signals with almost the same intensities at  m / z  11,461.5 and 
11,488.2 and a minor one at  m / z  11,270.7 Therefore a species-specifi c biomarker 
pattern can be defi ned for the   Diplodus  species   (Table  2 ). 

 Similarly, two phylogenetically related species of the   Pagellus  genus   can be dis-
criminated by peaks at  m / z  11,563.3 and 11,407.4 present in the mass spectrum of 
 Pagellus acarne  (axillary seabream) and absent in that of  Pagellus erythrinus  (com-
mon pandora), which is characterized instead by three signals at  m / z  11,606.4, 
11,588.2, and 11,429.9. 

 The proposed method also allows a rapid authentication of widely consumed 
species within the   Gadidae  family  , such as  Merluccius  species,  Gadus morhua  
(atlantic cod),  Trisopterus minutus minutus  (poor cod),  Phycis blennoides  (greater 
forkbeard),  Molva elongata  (mediterranean ling), and  Micromesistius poutassou  
(blue whiting) (Table  2 ). 

 It is noteworthy that this method takes  advantage   of a fast extraction protocol and 
of some important technical features of MALDI-TOF MS, such as sensitivity of 
analysis and tolerance to contaminants. In fact, the obtained protein extracts could 
be directly analyzed without any prior purifi cation and/or concentration step. 
Moreover, although the analyzed protein mixtures are quite complex, MALDI-TOF 
mass spectra show a few strong signals. Therefore, the biomarker pattern is quite 
simple  and   fi sh identifi cation can be easily and rapidly achieved. 

3.4.1     Detection of Frauds 

 The ability of this approach to verify the authenticity of fi sh and commercial prod-
ucts (such as fi llets and fi shsticks) is demonstrated by the following exemplary case 
studies. 

 A common  fraudulent practice      is the substitution of the high value species   Dentex 
dentex  (common dentex)  , generally present in the market as fi llets, with the low-cost 
species   Pagrus pagrus  (red porgy)  . Figure  3  shows the mass spectral profi les of the 
two species, characterized by the presence of two intense signals at  m / z  11,519.9 
and 11,567.2 for  Dentex dentex  and at  m / z  11,488.0 and 11,581.5 for  Pagrus pagrus . 
These signals immediately and unambiguously allow to discriminate the two 
species.

     Pangasius pangasius  (pangas catfi sh)      and   Tilapiine cichids  (tilapias)      fi llets are 
often mislabeled and sold as fi llets of a vast number of fi sh products, including cod 
fi llets. MALDI-TOF MS analysis of  pangas catfi sh led   to the identifi cation of a very 
intense signal at  m / z  11,555.1 and a minor one at  m / z  12,075.8 as species-specifi c 
biomarkers, while the signals at  m / z  11,382.0 and 11,559.9 were characteristic of 
tilapias. Therefore, the straightforward discrimination of these fi sh species from 
more valuable ones, such as species belonging to Gadiformes, could be achieved 
(see biomarker pattern in Table  2 ). 
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 Similarly, it was possible to differentiate among fi llets of sole (  Solea solea   ; 
 biomarker at  m / z  11,976.3), European plaice ( Pleuronectes    platessa      ; biomarkers at 
 m / z  11,351.6 and 11,764.1), and Greenland halibut (  Reinhardtius hippoglossoides   ; 
biomarker at  m / z  11,433.8) based on the specifi c signal patterns. 

 Furthermore, the developed method permits to verify the correctness of what is 
declared on labels as demonstrated by the mass spectra of some commercial cod 
fi shsticks, which were identical to those obtained from   Merluccius capensis      , and 
thus in agreement with the label (Mazzeo et al.  2008 ). 

 It is worth stressing that the presented method can be applied to the analysis of 
cooked products as mass spectra obtained from some  heat-treated samples      ( Sparus 
auratus ,  Merluccius merluccius ,  Molva elongata ,  Phycis blennoides ,  Micromesistius 
poutassou , and  Solea solea ) show the same biomarker patterns as the untreated 
samples (Mazzeo et al.  2008 ). The method can also be applied to the analysis of 
processed products such as homogenized baby foods.  
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  Fig. 3    MALDI-TOF mass spectra obtained from the analysis of  Dentex dentex  (common dentex) 
( a ) and  Pagrus pagrus  (red porgy) ( b ). Signals selected as biomarkers are indicated with 
 asterisks        
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3.4.2      Parvalbumins   as  Species-Specifi c Biomarkers      for Fish 
Authentication 

 Earlier analyses based on tandem mass spectrometric experiments determined the 
primary structure of a few protein isoforms (such as that from  Trisopterus minutus 
minutus ) present in the fi sh muscle extracts and demonstrated that biomarker sig-
nals in the  m / z  range of 11,000-12,000 originate from parvalbumins (Mazzeo et al. 
 2008 ). Parvalbumins are calcium-binding proteins with molecular weights in the 
11–12 kDa range, relatively abundant in muscle tissues and known as the major 
allergy-eliciting proteins in fi sh. 

 These proteins can be regarded as the most suitable biomarkers for fi sh species 
authentication due to the interspecies variability of their sequences, their high con-
centration in the fi sh muscle, and solubility in aqueous buffers that make the extrac-
tion protocol extremely fast and easy. Moreover, parvalbumins exhibit a  high 
ionization effi ciency   in MALDI-TOF MS analysis so that, regardless of the com-
plexity of the analyzed sarcoplasmic extracts, the obtained mass spectra predomi-
nantly show signals originating from these proteins (Mazzeo et al.  2008 ; Carrera 
et al.  2013b ). The structural stability of parvalbumins even under harsh conditions 
such as heat is paramount to utilize these biomarkers also for the  authentication   of 
fi sh species sold as thermally processed products (Elsayed and Bennich  1975 ; 
Kawai et al.  1992 ; Carrera et al.  2010 ). 

 The interspecies variability of parvalbumin sequences is fundamental for the dis-
crimination of different fi sh species as assessed by earlier proteomic analyses per-
formed on species belonging to the Merlucciidae family (Piñeiro et al.  2001 ). 
 Proteomic   studies integrating two-dimensional electrophoresis (2-DE) with MALDI-
TOF MS peptide mass mapping for protein identifi cation allowed the characteriza-
tion of the  2-DE parvalbumin-specifi c pattern   and the defi nition of a set of specifi c 
tryptic peptides suitable for the identifi cation of nine hake species (Carrera et al. 
 2006 ). More recently, exploiting the improved performance of new instruments such 
as Fourier-transform ion-cyclotron resonance (FTICR) mass spectrometers and lin-
ear ion trap (LIT)  mass   spectrometers, innovative strategies for the extensive charac-
terization of parvalbumins have been proposed. These studies led to the de novo 
sequencing of 25 isoforms from all commercial species of the Merlucciidae family 
and to the rapid and direct detection of the presence of fi sh allergens in all of the 
investigated food products (Carrera et al.  2010 ; Carrera et al.  2012 ). 

 These latest results provide the structural evidence and demonstrate the potential of 
parvalbumins as suitable biomarkers for fi sh authentication and their  importance   in 
MALDI-TOF molecular  profi ling   strategies such as the one described in this chapter.       
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