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AIR Vacuum 

General Configuration of Mass Spectrometer 

Sample injection and 
ionization source 

Mass analyzer 

Data acquisition system 

Ion detector 



Important Mass Analyzers 

Time-of-Flight (TOF) 

Fourier-Transform Mass Analyzer 

Ion Trap/Quadrupole 

Magnet Sector 58 



59 Stevens Institute of Technology  

Time-Of-Flight Mass Analyzer (TOF) 

MALDI 
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Principle 
Energy conservation between 
potential and kinetic energies 
Kinetic energy (K.E.) = qV  
 
K.E. = (1/2) m v2 = qV  
v = (2qV/m)(1/2)  
 
The traveling time (t) through the 
drift region is L/v where L is the 
length of the drift region.  
 
t =L / (2V/m/q)1/2  

L 

+V 

Parameters: 
q = electric charge on ions 
V = Acceleration voltage for ions  
m = molecular weight of ions 
v = velocity of ions  
t = traveling time 
L = drift length 

MALDI-TOFMS 
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Commercial TOF 

AnagnosTec 
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Commercial TOF 

J. H. Gross, Mass Spectrometry A Textbook 
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MALDI-TOF MS (Apply Biosystem Inc., USA) 

Flight tube 

Host computer 

Ion source 

Detector 
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Quadrupole Mass Filter 

Equation of ion motion (Mathieu eq.) 

J. H. Gross, Mass Spectrometry A Textbook 
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Quadrupole Mass Filter 

J. H. Gross, Mass Spectrometry A Textbook 
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Quadrupole Mass Filter 

stable trajectory 

unstable trajectories 
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Dr. Graeme T. Clark , University Child Health,Southampton General Hospital,  

Inprocess Instruments 

Quadrupole Rods and Triple-Quad MS 
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                                                qz   ≤ 0.908  

Quadrupole Ion Trap 
Equation of ion motion (Mathieu eq.) 

J. H. Gross, Mass Spectrometry A Textbook 
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Mass analyzer Detector ESI ion source 

Bruker-Daltonics Inc.  

Ion Trap (with ESI source) 



70 

ESI-Q MS (Bruker-Daltonics Inc., USA) 
 

Ion trap 

Host computer 

Ion source 

Detector 



Sequential V.S. Simultaneous Detection  
Sequential Detection 

Detector 

TOF MS 

Detector QIT MS 

Simultaneous Detection 
(Fourier-Transform MS) 

71 



Commercial FT Mass Spectrometers 
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FT-ICR Orbitrap 

Comisarow Marshall 

Makarov 



Configuration of FTMS 

FT-ICR MS 

LTQ-Orbitrap MS 
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FT-ICRMS 
 

Fourier-Transform 

High resolution ion recognition by detecting 
the frequency of ion cyclotron motion in high 
magnetic field. 

A method for data handling, which converts time-
domain signal to frequency-domain data using 
Fourier transformation method. 

Ion-Cyclotron-Resonance
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An ion moving in the presence of a spatially uniform magnetic field B is 
subject to a force (F). 

Fm = m v2/r = q vB 

m v/r = mωc  = qB ωc = (q/m) B 

νc = ωc / 2π 

Ion-Cyclotron Motion in High Magnetic Field 

Fm = q v ˣ B 

v 
B 
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OFF

+

OFF

+ Detection system 

Excitation wave 

Ion Cyclotron Motion: 
Excitation and Detection 

Detection system 

Excitation wave 

Detection system 

Excitation wave 



Frequency (Hz) 

A
m

pl
itu

de
 (V

) 

The Concept of Fourier-Transform in MS 

signal in 
time-domain 

(時域) 

Fourier 
transformation 

signal in 
frequency-domain 

(頻域) 
77 

Time (s) 

A
m

pl
itu

de
 (V

) 

ωc = (q/m)B 

                        ( ) ( ) i tf f t e dtωω −= ∫



a


ESI Source 

PV1 PV2 

Excitation 

Detection 

PL1 PL2 
(DPL2) 
pulsed 

PL4 
(DPL4) 
pulsed 

FOCL1 FOCL2 

PL9 
end plate 

HV capillary 

exit lens 

skimmer 
trap 

Ion transfer optics 

Mass analyzer 

+ + + 
+ + 

+ 
+ 

Configuration of Commercial FT-ICRMS 

ion source 

superconducting 
magnet 
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ORBITRAP 
 

A.  Makarov 
Anal. Chem. 72 (6), 1156 (2000). 

central electrode 
(spindle-like, 0V) 

outer electrodes 
(barrel-like, -5kV) 

79 

Electric Potential 

characteristic radius 

field curvature 



Fourier-Transform Orbitrap 
Mass Spectrometer 
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Comparison of Important Mass Analyzers 

C. Dass, Fundamentals of Contemporary Mass Spectrometry, John Wiley& Sons, 2007.    
 

Orbitrap 

150,000 
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holoMyoglobin  

Heme 

M 

m3 

m
5 

Fragmentation of Analytes 
(for structural identification) 



Fragmentation Methods 

L. Sleno, D. A. Volmer, J. Mass Spectrom. 39, 1091 (2004).    

Orbitrap 
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ETD                                 IT 
(charge neutralization) 



Fragmentation Methods 
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Sulfonation 
SO3: 80 Da 
 
Phosphorylation  
HPO3: 80 Da 
H3PO4: 98 Da 
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Fragmentation Technologies 

CID (collision-induced dissociation):  Ion-neutral collision 
 
IRMPD (infrared multiphoton dissociation): Laser heating 
 
ECD (electron-capture dissociation): Charge recombination 
 
ETD (electron-transfer dissociation): Charge recombination 

ABCD                        ABCD‡ 
energy input 

(Bond-breaking process) 

A + B + C + D 
energy release 

MS1 
MS2 

A concept of multidimensional mapping 
(MSn or MS/MS) 
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Peptide mass fingerprinting 
Peptide Mass Fingerprinting (PMF) is a technique used to identify proteins 
by matching their constituent fragment masses (peptide masses) to the 
theoretical peptide masses generated from a protein or DNA database. This 
technique does well with 2D gel spots where the protein purity is high.  
PMF protein identification can run into difficulties with complex mixtures of 
proteins  

Dr H.M. Davey 
Cledwyn Building 
Institute of Biological Sciences 
University of Wales 
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Scheme 1. The current ECD mechanism for H atom transfer and dissociation 
in internally-solvated peptide ions.  

Electron-capture dissociation (ECD) 
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CID, IRMPD 

Cleavage Sites of Peptides  

CID, IRMPD 

ECD 

ECD 

Internal ion 
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Site-specific cleavage on peptides: 
a/z, b/y, c/x fragmentations 
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Bottom-Up 
This term refers to approaches that have been developed for the 
identification of proteins and the in-depth characterization of their 
structure. The term Bottom-Up reflects the reconstruction of the 
primary structure of the proteins from the little pieces of 
sequences of the peptides that could either be identified in 
databases or derived from the analysis of their mass spectra. 
Bottom-up approaches are often applied on protein mixtures in 
comparative proteomics. 
 
Top-Down 
This term refers to approaches that attempt to determine the 
structure of the protein directly on the protein itself without 
breaking it into pieces by digestion. The Top-Down approach 
makes use of mass spectrometers capable of isolating ions of the 
protein and breaking them into fragments of interpretable size that 
bear sequence information. The Top-Down approach relies also 
heavily on specific database-search engines to facilitate the 
interpretation.  

School of life sciences, EPFL, French. 

Techniques for Protein Sequencing 
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R. Aebersold, M. Mann, 
Nautre, 422, 198 (2003). 

1. Pre-separation 

2. Digestion 

3. Mass detection 

Bottom-Up 
Proteomics 

Build up the protein model from peptide fragments. 
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Top-Down 
Proteomics 

Fragment! 

Break down the protein structure starting from an 
intact molecule. 
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WHEN 
 

l  Identification of unknown molecules 

l  Imaging mass spectrometry 

l  Discussions and perspectives 
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Resolving Power: > 106 
Mass Accuracy: < 1 ppm 

Advantage of High Resolution MS 

(a, b) Two m/z scale-expanded segments from (c) an ESI FT-ICR broadband mass 
spectrum of a GluC digest of a 191-kDa protein. 
The charge state of each peptide in (a) and (b) was determined from the reciprocal of the spacing between 
adjacent peaks in each isotopic distribution, of which there were 824. From the single broadband spectral 
data in (c), 581 individual peptides could be identified, along with the site of a single amino acid chemical 
modification. 

A. G. Marshall, C. L.Hendrickson, Stone D.-H. Shi, Anal. Chem. 74(9), 252 (2002).    
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Determining small molecule structure 

Measure the precise m/z, 
FT-ICR (9.4T) mass accuracy < 0.5 ppm, 

Resolving power > 1.5 M 

Predict chemical formula 
ΔM/Z, isotope pattern, π+ring, C/H ratio 

Search structure on SciFinder 
Search by chemical formula 

For M/Z = 1000, 
ΔM/Z < 0.001  

Field Res. 
(Mil.) 

Acc. 
(ppm) 

7T >1 <1 

9.4T >1.5 <0.5 

12T >2 <0.3 

15T >2.5 <0.25 

Bruker Daltonics’ catalog 
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Measuring the precise m/z 

Author’s guideline of the JASMS, 
(March 2004)  

M/Z Mass acc. 

118 34 ppm 
750 0.018ppm 

T.L. Quenzer, et. Al., Automated accurate mass analysis using FTICR 
mass spectrometry, Proceedings of the 50th Annual Conference on 
Mass Spectrometry and Allied Topics, Orlando, Florida, 2002  

For “unambiguous characterization”: 

Debating resolution and mass accuracy, 
Micheal P. Balogh, 2004 
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Predict chemical formula 
Atoms that 
must / must 
not appear 

M/Z bias 

Isotope pattern 
similarity 

 

Feature of the 
molecule. Ex.  

Cabohydrate ~1:2 
Protein 1:1.4~1.5 

DNA ~1:1.2 
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Search structure on SciFinder 

Note that charge 
carrier (K+) was 

removed 
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November 15, 2004  
Volume 82, Number 46 

pp. 33-35  
 

 DRAWING WITH MASS SPEC  
Mass spectrometry is emerging as a tool to image biological samples from 

single cells to brain slices  
 CELIA M. HENRY, C&EN WASHINGTON     

 
     If a picture is worth a thousand words, what is its value when drawn with chemical information? Mass 
spectrometric imaging paints pictures in which the mass-to-charge ratios of the ions provide the "colors." It 
takes familiar mass spectra and turns them into pictures like those seen under a microscope. So, given a 
two-dimensional sample, one can tell exactly where different components of different masses are located. 
Especially in biological and medical applications, the technique combines the visual inspection long 
associated with fields such as pathology with detailed chemical information. 
 
     These pictures are created by ionizing the sample with a beam, moving the beam or the sample, and 
acquiring mass spectra at various spots on the sample. Pictures of the spatial distribution of specific 
components can be reconstructed by using characteristic mass values from the spectrum at each spot, or 
"pixel." Multiple pictures can be made by selecting different masses from the same set of spectra. Using 
smaller, more tightly focused beams achieves higher spatial resolution, but more pixels means that the 
image takes longer to obtain. 
 
     Most mass spectrometric imaging uses one of two methods to generate ions from the sample: matrix-
assisted laser desorption ionization (MALDI) or secondary-ion mass spectrometry (SIMS). In MALDI, the 
sample is covered with a matrix, and a laser beam (usually ultraviolet) is used to desorb and ionize 
components. In SIMS, a beam of ions is shot at the sample, and the projectiles knock molecules from the 
surface and ionize them. The two methods are complementary: MALDI works well for relatively large 
molecules such as peptides and proteins, whereas SIMS is better for small molecules. 

Schwamborn K. et al, Int. J. Mol. Med. (2007), 20, 155-159. 

Imaging Mass  
Spectrometry 
making mass spectrometer the chemical microscope 



Mass spectrum from each pixel 

Apply matrix to tissue section 
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Images at single m/z values 
integrated over all pixels  

Laser ablation of array of x,y coordinate  
positions (pixels) 
 

0% 100% 

Basic Approach of MALDI Imaging MS for 
Tissue Analysis 

Prof. Richard M. Caprioli 
Vanderbilt University 

Tennessee, USA 



Spitz nevus!

Spitzoid Melanoma!

Erin Seeley, Rossitza Lazova (Yale) 

MS Analysis of Spitzoid Lesions in 
FFPE Biopsies 

Spitzoid Melanoma 
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Prof. Richard M. Caprioli 
Vanderbilt University 

Tennessee, USA 



 
Training set 

 

 
#  Patients 

 
Classification Accuracy (%) 

 
Spitz nevi (SN) 26 100 

Spitzoid Malignant 
Melanoma (SMM) 

25 96 

Classification of Spitzoid Lesions !

 
Validation (test) set 

 
#  Patients 

 
Classification Accuracy (%) 

Spitz nevi (SN) 30 97 

Spitzoid Malignant 
Melanoma (SMM) 

29 90 

56 SN and 54 SMM from Yale University Spitzoid Neoplasm Repository  

Prof. Richard M. Caprioli 
Vanderbilt University 

Tennessee, USA 



m/z 750  PE (18:0p/20:4) 
m/z 1052 Hex-Sulfo-Hex-Cer-
(d16:1/26:0) 
m/z 906 SulfoHex-Cer (t18:0/24:1) 

100 µm 

Ion Images of Human Kidney Cortex 
Resolution: 1 µm laser beam, 2 µm pitch 

25 shots/pixel,  transmission geometry 
matrix sublimed DAN  

 

m/z 885 PI (38:4) 
m/z 608 

Prof. Richard M. Caprioli 
Vanderbilt University 

Tennessee, USA 
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AIR Vacuum 

General Configuration of Mass Spectrometer 

Sample injection and 
ionization source 

Mass analyzer 

Data acquisition system 

Ion detector 
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l  Millimeter scale imaging: DESI 

l  Micron scale imaging: MALDI 

l  Sub-micron scale imaging: SIMS 

Available Imaging Techniques 

OMICS2IMAGE 
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Imaging mass spectrometry in 
millimeter resolution 

J. M. Wiseman, D. R. Ifa, Q. Song, R. G. Cooks, Angew. Chem. Int. Ed. 45, 7188-7192 (2006).    

Prosolia Inc. 

Rat brain tissue 
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Imaging mass spectrometry in 
micrometer resolution 

M. Stoeckli, P. Chaurand, D. E. Hallahan, R. M. Caprioli, Nature medicine 7(4), 493-496 (2001).    
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Computer assisted 3-D reconstruction of the corpus callosum  

Bobby Bodenheimer, Department of Electrical Engineering and Computer Science at 
Vanderbilt University  
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Secondary ion mass spectrometer 

Institut Curie, France 

Physical Electronics 
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rib 

heart liver 

brain 



115 

Si substrate 

Na 

Ca 

Skull rib 



116 

How to choose a suitable MS? 

l  Very low sample amount: go for MALDI. 

l  Require high mass accuracy: FTMS, TOF MS 

l  MS2 and high mass accuracy: TOF/TOF MS 

l  MS3 and above: ion trap (definitely FTICR if 
need high mass accuracy) 



A.  G. Marshall, National High Magnetic Field Lab, 
Florida State University, USA. 

Petrochemical Application of FT-ICRMS 
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Resolving Power: > 107 

Ultra High Resolution FT-ICRMS 

118 

Evgenij Nikolaev




119 

l  New ionization method for carbohydrates; 

l  New fragmentation methods, i.e. site-specific 
cleavage for oligosaccharides. 

l  Reliable method for quantitative measurements;  

l  Ion detector for high mass molecules; 

l  Miniaturization; 

Important Topics of MS Development 
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A.  Books: 
 Mass spectrometry: Principles and applications 
 Edmond de Hoffmann, Vincent Stroobant, JohnWiley & Sons, LTD., 
Chichester, 2001. 

 
 Mass Spectrometry, A Test Book 
 Jurgen H. Gross, Springer, 2011. 

 
B.  Journal literatures: 

 Mike Tyers and Matthias Mann, Nature 422, 193 (2003) 

 Bogdan Bogdanov and Richard D. Smith, Mass Spec. Rev. 24, 168(2005). 

 Gary L. Glish and Richard W. Vachet, Nature Rev. 2, 140 (2003). 

Useful References 


