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The use of an intermediate-pressure matrix-assisted laser desorption/ionization (IP-

MALDI) source working at 0.17 Torr on a linear ion trap (LIT) was investigated for the 

analysis of tissue specimens.  IP-MALDI, with 2,5-dihydroxybenzoic acid (DHB) as the 

matrix, was employed for the detection of phospholipids.  The results indicate that 

analyzing tissue specimens at non-traditional MALDI vacuum pressures is possible.  

Coupling MALDI to an LIT permits the use of multiple stages of mass spectrometry, 

MSn, which is critical for the ability to identify compounds desorbed directly from tissue 

specimens.  Using MSn, ions detected from m/z 600-1000 were characterized as 

phosphatidlycholines and sphingomyelins.  Specifically using tandem MS, PC ions could 

be classified as either [M+H]+ or [M+Na]+ because the fragmentation patterns of 

protonated and sodiated phosphatidlycholines follow different pathways. 

Understanding ionization characteristics of the ions desorbed from tissue is 

important in ensuring the stability for ion transport and mass analysis.  The analysis of 
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the fragility of three phospholipids by electrospray ionization ion trap mass spectrometry 

as protonated and sodiated species is discussed.  The conditions of ion transport and ion 

trapping that cause head group fragmentation of ions formed by electrospray ionization 

were evaluated. Ion fragility in ion trapping was evaluated using a slow scan speed, the 

percent collision-induced dissociation, and the isolation width needed for effective 

isolation.  Ion fragility in transport was evaluated by adjusting the capillary temperature 

and the tube lens voltage.  Results indicated that the sodiated species was the more stable 

form of each ion.   

Finally, mass spectrometric images of phospholipids in brain tissue were generated 

by IP-MALDI on a LIT mass spectrometer.  Eleven individual phosphatidylcholines and 

sphingomyelins were identified by MS2 with fragment ions that allow for the 

identification of the fatty acyl chains and their position on the glycerol backbone.  The 

use of non-conductive and conductive glass microscope slides in connection to ion trap 

mass analysis was evaluated, and results showed that equivalent data could be obtained 

on either surface.  An artistic airbrush was employed to effectively coat the matrix 

compound onto tissue sections without the deleterious effects of analyte migration.  
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CHAPTER 1 
INTRODUCTION 

Mass spectrometric microprobes with matrix-assisted laser desorption/ionization 

(MALDI) offer a unique opportunity to directly probe thin tissue sections for changes in 

the distribution of a molecular species of interest.  Initial designs offered the opportunity 

to identify changes in the concentration of a desired compound in different regions of a 

tissue of interest.  Investigating the distribution of a compound within tissue sections can 

help understand whether an exogenous compound administered orally, such as a small 

drug molecule, can be found within the body, where that compound tends to localize, and 

possibly how endogenous compounds are affected by the drug.  The latter aspect is a new 

concept to the field of imaging because using a mass spectrometer begets the opportunity 

to gather more complete information about a tissue section, including unknown analysis.  

The mapping of endogenous compounds in tissue sections offers an incredibly specific 

method to identify changes in the profile of the compound in diseased versus normal 

states or just simply offers a new opportunity to re-map entire organs by a more 

chemically specific process.  This area could offer supplementary information that may 

be useful in fully characterizing certain organs, such as the brain.   

A critical aspect of analyzing compounds from tissue is the ability to identify the 

compound with more certainty than just the expected mass-to-charge (m/z) value.  The 

m/z is defined as the monoisotopic molecular weight of a molecule plus the weight of one 

or more protons (or cations, depending on the type of ionization) divided by the charge.  

So if the molecular weight of a compound is 400 g/mol and this compound is protonated, 
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then the m/z would be 401.  However, if the molecule was able to obtain another proton 

to have two charges, the ion’s mass would be 402 g/mol, but the m/z value is divided by 

2 and thus would equal 201.  The use of tandem mass spectrometry is one way to 

positively identify ions of the detected m/z value as from the compound of interest.  

Tandem MS involves isolating the specific m/z value (called the parent ion) in the mass 

analyzer and then subjecting that ion to collision-induced dissociation (CID), thus 

causing the isolated ion to fragment into smaller ions, giving a fragmentation spectrum 

(called a daughter spectrum).   

Several instruments are capable of performing tandem MS, including a triple 

quadrupole, time-of-flight/time-of-flight (TOF/TOF), quadrupole/time-of-flight (Q-TOF), 

and a quadrupole ion trap (QIT) mass spectrometer.  Each instrument has certain 

advantages in the analysis of tissue sections and all can perform one stage of tandem MS 

(MS2), but the QIT is unique in its capability to provide for multiple stages of tandem MS 

(MSn) as well as the ease of coupling MALDI to this mass analyzer.  For these reasons, 

all the research conducted was performed on a QIT-MS and thus the background is a 

focus on this instrumentation.   

Quadrupole Ion Trap Mass Spectrometry 

From 3-D to 2-D Ion Traps 

Today, the quadrupole ion trap (QIT) is a widely used mass analyzer because of the 

ability to fully characterize a compounds structure with MSn, which allows for the 

unambiguous identification of unknown and known compounds.  The ion trap has a long 

history before becoming a routine tool for chemists and biologists.  The 3-dimensional 

(3D) ion trap was first introduced and described as a mass storage device in 1953 by 

Wolfgang Paul and Helmut Steinwedel.1 It consisted of two hyperbolic electrodes called 
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end-caps and a ring electrode centered between them.  Figure 1-1 shows a schematic of a 

3D ion trap.   

A few years later, mass-selective detection was first employed for the detection of 

krypton gas.2 For those studies, the motion of an ion within the ion trap was used to 

obtain the mass-to-charge (m/z) ratio for that ion.  The detection method was based on 

the fact that each ion would have a different frequency of motion that correlates to the 

mass and charge of the ion, similar to mass analysis performed by ion cyclotron 

resonance.  Further development of this instrumentation led to the mass-selective storage 

of ions with external detection in which ions were ejected through a small hole in one of 

the end-caps to a detector.3, 4 These advances were all crucial to the development of the 

ion trap, but the most important advance in making the ion trap useful as a mass 

spectrometer was the development of mass-selective ejection of ions stored within the ion 

trap (mass-selective instability mode) in the early 1980s.5 In this method, all ions are 

trapped in the quadrupolar field of the ion trap and then sequentially ejected from the trap 

in order of increasing m/z by ramping the radio-frequency (RF) voltage applied to the 

ring electrode.  This, the addition of He damping gas, and stretching the trap led to the 

production of the first commercial mass spectrometer by Finnigan MAT (now Thermo 

Electron, San Jose, CA) called the ion trap detector or ITD.  It was a 3D QIT with 

internal electron ionization and external detection.   

Until recently, advances in ion trap mass analysis focused on the injection of ions 

from external sources and coupling the mass analyzer to a multitude of ion sources such 

as matrix-assisted laser desorption ionization (MALDI), electrospray ionization (ESI), 

atmospheric-pressure chemical ionization (APCI), and now atmospheric-pressure photo- 
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Figure 1-1.  A schematic representation of the 3-dimensional (3D) quadrupole ion trap 
(QIT).  The 3D QIT consists of 2 end-cap electrodes and a ring electrode.  The 
inside dimensions of the 3D QIT are defined by r0, the radius of the ring 
electrode, and z0, the distance from the center of the QIT to the apex of the 
end-cap.  For a symmetrical QIT, r0 is √2 times z0.  Ions are injected and 
ejected through holes drilled into each end-cap.   
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ionization (APPI).  These multiple sources allowed for a very wide variety of compounds 

to be studied from the initial elemental studies to more labile and much larger molecules 

such as proteins.  Virtually any compound that is ionizable can be analyzed with an ion 

trap, meaning that mass analysis is limited by the ability of the ionization source to 

produce ions.   

Through the years of studying the ion trap, the drawbacks have also been 

documented.  Perhaps one of the biggest drawbacks is the concept of space-charging.6, 7 

Due to the small space in which ions are confined, if the trap is filled with too many ions, 

then the applied quadrupolar field will not affect all ions in the trap equally because other 

ions act as shields.  This issue tends to cause peak-broadening, mass shifting, and the 

appearance of ghost peaks.  The use of automatic gain control (AGC) reduces this 

problem by allowing for an initial pre-scan period in which the computer determines how 

long to fill the trap based on an initial packet of ions.8 Other disadvantages of the 3D trap 

are the difficulty of injecting ions because of the small inlet hole and the presence of the 

quadrupolar field, as well as the loss of half the ions during ejection because ions will 

exit the trap at both the inlet and the exit holes.   

In 2002, the linear ion trap, also called the 2-dimensional (2D) ion trap, was first 

introduced in commercial instruments.9, 10 One design was very similar to that of a triple 

quadrupole mass spectrometer, with the second quadrupole used as the ion trap.  In this 

design, ions are trapped in the second quadrupole and ejected axially (out the back).9 

Operating in this manner does increase the storage space of ions thus allowing more ions 

to be injected, but using mass-selective ejection, ions may still be lost because they will 

exit out the back of the quadrupole and the front.  The second design offered a more 
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dramatic change in design, in which the trap was divided into 3 parts, a longer center 

section for trapping ions and two shorter sections (front and back).10 A diagram of this 

trap design is shown in Figure 1-2.  The significant difference in this design was the 

machining of two long slits on two opposite rods of the center section through which ions 

can be ejected radially from the trap.  Placing a detector on both sides immediately 

doubles the number of detected ions.  Both designs offered a substantial increase in the 

capacity of the ion trap and in the efficiency of ion injection, but the second design also 

offered an increase in the number of ions detected.   

3D and 2D Quadrupole Ion Trap (QIT) Theory and Operation 

A traditional 3D QIT consists on two identical hyperbolic end-cap electrodes with 

entrance and exit holes in the center of each and a hyperbolic ring electrode with radius ro 

situated between the two end-caps.  For an ideal 3D trap, the distance from the entrance 

end-cap to the exit end-cap is √2zo, with zo defined as the distance from the center of the 

trap to the apex of the end-cap (Figure 1-1).  Thus, the theoretical dimensions of the ion 

trap (also knows as the Paul trap) are shown in Equation 1-1 where ro is the internal 

radius of the ring electrode.   

ro=√2zo       Equation 1-1 

However, due to the existence of entrance and exit holes in each end-cap which are 

needed to inject and eject ions, the quadrupolar field is disturbed, creating imperfections 

that affect how ions are trapped and scanned out, producing spectra with improper mass 

assignments.  By moving each end-cap of the trap outward 0.030 of an inch in the z 

direction (called stretching), the field imperfections are reduced, creating a mass 

spectrum void of mass shifts.11  
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Figure 1-2.  Diagram of a 2-dimensional (2D) ion trap.  This 2D ion trap design 
incorporates three different sections, front and back sections of equal length, 
and a center section where the ions are trapped.   
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Ions entering the trap are successfully trapped by the application of a radio 

frequency (RF) to the ring electrode that creates a quadrupolar field in the ion trap due to 

the shape of the end-caps and ring (hyperbolic).  A direct current (DC) can also be 

supplied to the end-caps, but typically, it is maintained at ground.  The RF applied to the 

ring is defined by two parameters, a constant angular frequency (Ω) and a variable 

amplitude voltage (V).  Solutions to the reduced Mathieu equations (Equations 1-2 and 1-

3) where e is the charge (1.602 x 10-19 C), U is the DC potential, V is the amplitude of the 

RF, Ω is the angular frequency of the applied RF, and ro and zo are the internal 

dimensions of the trap, give coordinates in a-q space (az, qz) that are then mapped onto 

the Mathieu stability diagram (Figure 1-3).12 If these coordinates fall into the region 

where the az and qz overlap, i.e. stable in both the axial (z) and radial (r) dimensions, then 

the ion will be successfully trapped.  In typical operation, the DC potential,U, is zero and 

thus all ions have az equal to zero; thus the location of an ion in a-q space is focused to 

the q dimension. 

az=-2ar=-16eU/m(ro
2+2zo

2)Ω2   Equation  1-2 

qz=-2qr=8eV/m(ro
2+2zo

2)Ω2   Equation  1-3 

Successful trapping and mass analysis of ions also involves the use of buffer gas, 

typically helium (He).  The addition of a small amount of buffer gas increases the 

pressure inside the ion trap.  As ions enter the trap, they are collisionally cooled, focusing 

the ions to the center of trap where the quadrupolar field is more uniform, increasing the 

efficiency of trapping and eventual ejection.  Typically, the He buffer gas is maintained at 

1 mTorr within in the ion trap.  Another advantage of collisional cooling is the separation 

of initial kinetic energies from mass analysis.  This means that if a packet of ions of the  
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Figure 1-3.  A small portion of the Mathieu stability diagram.  Solutions to Equations 1-2 
and 1-3 give coordinates in az and qz space that can be mapped onto the above 
diagram.  If the coordinates for an ion fall into the region shown above, then 
the ion will have a stable trajectory inside the 3D or 2D trap and will be 
successfully trapped.  In normal operation, the DC applied is zero and thus the 
az is also zero since it is related to the DC voltage applied, thus the most 
important number is the value for qz.  The value of qz=0.908 is the edge of the 
stability diagram.  An ion with a qz greater than this value is not trapped.   
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same mass has a wide range of initial kinetic energies, as is the case in ions produced by 

MALDI, they will all have the same kinetic energy once successfully trapped.   

Perhaps one of the most significant operating characteristics of the ion trap is the 

ability to selectively isolate an ion of interest and then cause it to fragment into smaller 

pieces called daughter ions.  This type of analysis is termed tandem MS (MS/MS or 

MSn).  In some ion traps, isolation of a particular ion of interest is accomplished by using 

a stored waveform inverse Fourier transform (SWIFT).13 All ions in the trap exhibit a 

frequency related to their q value in a-q space.  In Figure 1-3, specific points in a-q space 

correspond to different βr and βz values.  The β term is used to describe the secular 

frequency of an ion in the quadrupolar field and determines the degree to which an ion 

follows the applied field.  The fundamental frequency, ωz,r, of an ion in the quadrupolar 

field is calculated from the βr and βz values.  Since typically operation involves on the z-

component, the βr value is not used.  The βz value is approximated from equation 1-4 and 

then used to calculate the ωz,0 value using Equation 1-5.   

Βz=√(qz
2/2)    Equation 1-4 

ωz,0=0.5(βzΩ)    Equation 1-5 

In the SWIFT isolation method, a broadband waveform with a notch equal to the 

frequency of the ion to be isolated is applied to the end-cap electrodes.  Increasing the 

voltage of this applied frequency causes ions outside the notch to gain kinetic energy 

until they are ejected from the trap, leaving only the ion of interest within the trap.  

Another isolation process involves the use of a 5-500 kHz multi-frequency waveform that 

has sine components at every 0.5 kHz.14 To isolate an ion of interest, the sine components 
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corresponding to the frequency of that ion are removed from the multi-frequency 

waveform, thus creating a notch similar to SWIFT.   

Following isolation, the ion of interest can be fragmented by the application of an 

alternating current voltage (AC) equal to the frequency of the ion in the trap across the 

end-caps.  With sufficient voltage (typically 1-3Vpp), the ion gains kinetic energy by 

resonant absorption, which results in more translational motion.  With this increased 

motion, collisions with the He buffer gas present in the ion trap become very energetic.  

These collisions increase the internal energy of the ion until sufficient energy is reached 

to break bonds within the ion.  These fragment ions are then held within the trap because 

of the quadrupolar field except for those fragments that fall below the low mass cutoff 

(past the right edge of the stability diagram in Figure 1-3) or those that do not retain a 

charge.  After scanning the ions out, the resulting spectrum is essentially a mass spectrum 

of a mass spectrum or MS/MS (MS2).  This process is called collisionally activated 

dissociation (CAD) or collision-induced dissociation (CID).15 Unique to the ion trap is 

the ability to perform successive CID events.  This means that not only can an ion of 

interest can be isolated (the parent ion), fragmented into smaller pieces (the daughter 

ions), and scanned out resulting in an MS2 spectrum, but also a daughter ion of the parent 

can be chosen and further fragmented into its pieces, which can be considered 

granddaughters of the original parent ion.  The spectrum from this event is MS3.  This 

process can be repeated n number of times, giving a mass spectrum related to each CID 

event.  This is why the term MSn is used in connection with tandem MS on an ion trap.   

2D/Linear Ion Trap Description 

The linear ion trap (LIT), as used in these experiments, is composed of 3 sections 

of linear rods with hyperbolic structure, as shown in Figure 1-2.  The front and back 
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sections are 12 mm long, while the center section is 37 mm long.10 For the axial trapping 

of ions, separate DC voltages are applied to all three sections of LIT (Figure 1-4), while 

RF is applied in two phases to rod pairs for radial trapping (Figure 1-5).  For positive ion 

analysis, the front section has a potential of –9V, the center section has a potential of –

14V, and the back section has a potential of –12V during ion storage.  During mass 

analysis, the front and back sections have a voltage of +20V, while the center section is 

maintained at –14V.  A supplementary AC voltage is also applied in two phases, but only 

to the x rod pair (Figure 1-5) for isolation and CID.   

The application of this supplementary AC voltage is also used to resonantly eject 

ions radially, along the x-axis, out of two small slits (30 mm long) cut into the x rod 

pairs.  As in the 3D trap, because of the existence of these slits, the quadrupolar field is 

disturbed, and thus the 2D ion trap is also stretched (in the x-direction) to help reduce the 

field imperfections.  Ejected ions are then detected on both sides with conversion 

dynodes and electron multipliers.  This mode functions very similar to a conventional 3D 

trap, but has the added benefit of doubling the number of detected ions.  Other 

advantages of the 2D trap include increased ion injection efficiencies, increased trapping 

efficiencies, and larger storage volume.  Alternatively, by controlling the DC applied to 

the separate sections, ions can be non-mass selectively ejected axially, along the z-axis, at 

which point they could enter a different mass analyzer such as a time-of-flight, penning 

trap, or an orbitrap.  A significant problem in the production of 2D traps is the machining 

and mounting of the hyperbolic surfaces.  Because ions are spread out over 30 mm in the 

2D trap versus the 1 mm in the 3D trap, any imperfections in the rods can cause 

significant decrease in mass resolution.10 Increased machining costs along with the added  
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Figure 1-4.  A Schematic representation of the 2D ion trap.  Ions enter from the left side 
of the figure.  The 2D trap is separated into 3 sections, two shorter sections of 
12 mm in length, and a longer, center, section 37 mm long.  Separate DC 
voltages are applied to all three sections in order to trap ions.  Ions are ejected 
through slits in the x-rod pairs of the center section.   
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Figure 1-5.  Two views of the 2D ion trap looking down the z-axis, along the flight path 
of the ions.  A shows the radial quadrupolar trapping field.  The phases of RF 
are applied to all the electrodes of the ion trap to create the quadrupolar field.  
B shows the radial dipolar excitation arrangement.  An AC voltage is applied 
only to the x-rod pairs.  The AC voltage is used for isolation and collision-
induced dissociation experiments as well as in the ejection of ions from the 
trap.  Ions are ejected out of slits cut into the x-rod pairs.   

 



15 

benefits are several reasons why the 2D trap is significantly more expensive than the 3D 

trap.  Cost of machining may decrease as the process is refined.   

Tissue Imaging by Mass Spectrometry 

Background 

Prior to the advent of matrix-assisted laser desorption/ionization (MALDI), mass 

spectrometric analysis of tissue specimens focused primarily on the identification of 

elements in thin tissue sections, with one of the first experiments involving the detection 

of heme-bound iron from red blood cells using a laser microprobe mass analyzer, or 

LAMMA.16 With the advent of soft ionization methods for mass analysis such as 

MALDI17 and electrospray ionization (ESI)18, characterization of traditionally labile and 

involatile molecules such as proteins and peptides present in biological tissues has been 

made possible.  The use of softer ionization techniques allows for reduced complexity in 

analysis of biomolecules with mass spectrometry because intact molecular ions of the 

particular molecule are produced rather than fragment ions.   

Using MALDI, mass spectrometric microprobes are now offering promising new 

approaches to map the distribution of small and large molecules directly from tissue 

sections at biologically significant levels and to help unravel the molecular complexities 

of cells.19-22 Microprobe MS offers the unique ability to directly analyze chemical species 

from tissue samples, either creating images of how a certain m/z value is localized within 

the tissue section (usually focused on the proteins and peptides present or absent in 

normal and diseased tissue23) or for identification of site-specific drug activity as 

described previously.24 Caprioli et al. showed the capability of MALDI to create images 

of spatial localization first using the molecular weight of coomassie blue dye to map a 
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copyright symbol imprinted onto a MALDI target23 and then showing a map of the 

location of 3 different proteins in mouse brain.21   

Secondary ion mass spectrometry, SIMS, may provide similar capabilities to 

MALDI microprobes, with potentially higher spatial resolution due to the smaller size of 

the primary ion beam compared to the laser beam used in MALDI, albeit with much 

lower sensitivity because of the monolayer-depth interrogated by SIMS.  Interest in the 

nervous system using laser microprobes has been related to the analysis of rat brain via 

SIMS and MALDI,20 and on neurons from Aplysia californica, sea slug, using MALDI 

and laser desorption/ionization on porous silicon (DIOS), primarily looking for proteins 

and peptides.25, 26 Neurons from Aplysia californica are known to be of the largest 

diameter in the animal kingdom, up to 1 mm, which allows for intracellular studies using 

MALDI.  Todd et al. have shown the analysis of lipids in brain sections, specifically for 

phosphatidylcholine, the primary constituent of plasma membranes, and have shown that 

the disappearance of the m/z 184 fragment ion of phosphatidylcholine in the image 

created by SIMS following injection of lipopolysaccharide, LPS, can be related to brain 

damage.19   Injection of LPS into brain sections is known to induce brain damage through 

demyelination of nerve tissue.  Studies in our laboratory have demonstrated the ability to 

map paclitaxel, a small drug compound, at trace (pg/mg) levels in ovarian tumors.24, 27 

Critical to such sensitive and selective analysis was the use of MALDI coupled to an ion 

trap that provided capability of tandem mass spectrometry (MSn).   

Currently, mass analysis for directly probing tissue sections is done with either a 

time-of-flight (TOF) or a quadrupole ion trap (QIT).  Since tissue samples contain a wide 

variety of molecular compounds and elements up to and beyond 100,000 Da depending 
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on the type of tissue analyzed, it is vital to have an instrument capable of efficiently 

detecting this very wide molecular weight range and capable of real time compound 

identification.  A TOF analyzer is capable of detecting this wide molecular weight range; 

however, compound identification is normally performed offline using an enzymatic 

cleaving agent.21 Tandem MS on a TOF using post-source decay is still an inefficient 

process and not necessarily repeatable, making molecular identification difficult.  In 

contrast, tandem MS with an ion trap is very practical and reproducible.  The major draw 

back of using a QIT in connection to tissue imaging by MALDI is the limited mass range.   

Current QITs, including the 2D-QIT, are limited in mass range to 4000, even 

though higher molecular weights, up to m/z 100,000, have been successfully analyzed; 

this mode of operation is not routinely performed.28 This means that the primary 

justification for using QIT technology for imaging MS is for detection of smaller 

compounds such as drugs, peptides, or lipids with identification by tandem MS and for 

generating more specific images such as the mapping of a fragment ion produced by 

MS2.  One could even imagine the mapping of a fragment ion from MS3, MS4, or MSn to 

create a very specific image of a desired compound.   

Fundamentals 

All organs present in animal or plant species can be sampled by imaging MS.  In 

animal species, the organs are removed and snap frozen in N2 (l) and stored in a –80°C 

freezer until needed.  When ready to perform mass analysis, the organ is removed from 

the freezer and prepared for sectioning with a cryotome.  Sectioning with a cryotome 

requires the use of optical cutting temperature medium (OCT) to affix the organ tissue to 

a sample stage.  Unfortunately, OCT can interfere with mass spectrometric analysis, so 

 



18 

care must be taken to insure that the section of tissue used does not have any OCT on it.  

The tissue can be cut to any desired thickness, but usually the thickness ranges from 10 

μm to 60 μm.  Once cut, the tissue section can be placed on a metal, glass, or conductive 

glass surface for imaging MS.  This process is shown graphically in Figure 1-6. 

Imaging MS can be performed on any mass spectrometer employing a MALDI (or 

SIMS) source as long as the sample plate, or the laser, can be rastered to move the laser 

beam across the tissue surface in a predefined pattern.  Some researchers have also shown 

the ability to performing imaging MS studies with a new ionization technique, desorption 

electrospray ionization (DESI), at atmospheric pressure, but with far less resolution than 

MALDI or SIMS.29  The laser beam can be moved, or stepped, across the tissue surface 

at any desired step size.  For normal analysis, the step size is equal to the diameter of the 

laser beam, as shown in Figure 1-7.  In MALDI, the laser spot size is typically anywhere 

from 50-100 μm, which is based primarily on the diffraction limit.  For a shorter analysis 

time, under-sampling can be employed in which the step size is larger than the laser spot 

diameter.  Sampling at twice the laser spot diameter will reduce the analysis time by one 

half, but will also limit the resolution of the generated image.  Over-sampling is the third 

analysis type, but it is not typically employed.  By stepping at half the laser diameter, 50 

μm in this example, each new spot overlaps with the previously sampled area thus 

generating a spectrum that is a combination of an undisturbed area and a sampled area.  

Instead, it would be preferred to reduce the spot size of the laser beam to achieve a higher 

resolution rather than try over-sampling.  Smaller spot sizes haven been employed on 

non-commercial instruments typically using a small slit to narrow the laser beam with 

some success.  In SIMS, the spot size can be much smaller, usually a few hundred  
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Figure 1-6.  The process of creating an image by mass spectrometry.  The two most 
important stages in tissue analysis by mass spectrometry are 1) cutting the 
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tissue to an appropriate thickness with a cryotome, such as 10 μm for brai
tissue, and 2) applying the MALDI matrix in a manner that reduces the 
possibility for analyte migration (airbrushing is shown above).  When cuttin
the tissue, it is important to ensure that no OCT compound is on the tissu
sections as it can interfere with mass analysis.  The mass spectrometric stage 
involves rastering the sample plate at a predefined step size with respect to 
laser.  Each mass spectrum is then position specific so all that is required for 
generating an image is extracting the m/z value of interest.   
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Figure 1-7.  The types of sampling used in imaging MS.  Sampling at the laser resolution 
is the most widely used data collection scheme because it provides the highest 
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resolution.  Under-sampling will take less time for acquisition, but is a poor 
choice when trying to identify changes over a very specific boundary area.  
Over-sampling is typically not used because overlapping data points may 
cause confusion in the generated images. 
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nanometers, because of the use of an ion beam, but imaging by SIMS does not allow for 

the detection of labile molecules and has limited penetration depth into a sample.   

Unlike SIMS, a requirement to perform MALDI is the application of a matrix 

material that absorbs the energy of the laser and gently transfers some of that energy to 

analytes prepared with the matrix.  For analysis of standards, the matrix, present at a 

much higher concentration, and the analyte are deposited as solutions on the surface of a 

metal plate and allowed to dry for co-crystallization to occur.  However, this method 

cannot be employed in tissue imaging MS because depositing the matrix as a droplet on 

to the tissue surface can cause compounds in the tissue to move, thereby disturbing their 

original location,27 as shown in Figure 1-8.  

Instead, the matrix must be applied in a manner that will not interfere with the 

actual localization of compounds in the tissue.  Several methods have been developed 

that successfully apply matrix in this manner, including electrospray deposition,27 

nebulization,30 or airbrushing.  The same principles for ESI are also involved in the 

deposition of matrix by electrospraying.  For ESI, it is desirable to have the analytes 

evaporate into the gas phase; however, in electrospray deposition of matrix this is not 

desired.  The purpose of the electrospray is to produce a mist of very small droplets of 

matrix that will wet the tissue surface and mix with molecules present for co-

crystallization to occur.  A diagram of this process is shown in Figure 1-9.  The use of a 

glass nebulizer or an artistic airbrush accomplishes the same task, but in a somewhat 

simpler manner.  Both use pressurized gas to aspirate a liquid sample for deposition onto 

any surface.  The airbrush is a new means for deposition of matrix onto tissue, and is 

described in Chapter 4 of this dissertation. 
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Figure 1-8.  Pipetting the matrix onto a tissue surface causes analyte migration as shown.  
A shows the tissue on the MALDI sample plate, B shows the pipetting of the 
matrix onto the tissue, and C shows the how pipetting the matrix causes 
analyte migration in the tissue.  Imaging MS cannot be performed when this 
type of matrix application is employed.   
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Figure 1-9.  The deposition of matrix as a fine mist, by either airbrushing or 
electrospraying.  A shows the tissue on the MALDI sample plate before 
matrix application and B shows the application of matrix using a device the 
produced very small droplets such as an airbrush or an electrospray needle 
with the proper voltage.  C shows the final tissue section with matrix applied.  
The process permits the incorporation of the matrix material into the tissue 
medium without causing analytes to migrate across the tissue.   
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Matrix-Assisted Laser Desorption/Ionization 

Background 

The use of lasers coupled to mass spectrometers to desorb ions from a surface is not 

a new concept.  Laser desorption ionization (LDI) has been performed since the 1960s.  

Early analyses were of atomic ions from metal surface, primarily because the absorbance 

of the laser light caused heat build up in the molecules leading, to the breaking of 

bonds.31, 32 The practical limit for the mass analysis of intact molecular ions was therefore 

<1000 amu.  Another disadvantage was the presence of selective absorption because not 

all analytes absorbed the laser wavelength used.32 Thus, analytes that absorbed the 

wavelength of the laser would be ionized selectively compared to those that did not, 

limiting the dynamic range of the technique.  Other techniques for the analysis of 

surfaces or materials deposited onto surfaces have also been developed.  Secondary ion 

mass spectrometry or SIMS employs an ion gun to bombard a dry sample with a beam of 

primary ions with energies of 5 keV to 100 MeV.33 These primary ions strike the analyte 

on the surface, producing secondary ions of the analyte (and anything else near the 

surface).34 This technique is in many ways similar to the action of the cue ball striking 

another ball, causing movement in billiards.  The disadvantages of this technique are the 

high degree of analyte fragmentation, which limits the analysis to <1000 amu, and the 

limited depth analysis because only the first few nanometers are exposed to the primary 

ions.  An advantage of the technique is the very small diameter of spot sizes, typically 

around 100 nm or less, that is very useful in the analysis of tissues at the cellular level as 

described in the imaging MS section.35 A similar technique to SIMS is fast atom 

bombardment (FAB) also known as liquid SIMS (LSIMS).  FAB allows for the soft 

ionization of involatile compounds because the liquid matrix in which analytes are 
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dissolved acts as an energy transfer medium, thereby reducing the internal energy build 

up in analyte molecule.  This allows the intact molecular ion to be produced rather than a 

spectrum full of fragment ions of the analyte.  FAB was a widely used technique for 

many years because it was first ionization method to offer the analysis of involatile 

species without the need for derivatization techniques.   

In the late 1980s, a new ionization technique emerged that would soon supplant the 

use of FAB.  The technique was called matrix-assisted laser desorption/ionization 

(MALDI) and today it is one of the most widely used techniques for the study of 

involatile species such as proteins, peptides, and polymers.  The technique began in two 

different parts of the world, but both groups described the ability to desorb high 

molecular weight species in the solid phase with the use of a matrix material.   

In Germany, Franz Hillenkamp and Michael Karas developed a method from 

observations of the laser desorption of amino acids.17, 36 Some amino acids absorbed the 

laser light from a frequency tripled Nd-YAG laser (355 nm) better than other amino 

acids.  Mixing a highly absorbing amino acid (such as tryptophan) with one that absorbed 

weakly (such as alanine) and subjecting the mixture to laser irradiation (at one tenth of 

the power needed to desorb just alanine produced a mass spectrum showing both 

compounds as intact ions ([M+H]+ at m/z 74 for alanine and 189 for typtophan).  Further 

experiments involved mixing a high concentration of nicotinic acid (a highly UV 

absorbing species) and a low concentration of bovine albumin (MW 67,000) on a metal 

probe tip.  After drying to allow crystallization to occur, the spot was irradiated with a 

frequency quadrupled Nd-YAG laser (266 nm), producing one of the first mass spectra 

containing a peak corresponding to a large intact protein ion, [M+H]+.   
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Around the same time, Koichi Tanaka of Shimadzu Corporation in Japan 

performed experiments in which lysozome (chicken egg) having a molecular weight of 

14,306 was mixed with slurry of cobalt powder in glycerol.37 This solution was allowed 

to dry before irradiation with a nitrogen laser (337 nm).  This mixture was also successful 

in producing a spectrum containing a signal for the intact molecular protein.   

Both groups postulated that the matrix material, an organic acid in the Hillenkamp 

and Karas work and a metal in Tanaka’s work, acted as an intermediary, whereby it 

absorbed the energy of the laser and transferred the energy to the protein causing soft 

desorption.  The technique today is called matrix-assisted laser desorption/ionization 

(MALDI) and is a combination of these two experiments.  Typically, the matrix 

employed today is a small organic acid, using a pulsed nitrogen laser at 337 nm for 

irradiation.  Although most practitioners of MALDI follow the procedure presented by 

Hillenkamp and Karas, in 2002, Tanaka was awarded a share of the Nobel Prize in 

chemistry for his contribution to the analysis of proteins.   

Theory of MALDI 

The theory of MALDI (and laser desorption) can be divided into two categories, 

the desorption process and the ionization process, as is true for most desorption 

techniques.  Both categories are currently studied with a desire to better understand the 

process of MALDI and thus improve the reproducibility of the technique.  It is evident 

from the research conducted thus far that the most critical aspect for not only the 

successful desorption of intact molecular ions, but also the ionization of desorbed ions, is 

proper selection of the matrix compound.   

In MALDI, the analyte of interest is mixed with an organic acid that absorbs at the 

wavelength of the laser.  The ratio of analyte to matrix is typically 1:1,000 because part 
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of the aspect in proper soft desorption of the analyte is to completely surround each 

analyte molecule with many matrix molecules.  In this sense, the matrix is used to dilute 

the analyte molecules and isolate them from each other in the solid state (Figure 1-10).38, 

39 The problem with desorbing biomolecules without matrix is a result of the interaction 

of biomolecules with other biomolecules.  As the size of a molecule increases, the 

intermolecular forces tend to approach the intramolecular forces in strength.32  For 

desorption of a neat analyte sample to occur, the intermolecular forces have to be broken, 

releasing molecules into the gas phase.  When the intermolecular forces are equal to the 

intramolecular forces, then the desorption process itself will induce fragmentation.32 This 

aspect is part of the reason for the limitations of laser desorption to ionize only intact ions 

below a MW of 1000.40 By isolating biomolecules from each other, the matrix material 

successfully reduces the intermolecular forces, thus helping to reduce the fragmentation 

of biomolecules.  Typical matrices used in MALDI analysis are shown in Figure 1-11.   

The desorption process is a fairly well understood process.  As long as the energy 

deposition is large enough, and the time-scale of the laser pulse is short (nanoseconds), a 

phase transition occurs directly from solid to gas.  The key in energy deposition is in the 

amount of energy supplied per pulse, as measured by the fluence (J/cm2), instead of the 

duration of the laser pulse, as reflected in the irradiance (W/cm2).41 Research has shown 

that lengthening the pulse appears to have little or no effect on the mass spectrum 

generated; however, there is evidence suggesting the presence of a threshold of energy 

that must be reached in order for desorption to occur.42-45 The threshold of energy is 

matrix-dependent and suggests that there is a strong connection to the amount of energy  

 

 



28 

 

Analyte

Matrix

Analyte

Matrix

Laser
Mostly fragment ions Mostly intact ions

A

Laser, N2 337 nm

+
+ +

--
-

Positive ion
Negative ion

B

 

Figure 1-10.  Two diagrams of the MALDI process.  Diagram A shows how the matrix 
material dilutes the analyte molecules to reduce the amount of intermolecular 
interactions, while the desorption of neat analytes especially biomolecules will 
induce fragmentation.  The matrix is present at a much higher concentration 
than the analyte to effectively act as an intermediary by absorbing the laser 
energy and transferring it to the analyte without causing fragmentation.  In 
Diagram B, the plume generated after a laser pulse contains ions, both positive 
and negative, related to the analyte and matrix compound as well as many 
neutral species.   
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Figure 1-11.  Common organic acids used as matrices in MALDI and their abbreviations.  
No single matrix is compatible with all analytes, and thus a wide variety of 
matrices have been employed.   
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deposited in a single pulse.  Once the threshold is met, large chunks of material (clusters) 

are ablated from the surface, which then undergo the phase transition.38, 42   

The phase transition occurs over a very short time frame, creating a plume of 

matrix molecules that entrain the analyte molecules.  This expanding plume is similar to a 

free jet expansion under vacuum conditions and is an explosive event.  An important 

aspect of the desorption process is the kinetic energy of the ions produced.  The average 

initial kinetic energy of the ions generated has been of interest in an attempt to better 

understand to the MALDI process.  One reason for these studies is to achieve better mass 

accuracy in mass analysis, especially with a time-of-flight analyzer, since the measured 

m/z ratio is directly related to the kinetic energy of an ion.  An integral finding for 

peptides and proteins was that the velocity was the similar for all ions generated and that 

it was solely dependent on the matrix used and not the wavelength of the laser 

employed.46 The average initial velocity of bovine insulin can be as high as 520 m/s 

(1163 mph) when using 2,5-dihydroxybenzoic acid (DHB) as the matrix to as low as 280 

m/s (626 mph) with 2-(4-hydroxy-phenylazo)benzoic acid (HABA).  Although the 

average initial velocity for peptides and proteins is very similar, different analyte classes 

exhibit a different initial velocity under the same experimental conditions.  Furthermore, 

the average initial ion velocity is dependent on the preparation technique of the sample 

spot to be irradiated.47 For example, varying the solvent of the matrix 3-hyrdoxypicolinic 

acid (HPA) changed the average initial velocity of insulin from as high as 620 m/s to a 

low of 444 m/s.47 This change was related primarily to poor crystallization of the matrix, 

causing sample spot heterogeneity.   
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The ionization process in MALDI is reflected by the mass spectrum produced.  

This provides a means for studying what may occur in the ionization region of the mass 

spectrometer.  A better understanding of the mechanisms could assist in developing 

procedures that will maximize ion yields, provide for improved access to all types of 

analytes, aid in controlling the charge state produced, and control fragmentation induced 

during laser ablation.  Central to the ionization process in MALDI ions is the very 

abundant production of singly charged species, either positive or negative.  Multiply 

charged species are observed, but far less abundantly than in electrospray ionization, 

which indicates a different ionization mechanism for the same types of compounds.41 The 

production of multiply charged ions is somewhat higher when an infrared laser is used for 

MALDI, but still the most abundant ion signal is for the +1 or +2 charge states.38, 48 The 

ions generated can be protonated, deprotonated, cationized, or radical ions and are 

generated by gas-phase interactions with the matrix rather than from preformed ions in 

the solid state.49 The radical ions are usually associated with the matrix species, since 

radical formation is primarily a result of photon absorption.50   

It is now generally believed that ionization in MALDI occurs via two steps, a 

primary ionization mechanism and a secondary ionization mechanism.41, 51 The primary 

ionization event refers to the production of ions from the neutral molecules in the solid 

sample, while the secondary event refers to ions that are generated from those produced 

in the primary event and are usually the species representing peaks in the mass spectrum.  

The ions produced in the process are both positively and negatively charged and thus ion 

optics are used to select and guide ions of the desired polarity to the detector.  Although 

ions are produced in MALDI, the overall ion-to-neutral ratio for ultra-violet (UV)-
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MALDI is only about 10-4, showing that the ionization process is inefficient and that the a 

mass spectrum produced shows the abundance of the minor species in the MALDI 

process.52, 53   

The primary ionization event is associated with the formation of ions from the large 

excess of matrix molecules.  These ions are the result of photon absorption (hν) causing 

the neutral matrix molecules (M) to be excited (M*) with a subsequent loss of an electron 

upon relaxation, leading to a radical cation (M+•), as shown in Equation 1-4.  Protonated 

matrix molecules are generated from interactions of the radical ion with a neutral matrix 

molecule to form a protonated matrix molecule, [M+H]+, and a neutral matrix radical, 

[M-H]•, as seen in Equation 1-5.   

M + hν  M*  M+• + e-   Equation 1-4 

M+• + M  [M+H]+ + [M-H]•    Equation 1-5 

Prominent clustering in laser ablation indicates that it is possible to excite two 

matrix neutral molecules, M*M*, which then pool their energy, creating one radical 

cation of the matrix and one neutral matrix and an electron, as shown in Equation 1-6.  

This excited state complex can also ionize an analyte molecule, A (Equation 1-7).  Since 

negative ions are also observed in MALDI, there must also be a mechanism for 

producing them.  A disproportionation reaction has been proposed as a possible means to 

generate negative matrix ions, as shown in Equation 1-8.41 Other possible reactions have 

been proposed that could generate matrix and analyte ions such as excited state proton 

transfer, thermal ionization, and desorption of preformed ions.41, 54   

MM + 2hν M*M*  M + M+• + e-  Equation 1-6 

M*M* + A  MM + A+• + e-   Equation 1-7 
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2M + nhν  (MM)*  M- + M+  Equation 1-8 

The secondary ionization event is characterized by ionization in the expanding 

MALDI plume through ion-molecule reactions.  It is believed that equilibrium has been 

reached at this time in the MALDI plume, allowing for secondary processes to be 

described by gas-phase thermodynamics.54 Ion-molecule interactions occur between 

matrix ions and molecules and matrix ions with analyte molecules.  A radical cation of 

the matrix from the primary ionization event can react with a neutral matrix molecule, 

producing a protonated matrix molecule, as shown in Equation 1-9.  A process similar to 

fast atom bombardment (FAB) can also occur in which dissociative electron capture 

occurs, generating a negative matrix ion and a hydrogen radical, H• (Equation 1-10).55 

This hydrogen radical is then available for donation to an analyte or matrix molecule.  

Electrons are produced in some primary ionization event reactions, but it has also been 

shown that electrons are ejected from the metal sample plate due to the photoelectric 

effect.56, 57   

M+• + M  MH+ and [M-H]•   Equation 1-9 

M + e-  [M-H]- + H•             Equation 1-10 

Protonated analyte molecules are generated from proton transfer reactions with 

matrix ions, MH+, as long as the gas-phase basicity of the analyte is greater than that of 

the matrix (Equation 1-11).  A deprotonated matrix molecule, [M-H]-, can abstract a 

proton from an analyte, A, producing a negative analyte ion as long as the gas-phase 

basicity of the deprotonated matrix is higher, which is typical when using basic matrices 

(Equation 1-12).   

MH+ + A  M + AH+    Equation 1-11 
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[M-H]- + A  M + [A-H]-   Equation 1-12 

Cationization is also a significant process occurring in the secondary ionization 

process.  Cationization of the analyte is significantly enhanced when an akali metal such 

as a sodium salt is added to the matrix and is thus present in the solid crystal state.  A 

typical reaction is shown in Equation 1-13 for an analyte molecule with NaCl.  A recent 

finding suggests that this cationization event is matrix-dependent and thus care must be 

taken in choosing the appropriate matrix if cationization is desired.58   

A + NaCl  [A+Na]+ + Cl-   Equation 1-13 

Phospholipids and Sphingolipids 

The Structure of Phospholipids 

There are many classes of lipids present in all living organisms.  They are 

characterized by their ability to be extracted from tissues by organic, non-polar solvents 

such as chloroform and methanol.  They typically have a high hydrocarbon content and 

can have both polar and non-polar regions of the molecular structure.  This section 

focuses on the structure of glycerophospholipids and sphingolipids, but the structures of 

the other classes of lipids can be found in most biology textbooks.  The basic structure of 

a glycerophospholipid (GPL) is shown in Figure 1-12.  GPLs are derived from the 

molecule glycerol and consist of two fatty acyl chains esterified to the sn-1 and sn-2 

(systematic nomenclature) positions of the glycerol backbone that are commonly referred 

to as non-polar tails.  The primary means of differentiating the GPLs is by the molecular 

composition of the polar head group that is esterified to the sn-3 position of the glycerol 

backbone.  There are four major classes of GPLs: phosphatidylcholines (PCs), 

phosphatidylethanolamines (PEs), phosphatidylserines (PSs), and phosphatidylinositols 

(PIs).  The structure of the polar head group for each class is shown in Figure 1-12.   
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Figure 1-12.  The basic structure of glycerophospholipids (GPLs).  All GPLs consist of a 
polar head group and two non-polar tails, fatty acids.  The polar head group is 
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the primary means of separating GPLs into different classes.  The names of 
the four major classes are shown next to the structure of the head group.   
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Another class of lipids present in animal cells and tissues is the sphingolipids.  

These lipids are characterized by the presence of the sphingosine base (or a related base) 

as the backbone with a polar head group at the sn-3 position and only one variable fatty 

acyl chain at the sn-2 position.  The head group, shown in Figure 1-13, also distinguishes 

the three major classes of sphingolipids: ceramides (CER), sphingomyelins (SPM), and 

cerebrosides (CRB).  This class of lipids is primarily found in nerve tissue such as brain, 

sciatic nerve, and spinal cord.  The names adopted for them reflect this finding, especially 

sphingomyelins, because they are predominantly found in the myelin sheath, which is the 

protective covering and insulating medium of the nervous system.   

Typical fatty acids present in eukaryotic cells and tissues have between 12 and 24 

carbon atoms and can have varying degrees of unsaturation.  The common names, 

number of carbon atoms, and the number of double bonds for many of the common fatty 

acids are shown in Table 1-1.  A saturated fatty acid does not have any double bonds, 

while an unsaturated fatty acid can have anywhere from one to six double bonds present 

in the carbon chain.  All the double bonds present in a fatty acid chain are of the cis 

configuration instead of the trans configuration, as shown in Figure 1-14 for oleic acid 

(18:1) in a chemical structure and a 3-dimensional representation.   

The naming style adopted for the research conducted here uses the abbreviated 

name of the phospholipid followed in parenthesis by two sets of numbers for GPLs and 

one set for sphingolipids identifying the fatty acyl chain(s).  The first set of numbers 

refers to the sn-1 position and the second set to the sn-2 position.  Two numbers 

separated by a colon identify the fatty acyl chains:  the first number refers to the number 

of carbon atoms in the fatty acyl chain, including the carbonyl carbon, and the number  
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Figure 1-13.  The basic structure of sphingolipids.  This lipid class is derived from 
sphingosine or another similar base.  The structure of sphingosine is shown at 
the bottom.  They are similar to GPLs in that they have a non-polar tail, 
usually consisting of one fatty acid, and a polar head group.  The polar head 
group is also used to differentiate the different classes of sphingolipid.  The 
head groups for the major sphingolipids are shown above.   
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Table 1-1.  A list of the common fatty acids found in nature. 

 

Carbon Double
Atoms Bonds

 Butyric acid 4 0 butanoic acid
 Caproic Acid 6 0 hexanoic acid
 Caprylic Acid 8 0 octanoic acid
 Capric Acid 10 0 decanoic acid
 Lauric Acid 12 0 dodecanoic acid
 Myristic Acid 14 0 tetradecanoic acid
 Palmitic Acid 16 0 hexadecanoic acid
 Palmitoleic Acid 16 1 9-hexadecenoic acid
 Stearic Acid 18 0 octadecanoic acid
 Oleic Acid 18 1 9-octadecenoic acid
 Vaccenic Acid 18 1 11-octadecenoic acid
 Linoleic Acid 18 2 9,12-octadecadienoic acid
 Alpha-Linolenic Acid (ALA) 18 3 9,12,15-octadecatrienoic acid
 Gamma-Linolenic Acid (GLA) 18 3 6,9,12-octadecatrienoic acid
 Arachidic Acid 20 0 eicosanoic acid
 Gadoleic Acid 20 1 9-eicosenoic acid
 Arachidonic Acid (AA) 20 4 5,8,11,14-eicosatetraenoic acid
 EPA 20 5 5,8,11,14,17-eicosapentaenoic acid
 Behenic acid 22 0 docosanoic acid
 Erucic acid 22 1 13-docosenoic acid
 DHA 22 6 4,7,10,13,16,19-docosahexaenoic acid
 Lignoceric acid 24 0 tetracosanoic acid

Chemical Names and Descriptions of some Common Fatty Acids

Common Name Scientific Name
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Figure 1-14.  A typical fatty acid, oleic acid, is shown in two possible configurations.  For 
all double bonds occurring in a fatty acid chain, the double bond is in the cis 
configuration rather than the trans configuration.  The structures shown are of 
the basic shorthand form.   
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after the colon refers to the number of double bonds present in the carbon chain (degrees 

of unsaturation).  For example, PC (16:0, 18:1) identifies the lipid as phosphatidylcholine 

with two fatty acyl chains.  The fatty acyl chain at the sn-1 position is palmitic acid (a 16-

carbon chain with zero degrees of unsaturation), while the fatty acyl chain at the sn-2 

position is oleic acid (an 18-carbon chain with one degree of unsaturation).  This is the 

most common phospholipid in the cellular membrane of eukaryotic cells; its structure is 

shown in Figure 1-15.  Another example is SPM (18:0).  This lipid is classified as 

sphingomyelin with stearic acid, an 18-carbon chain having zero degrees of unsaturation, 

at the sn-2 position (Figure 1-16).  In general, the fatty acid at sn-1 is saturated, while the 

fatty acid at sn-2 can be saturated or unsaturated.   

Analysis of Lipids by Mass Spectrometry 

Due to the fact that lipids are present in every organism, they have been analyzed 

by mass spectrometry for many years.  Initial experiments used electron ionization (EI) 

for the analysis of derivatized lipids.  In EI, gaseous analyte molecules, M, are ionized 

within the vacuum chamber using an electron filament.  This filament produces energetic 

electrons (typically at 70 eV) that collide with the gaseous analyte molecules, causing the 

ejection of an electron from the analyte molecules and producing a positively charged 

radical, M+•, of the analyte molecule, as seen in Equation 1-14.   

M + e-  M+• + 2e-    Equation 1-14 

M+• is called the molecular ion because it represents the mass of the intact analyte 

molecular ion; however, in EI this ion is often very low in intensity due to the highly 

energetic process of electron ionization.  Under EI conditions, the analyte is often 

fragmented extensively, producing a spectrum very populated in the low mass region.   
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Figure 1-15.  The structure of PC (16:0, 18:1) in a normal structure form is shown.  This 
is the most abundant glycerophospholipid present in mammalian cellular 
membranes.   
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Figure 1-16.  Above is the structure of SPM (18:0).  This is the most abundant 
sphingolipid in mammalian nerve tissue.   
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One positive aspect of this fragmentation is that every compound will have a 

characteristic fragmentation pattern, allowing for the creation of a searchable database for 

the identification of compounds run by gas chromatography coupled to mass 

spectrometry (GC/MS) with an EI source.  The extensive fragmentation can be a problem 

in the analysis of lipids, however, especially in the analysis of unknown lipids.  A 

requirement to perform EI is that the analyte must have a high enough vapor pressure to 

be introduced into the ion source as a vapor.  Most lipids do not have a sufficiently high 

vapor pressure to be analyzed directly by EI, so they must be derivatized to a more 

volatile species.  There are many techniques to derivatize most lipids, but some lipids, 

such as phospholipids, do not have a good procedure for derivatization and thus cannot 

be analyzed by EI.  Derivatization of phospholipids first requires enzymatic cleavage of 

the phosphate head group, which makes classification more difficult because the head 

group in the distinguishing feature of the different classes glycerophospholipids.   

 Chemical ionization (CI) reduces the amount of fragmentation during the 

ionization process and is considered a soft ionization method when compared to EI.  Soft 

ionization refers to the ability of an ionization technique to produce a dominant ion of the 

intact molecular species with little or no fragmentation.  CI is a proton transfer ionization 

process and can be performed on the same instrument, but with a tighter ion source than 

EI.  In CI, a reagent gas, typically methane, CH4, is used to pressurize the source to 1 

Torr.  The same filament used in EI is turned on and the electrons from the filament 

collide with the reagent gas molecules rather than sample molecules because they present 

in large excess, producing reagent ions from the methane gas.  Table 1-2 shows the 

primary reactions that occur once a methane molecule, CH4, is ionized by an electron, e-
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70eV.  CH5
+ and C2H5

+ are the two primary sources of proton transfer to an analyte 

molecule because their conjugate bases (CH4 and C2H4) have relatively low proton 

affinities, 131.6 and 159 kcal/mol, respectively.   

 

Table 1-2.  The common reactions that occur in chemical ionization when methane, CH4, 
is used as the reagent gas.   

CH4   +   e-
70eV   CH4

+•   +   e-
thermal + e-

50eV Ionization 
CH4

+•                 CH3
+    +   H• Fragmentation 

CH4
+•                 CH2

+•   +   H2 Fragmentation 
CH4

+•   +   CH4  CH5
+    +   CH3

• Ion/molecule reaction 
CH3

+    +   CH4  C2H5
+   +   H2 Ion/molecule reaction 

CH2
+•   +   CH4  C2H3

+   +   H2       +   H Ion/molecule reaction 
C2H3

+   +   CH4  C3H5
+   +   H2 Ion/molecule reaction 

 

For proton transfer from a reagent ion to an analyte molecule to occur, the analyte 

must have a higher proton affinity than the conjugate base of the reagent ion.  If this 

stipulation is met, the analyte will be ionized to a protonated molecule ([M+H]+ or 

[MH]+).  Due to the high pressure of the source, collisional cooling aids in the formation 

of this ion because it removes excess energy from the ion and thus reduces the amount of 

fragmentation that occurs.  It is important to note that fragmentation of the [M+H]+ ion is 

only minimized, and thus source fragmentation may still occur.  The fragmentation is 

more related to the extent of energy transfer from a reagent ion to an analyte ion.  If there 

is large difference in the proton affinities of the analyte and the conjugate base of the 

reagent ion, there will be excess energy in the [M+H]+ ion formed, which can cause 

fragmentation of the analyte ion thus reducing the signal for [M+H]+.  By using different 

reagent gases, the fragmentation can be controlled.  Although there is a reduction in 

fragmentation, this technique still requires the analyte to be volatile and thermally stable 

for introduction into the ion source, so derivatization of the phospholipid is still required.   
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Fast atom bombardment (FAB) was developed in the early 1980s, and since that 

time, the analysis of lipids has changed dramatically.59, 60 FAB was the first soft-

ionization technique to offer the widespread ability to analyze non-volatile compounds 

without the need for time-consuming derivatization techniques.  FAB is also called liquid 

secondary ion mass spectrometry (LSIMS) because it was developed from secondary ion 

mass spectrometry (SIMS).  SIMS uses a primary ion beam to bombard a solid surface to 

eject secondary ions from the surface of the solid that can be mass analyzed, typically by 

a time-of-flight or magnetic sector instrument.  The difference between FAB and SIMS is 

the introduction of a low-volatility liquid matrix in which the analyte molecules are 

dissolved or suspended.  In FAB, the analyte and the matrix are mixed and then deposited 

onto a solid surface that is inserted into the mass spectrometer. The matrix is typically 

glycerol because it has a very low vapor pressure and thus does not rapidly evaporate 

from the solid surface when it is inside the vacuum chamber.  The primary ion beam 

collides with the matrix/analyte mixture at a 45° angle and ejects ions and neutrals of the 

analyte and the matrix from the liquid surface as shown in Figure 1-17.  FAB is 

considered a soft ionization technique because the matrix absorbs the energy from the ion 

beam preventing internal energy build up in the analyte molecules, producing ions related 

to the intact analyte.  Another purpose of the liquid matrix is the continual renewal of the 

ablated area with fresh matrix and analyte.  When analyzing a solid sample in SIMS, the 

area interrogated with the ion beam is damaged, and the molecular ion signal ceases. The 

ion beam must be moved to a new area for continued production of molecular ions.  The 

refreshing of the surface in FAB also solves a drawback of SIMS in that the ion beam 

does not penetrate into the sample very far, typically only a few nanometers, thus limiting  
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Figure 1-17.  A diagram of the fast atom bombardment, FAB, process.  In FAB, the 
analyte, A, is dissolved in a matrix, G, typically glycerol, and an ion or atom 
beam is directed to the sample surface at an angle.  Secondary ions of glycerol 
and analyte are ejected from the surface upon bombardment by the ion beam.  
These secondary ions generated are from the matrix and the analyte.  This 
technique limits fragmentation of the analyte, generating intact molecular 
ions.   
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the amount of material ablated.  By refreshing the surface, the accumulation of signal can 

be accomplished which may aid in the analysis of lower abundant species.   

 FAB allowed for the direct analysis of phospholipid species without 

derivatization, thus providing for better characterization of the lipid species in a 

biological sample.  Coupling FAB to a mass analyzer capable of performing tandem MS 

presented the opportunity to identify the lipids based on their fragmentation patterns 

under CID.  In a sense, this is akin to spectra collected by EI, but the fragmentation is 

better controlled.  However, there are a lot of differences between a spectrum collected 

under EI and one collected by CID of a FAB generated ion.  EI causes a high degree of 

fragmentation producing many ions related to the structure of the analyte whereas CID 

imparts less energy to the analyte producing fewer fragment ions, but still specific to the 

structure of the analyte.  Because CID spectra are quite dependent on CID conditions, and 

CID is not always performed under the same conditions, there are not libraries of spectra 

in which a researcher could search to identify unknown species.  When CID is used, it is 

better to have a standard of the analyte ion to allow comparison of MS/MS spectra of the 

standard and the analyte under investigation collected on the same instrument.  A 

limitation of FAB is the presence of very intense peaks across the entire low mass range 

arising from clusters of the matrix, especially when glycerol is used.  This can make 

identifying low-mass lipids very difficult, especially when they are in low abundance.   

A significant transformation in mass spectrometry occurred with the introduction of 

electrospray ionization (ESI).18 This further advanced the analysis of lipids by mass 

spectrometry because ions could be generated directly from aqueous/organic solutions.  

With ESI, there is not a limitation in the size of a molecule, in fact practically every type 
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of compound from small organic drug molecules to large protein complexes is amenable 

to analysis.   

In ESI, a high voltage from 1000 V to 8000 V is applied to a small metal capillary 

into which fused silica, usually 100 μm inner diameter, is inserted.  The applied voltage 

creates an electric field at the tip of the capillary.  An aqueous/organic solution is pumped 

at a constant flow rate through the end of the capillary.  As the solution emerges from the 

capillary and if the electric field is sufficient, a Taylor cone will develop.  Small droplets 

containing both the volatile solvent and sample ions emerge from the cone.  As the 

solvent evaporates, the charge density increases until the charge density exceeds the 

Rayleigh limit and then the ejection of ions occurs.  Due to this process, multiply charged 

ions are routinely observed, especially from proteins and peptides.  The process is shown 

in Figure 1-18.  A prerequisite of ESI is that the compound must be an ion, or zwitterion, 

in the solution for ionization to occur.  This means that non-polar compounds such as 

steroids cannot be ionized by ESI.   

This technique permitted the direct coupling of liquid chromatography (LC) with 

mass spectrometry due to the ability to ionize a wide variety of compounds as intact 

molecular ions from a liquid phase.61 By coupling these complementary techniques, more 

information could be generated from the same analyte solution, a retention time, a mass 

spectrum, and a MS2 spectrum.  Tandem MS of the intact molecular species has enabled 

direct structural characterization and identification of phospholipids, and has truly 

transformed the study of lipids.62-68 Just as ESI has created a new field in the analysis of 

proteins called proteomics, the impact in lipid analysis has now generated a new field  
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Figure 1-18.  A diagram of the electrospray process.  In electrospray ionization (ESI), a 
liquid solution is pumped through a small capillary needle to which a high 
voltage is applied.  As the solution emerges from the needle, a Taylor cone 
develops and then small droplets begin to evaporate.  These droplets then 
evaporate further, producing charged species in the gas phase.   
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of analysis called lipidomics.  This field is quite young, but it offers the potential to 

identify the role of lipids in cells, tissues and organs to better understand biological 

disorders and diseases.69   

Despite the widespread use of both ESI and MALDI in the analysis of proteins and 

peptides, the adoption of MALDI for the analysis of lipids has remained limited.  A 

search of journal articles with the keywords “MALDI” and “lipids” produced only 90 

publications, while a search with the keywords “electrospray” and “lipids” produced 295 

publications.  Part of the problem with MALDI is the high abundance of matrix ions in 

the low mass region (under m/z 1000) of a mass spectrum. These ions can interfere in the 

analysis of lipids because the majority of lipids as singly charged ions would be detected 

at a m/z value less than 1000.  Since the majority of instruments employing a MALDI 

source are limited to one stage of mass analysis, distinguishing matrix ions from lipids 

ions can be difficult.   

For this reason, MALDI has primarily been a technique for the analysis of higher 

molecular weight compounds such as proteins, polymers, and DNA.  The complexity of 

lipids in this low-mass region has also been a problem for the use of MALDI in their 

analysis.  Appropriate MALDI preparation can yield very good results for lipids, 

especially the phospholipids and sphingolipids.70-74 With the introduction of MALDI onto 

instruments capable of tandem MS, the analysis of lipids offers structural characterization 

as well as very good spatial resolution, enabling easier identification of solutions 

containing many lipids.75-77 The spatial resolution is important in the analysis of tissue 

sections by MALDI especially for the generation of images related to the distribution of a 

specific compound in the tissue.  Perhaps the analysis of lipid by MALDI will develop 
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more readily with this capability because of the prominence of lipids in the cellular 

medium.   

Overview of dissertation 

The following chapters describe the analysis of tissue specimens for small 

molecules, compounds having a MW less than 1000 amu, by intermediate-pressure (IP) 

MALDI.  The purpose of this research was to develop a new technique that will enable 

researcher to better characterize compounds present in tissue specimens.  Chapter 2 

describes the first-ever analysis of tissue specimens, spinal cord, using IP-MALDI, 

operating at a pressure of 170 mTorr for ionization.  This chapter shows the ability to 

desorb intact PLs from tissue at this pressure and to correctly identify them, as PCs or 

SPMs, using tandem MS.  Chapter 3 examines the ion fragility of PLs by ESI-QIT-MS 

and MALDI-QIT-MS.  This chapter describes how different ions from the same molecule 

can have different degrees ion fragility causing either source fragmentation or decreased 

mass resolution in mass analysis by QIT.  The formation of cationized species of PLs is 

proven to show less source fragmentation and better mass resolution.  With this 

understanding, MALDI matrices can be prepared and deposited onto tissue specimens to 

favor the formation of cationized species.  Chapter 4 describes the analysis of brain tissue 

sections by IP-MALDI for the generation of mass spectrometric images that show the 

distribution of specific PLs.  Chapter 5 offers a conclusion to the areas examined and a 

look to the future of tissue analysis by IP-MALDI as well as a perspective on the use of 

quadrupole ion traps in conjunction with imaging mass spectrometry.   

 

 
 

 



CHAPTER 2 
ANALYSIS OF INTACT TISSUE BY INTERMEDIATE-PRESSURE MALDI ON A 

LINEAR ION TRAP MASS SPECTROMETER 

Introduction 

Prior to the advent of matrix-assisted laser desorption/ionization (MALDI), direct 

mass spectrometric analysis of tissue sections focused primarily on the identification of 

elements in thin tissue sections, with one of the first experiments involving the detection 

of heme-bound iron from red blood cells using a laser microprobe mass analyzer, or 

LAMMA.16 With the advent of soft ionization methods such as MALDI and electrospray 

ionization (ESI), characterization of labile and involatile molecules such as proteins, 

peptides, and lipids present in biological tissues has become possible.  The use of soft 

ionization techniques allows for reduced complexity in the analysis of biomolecules with 

mass spectrometry because intact molecular ions of the particular molecule are produced 

rather than fragment ions.   

Mass spectrometric microprobes employing MALDI or secondary ion mass 

spectrometry (SIMS) are now offering promising new approaches to map the distribution 

of small and large molecules directly from tissue sections at biologically significant 

levels19, 20, 22, 78 and to help unravel the molecular complexities of cells.79-83 Microprobe 

MS offers the unique ability to directly analyze tissue samples for chemical species and 

to identify changes in the distribution of specific compounds localized in tissue by 

generating images of specific ions or by comparing spectra from different regions of the 

section.  Many of the analyses have focused on the identification of proteins and peptides 

52 
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present or absent in normal and diseased tissue,23, 84-87 but other applications have focused 

on the identification of site-specific drug activity24 as well as lipids.88-91 Besides tissue 

samples, artwork has also been analyzed for specific compounds to help determine their 

authenticity.92, 93 Studies in our laboratory have demonstrated the ability to map 

paclitaxel, a small drug compound, at trace (pg/mg) levels in ovarian tumors.24, 27 Critical 

to such sensitive and selective analysis was the unique capability for tandem mass 

spectrometry (MSn) that an instrument developed in our laboratory provided.  Other 

studies have shown the need for tandem mass spectrometry for the identification and 

mapping of small drug molecules such as cocaine94 and anti-tumor drugs95 in tissue 

sections.   

The analysis of tissue sections by MALDI mass spectrometry has traditionally been 

performed at low pressure (~10-6 Torr).  This low pressure requires samples to be dried 

completely, which requires approximately 2 hours, before exposure to vacuum 

conditions, thus prohibiting the analysis of freshly cut tissue.  Analyses of phospholipids 

under traditional vacuum MALDI conditions have shown fragmentation of the 

phospholipid head group (unpublished results), making low-level detection difficult; 

recent analyses of gangliosides, brain glycolipids, using intermediate-pressure (IP) 

MALDI have shown decreased fragmentation for these labile biomolecules.96 

Intermediate pressures for IP-MALDI have ranged97, 98 from 10-2 Torr to 1 Torr, ten 

thousand to a million times higher pressure than traditional vacuum MALDI; in all cases, 

collisional cooling reduces the degree of source fragmentation.  Both IP-MALDI, 

coupled to an FT-ICR, and atmospheric-pressure MALDI (AP-MALDI), coupled to a 
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quadrupole ion trap, have been shown to reduce the amount of source fragmentation for 

more labile molecules such as gangliosides and phosphopeptides.99, 100  

Experimental 

The instrument used for all experiments was a Finnigan LTQ linear ion trap mass 

spectrometer (San Jose, CA) fitted with a vMALDI source, as shown in Figure 2-1.  The 

source consists of a N2 laser (337 nm) directed to the source by a fiber optic cable; optics 

inside the source allow for laser spot diameters from 80 to 120 μm at an incident angle of 

30°.  The laser spot size used for data collection was adjusted to 120 μm.  This position 

can be controlled to +/- 1 μm without removing the plate from the vacuum chamber.  If 

the plate is removed from the chamber and re-inserted, the precision is +/-6 μm in the 

vertical direction and +/- 7 μm in the horizontal.  This source is designed to operate 

around 0.17 Torr.  The standard vMALDI software limits sampling to the normal 2 mm 

diameter sample wells, but tissue samples larger than this can be analyzed with custom 

software.   

All chemicals were obtained from Fisher Scientific (Fairlawn, NJ).  The spinal cord 

was removed from normal Spague-Dawley rats at the University of California at San 

Diego and immediately stored in N2 (l).  Frozen spinal cord was cut (1 mm thick) with a 

scalpel and placed onto the vMALDI stainless steel sample plate.  For all experiments, 

tissue specimens were allowed to dry for the typical 2 hours before matrix application.  

The matrix was electrosprayed from distance of 2 cm onto the surface at a flow rate of 7 

μL/min for approximately 10 minutes.  The matrix used was 2,5 dihydroxybenzoic acid 

(DHB) at a concentration of 77 mg/mL in 70% methanol/30% water (with 0.1% TFA).  

Due to the use of a thick sample, the laser was unfocused when it impinged the surface of 
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the tissue, so the laser power was increased to compensate.  Ten laser shots were 

accumulated per spot to obtain each mass spectrum.   

Results and Discussion 

 To the author’s knowledge, direct analysis of tissue sections by MALDI at higher 

pressures has not previously been reported.  Analysis of drug compounds in tissue 

sections using laser desorption/chemical ionization (LD/CI) at 1 Torr has been reported 

by our laboratory.24, 101   

Figure 2-2 shows spectra collected from the analysis of a section of spinal cord, 

along with an optical image of the area analyzed (1.8mm x 2.3mm).  The entire region 

was coated with the MALDI matrix.  The black line in the optical image on the left 

indicates the outline of the spinal cord section.  Spinal cord includes a variety of small 

and large molecular weight compounds from lipids to proteins, but lipids constitute a 

larger percentage by weight, and would be readily detectable by MALDI mass 

spectrometry.  The phospholipids ions detected as singly charged ions would range in 

mass-to-charge (m/z) from around 600 to under 1000.   

Spectrum A at the top of Figure 2-2 was taken from a location in which the spinal 

cord was not present but DHB matrix was present.  No ions corresponding to 

phospholipids were detected from this region.  On the other hand, a spectrum acquired 

when the laser was fired at a location on the tissue (spectrum B, bottom of Figure 2-2) 

indicates ions present from m/z 700-900 (Figure 2-3A) that were not detected in the 

spectrum in Figure 2-2A.  To ensure that these detected ions corresponded to lipids, 

tandem MS was performed on eight of them.  Table 2-1 lists these ions, along with the 

major fragment ions observed from MS2.  A neutral loss of 59 or the presence of the 

fragment ion m/z 184 is indicative of a phosphatidylcholine (PC) or a sphingomyelin 
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Figure 2-1.  A schematic diagram of the Finnigan LTQ linear ion trap instrument with 
vMALDI source modification.  The vMALDI source replaces the standard 
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sphingomyelin (SPM).  The MS2 spectrum of m/z 760.82 is displayed in Figure 2-3B.  

Only one major fragment ion was detected, m/z 184.00 (C5H15NO4P), which is the 

phosphocholine head group from either a PC or an SPM.  Using the nitrogen rule, this 

even m/z ion cannot be the [M+H]+ from SPM due to the presence of an additional 

nitrogen in the ceramide backbone of SPM.  No fragment ions were observed in the 

MS/MS spectrum that would correspond to the fatty acid tails (R1 and R2) of PC.  MS3 of 

m/z 184.00 would not provide any information pertaining to the fatty acid content 

because the fatty acid tails were lost in MS2.  It is possible to surmise the fatty acid tails 

based on the relative abundance of fatty acid chains expected to be present in spinal cord, 

but fragmentation information would provide more certainty.   

MS2 of m/z 782.82 (Figure 2-4A) reveals a different fragmentation pattern, a 

neutral loss of 59 (trimethylamine) to produce m/z 723.36, and then a neutral loss of 124 

to produce m/z 599.36 after MS3, as seen is Figure 2-4B.  This fragmentation pattern is 

characteristic of cationized PC and has been previously observed on triple quadrupole62, 

102 and quadrupole ion trap103 MS/MS instruments.  No ions corresponding to the fatty 

acid tails were detected from MS3.  Ions related to the fatty acid tails have been detected 

from the [M+Na]+ of PCs using ESI and quadrupole ion trap mass spectrometry, but they 

were low in abundance.103 MS4 of m/z 599.36 was performed to determine if fatty acid 

information could be obtained, but no fragment ions were observed.  In future 

experiments, to increase less abundant fragment ions from MS3, the trap will be filled for 

a longer period of time or multiple scans will be collected and averaged.  Also, increasing 

the abundance of the cationized lipids by adding sodium to the matrix solution may aid in 

the identifying lower abundance fragment ions in tandem MS.   
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Figure 2-2.  On the left is an optical image of the spinal cord coated with DHB; the 
locations where the laser was fired to produce spectra A and B are indicated 
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with circles.  The spinal cord is outlined in black.  Spectrum A shows the
detected from a location away from the tissue, but in an area where the DHB 
matrix was still present.  Most of these ions correspond to DHB clusters such 
as m/z 409.91, 551.73, and 727.36, as indicated by the dagger symbol.  These 
ions appear at a higher mass than expected because the laser power was 
increased due to the thickness of the tissue sample and thus when the laser 
fired at a position off the tissue, space-charging was evident.  No 
phospholipids were identified in that location.  Spectrum B shows the ion 
signal from the tissue surface, indicating the presence of phosphol
The ion at m/z 760.82 was determined by tandem MS to be the [M+H]+ ion
phosphatidylcholine 34:1 (PC 34:1).  The other starred ions from m/z 700-90
were determined to be either PC or sphingomyelin, SPM.     
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Figure 2-3.  Spectrum A is an enlargement of the phospholipid region of the spinal cord 
tissue section mass spectrum from figure 2B.  Spectrum B shows MS2 of m/z 
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a phosphatidylcholine, showing the fragmentation pathway that produces m/z 
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These results indicated that m/z 782.82 is the [M+Na]+ analog of the [M+H]+ ion at 

m/z 760.82.  Even though sodium was not added to the matrix, there was enough sodium 

present in the tissue section for adduction to occur.  This PC ion can be classified as 

either PC (16:0, 18:1) or PC (18:1,16:0), or in general PC (34:1) because fatty acid tail 

information was not obtained under fragmentation.   

 

Table 2-1.  Ions detected from spinal cord in Figure 2A that were chosen for MSn 
analysis.  Only the MS2 major fragment ion m/z is shown in the table, but MS3 
was also performed. 

m/z MS2 major fragment Identification
735.00 717.00 DHB related
760.82 184.00 Phospholipid
782.82 723.36(NL 59) Phospholipid
788.73 184.00 Phospholipid
798.82 739.55(NL 59) Phospholipid
810.82 751.55(NL 59) Phospholipid
835.82 776.55(NL 59) Phospholipid
848.85 831.09 DHB related  

 

Other ions studied by MSn were m/z 735.00, 788.82, 798.82, 810.82, 835.82, and 

848.85, as listed in Table 2-1.  MS2 of m/z 788.82 was performed with the major 

fragment ion of m/z 184 produced indicating this ion is a protonated PC with fatty acids 

adding to 36:1.  MS2 of m/z 798.82 showed a neutral loss of 59, producing m/z 739.55, 

indicating it is cationized.  MS3 of m/z 739.55 produced m/z 615.00; a neutral loss of 

124, confirming that m/z 798.82 is cationized.  Using a search engine of phospholipids 

developed in our lab, this ion was identified as the [M+K]+ analog of the [M+H]+ ion at 

m/z 760.82 and the [M+Na]+ ion at m/z 782.82 (PC 34:1).  MS2 and MS3 for m/z 810.82 

and 835.82 also identified these ions as cationized species.  A search through the database 
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for m/z 810.82 indicates it is the [M+Na]+ analog of the [M+H]+ ion at m/z 788.82, PC 

36:1, while a search for m/z 835.82 indicates the ion is SPM 24:1, [M+Na]+.  Finally, the 

tandem MS spectra for m/z 735.00 and 848.85 both show a neutral loss of 154, which is 

most likely indicative of a DHB background ion.   

Conclusions   

The experiments and data reported here demonstrate that it is possible to analyze 

tissue specimens at a pressure five orders of magnitude higher than traditional vacuum 

MALDI experiments.  These results also clearly show the need for MSn for identification 

of small molecules desorb directly from tissue sections.  The major ions detected from 

the spinal cord section were determined by MSn to be phospholipids, primarily PC and 

SPM.  Due to differences in fragmentation patterns, cationized and protonated PCs could 

be distinguished.  Ions desorbed from the spinal cord not corresponding to lipids were 

also investigated using tandem MS.  Although the effects of drying tissue specimens 

before MALDI analysis has not yet been evaluated, preliminary results suggest that IP-

MALDI may allow for a reduction in amount of drying time necessary to directly analyze 

tissue specimens and therefore allow for evaluation of the effects of drying such as 

compound degradation or cell rupture.  If the drying time can be reduced, sample 

throughput can be increased and the analysis of tissue samples within minutes of 

dissection may be possible. 
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Figure 2-4.  Spectrum A shows MS2 of m/z 782.82 from figure 2A, while spectrum B 
displays MS3 (782.82 723.36 …).  The neutral loss of 59 after MS2 

corresponds to loss of trimethlyamine in the structure for PC (inset of 
spectrum B).  Two major fragment ions from MS3 arise from the neutral loss 
of 124 (ethylphosphate) with the sodium retained on the glycerol backbone, or 
the neutral loss of 146, when the head group retains the sodium.  This 
fragmentation pattern is associated with cationized PC and SPM.  Fragment 
ions relating to specific fatty acid tails R1 and R2 were not observed. 

 

 



CHAPTER 3 
CHARACTERIZATION OF PROTONATED PHOSPHOLIPIDS AS FRAGILE IONS 

IN ION TRAP TANDEM MASS SPECTROMETRY 

Introduction 

This chapter is focused on the analysis of standard phospholipids and 

sphingomyelins by ESI and MALDI.  Before the application of imaging mass 

spectrometry, it was important to better understand the differences in ionization of 

phospholipids as protonated and sodiated species, particularly the susceptibility to source 

fragmentation.  If fragmentation of the parent ion is occurring in the source, less of that 

parent ion will be available for mass analysis, which in turn increases the detection limit.   

Glycerophospholipids (GPLs) serve a variety of functions from cellular signaling to 

protein transport and are abundant in all living organisms.104 GPLs are linear in structure 

and typically consist of a glycerol backbone with a polar head group and two non-polar 

fatty acid tails.  PLs with this basic structure are phosphatidylcholines (PCs), 

phosphatidlyethanolamines (PEs), phosphatidylinositols (PIs), and phosphatidylserines 

(PSs) with the classes determined by the composition of the head group.   

Because of their biological abundance and importance, phospholipids have been 

studied by mass spectrometry for many years, from electron ionization coupled to gas 

chromatography/mass spectrometry (GC/MS)61 to more recently matrix-assisted laser 

desorption/ionization (MALDI)70-72, 105 and electrospray ionization (ESI)62, 63, 67, 106.  

Under appropriate experimental conditions, the latter ionization techniques produce a 

predominant ion ([M+H]+ or [M+Na]+) corresponding to the molecular weight of the 

63 



64 

intact molecule whereas GC/MS causes a high degree of fragmentation and requires 

derivatization to increase volatility, but identification is performed using the immense 

chemical database available for EI spectra.  In ESI, relying on the molecular weight for 

compound identification is inadequate because of the wide variety of phospholipids 

present and possible fatty acid combinations; thus compound identification is typically 

performed by tandem MS with a triple quadrupole or ion trap mass spectrometer.62, 67, 102, 

107   

The initial studies focused on the differences in fragmentation between protonated 

and sodiated phospholipids.  For positive ions, experiments showed that protonated and 

sodiated PCs produced very different fragmentation patterns, with sodiated PCs 

providing a more informative fragmentation pattern.62 Under collision-induced 

dissociation (CID), protonated PCs produced one fragment ion, m/z 184, corresponding 

to the polar head group, indicating that the charge is retained on the head group.  In 

contrast, CID of sodiated PCs produced fragments that corresponded to losses of the head 

group with retention of the charge on the glycerol backbone.  The most abundant 

fragment in MS/MS showed a neutral loss of 59, which corresponds to the choline group, 

-N(CH3)3.62  

 The difference in fragmentation of protonated and cationized phospholipids has 

been of considerable interest, particularly in the study of different metals for 

cationization.  Due to the limitation of a single stage of tandem MS (i.e., MS2) on a triple 

quadrupole, the need for more informative fragment ions in MS2 is desired.  The use of 

lithiated adducts was shown to provide many structurally informative fragment ions for 

PCs102and PEs65 after a single stage of tandem MS, and many other cations have been 
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evaluated for other GPLs107  A structurally significant fragment ion in the analysis of 

lipids allows for the correct identification of the fatty acid tails and their location on the 

glycerol backbone.  A novel adduction with trifluoroacetic acid (TFA)/K+ for PCs was 

determined to provide an abundance of structurally informative fragment ions as well.103 

The resonating theme of most positive ion studies was that the cationized GPLs, or 

adducts with other complexes, should be preferred over protonated GPLs if structural 

identification is desired.   

 This difference in fragmentation behavior under CID is also of concern in ion trap 

mass spectrometry due to ion fragility.  In previous studies from our laboratory,108 the 

fragility of an ion within an ion trap was quantified and results showed that different ions 

formed from the same molecule can exhibit varying degrees of fragility.  For example, 

cationized oleandomycin is a stable ion, while its protonated counterpart is fragile.  A 

consequence of fragility is an inability to efficiently isolate a fragile ion without widening 

the isolation notch, as well as mass shifts and reduced mass resolution.108 Although a 

relationship between differences in fragmentation between different ions of the same 

compound in CID experiments and differences in ion fragility of those ions has not been 

evaluated, it appears to be an interesting area for future studies.   

It has already been shown that cationized and protonated species of the same 

molecule exhibit varying degrees of fragility, but the effect on the desolvation process 

has not be evaluated.  The temperature of the heated capillary, and thus the effective 

temperature of an ion, has been shown to affect the onset of source fragmentation.109 In 

MALDI mass spectrometry, source fragmentation of phospholipids was determined to 
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arise from gas-phase reactions rather than from laser-induced photodissociation.70 This is 

an important factor, since gas-phase reactions occur in electrospray as well.   

Fragmentation in ion transport has been studied before.  Early studies in 

electrospray showed the possibility of performing thermally induced dissociation (TID) 

of highly charged protein ions.110 A heated capillary was used for those studies and the 

results indicated that the higher charged ions (+6, +5, and +4) were more susceptible to 

TID due to increased coulombic repulsions.  Source collision-induced dissociation 

(SCID) has been used for many years for controllable dissociation of complexes and to 

provide fragment ions that can be further fragmented in a tandem mass spectrometer.  

The concept of ion fragility in ion trap mass analysis is re-examined for a different 

class of compounds and the effects on fragmentation in ion transport are explored by 

comparing three different phospholipids as protonated and sodiated species, namely PC 

(16:0, 16:0), SPM (16:0), and PE (16:0, 16:0).   

Experimental 

 For ESI, all experiments were performed on the Finnigan LCQ instrument (San 

Jose, CA), an electrospray ionization quadrupole ion trap (ESI-QIT) mass spectrometer.  

Analyte solutions were directly infused at a flow rate of 1 μL/min using a syringe pump, 

4.5 kV applied to the electrospray needle, and sheath gas set to 30 arbitrary units.  For 

evaluating differences in ion fragility of protonated and cationized molecules, three 

phospholipids were chosen:  phosphatidylcholine (PC), sphingomyelin (SPM), and 

phosphatidylethanolamine (PE). PC and SPM were chosen because the protonated and 

sodiated molecular ions exhibit different fragmentation pathways under collision-induced 

dissociation (CID) and they share the same head group.  The main difference is in their 
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fatty acid tails because SPM has only one fatty acid chain that can vary, whereas PC has 

two fatty acid chains that will vary.  PE was chosen because it has a similar head group to 

PC and SPM and also exhibits a different fragmentation pathway for protonated and 

cationized species.  The only difference in the head group is the replacement of choline (-

N(CH3)3) with amine (-NH3), as seen in Figure 3-1.   

Standards of PE and PC with fixed fatty acid substituents of palmitoyl (16:0) were 

obtained from Avanti Polar Lipids (Birmingham, AL), while SPM was purchased from 

Avanti as a chicken egg extract, but with palmitoyl (16:0) as the predominant acyl chain 

(80%).  All phospholipids were obtained as powders and prepared to the desired 

concentrations.  PC and SPM were made as stock solutions of 1000 ppm in 50:50 

isopropanol:methanol and PE was made as a stock solution of 500 ppm in 75:25 

choloroform:methanol.  For ESI QIT-MS analysis, the stock solutions were diluted to 10 

ppm in methanol.   

Due to the presence of unwanted source fragmentation and to uncover the origin of 

those fragments, solutions were prepared to ensure that either the [M+H]+ ion or the 

[M+Na]+ ion was solely present during analysis.  For control of protonation, formic acid 

was added for a final concentration of 0.1%; for the production of sodiated species, 

sodium acetate was added to a concentration of 100 μM.  All solvents were HPLC grade 

and were obtained from Fisher Scientific (Pittsburgh, PA).  Unfortunately, because these 

lipids tend to prefer sodium, the protonated solutions contained the sodiated species as 

well, probably because of sodium ions present in the methanol.   
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Figure 3-1.  Chemical structures of the phospholipids used in the studying ion fragility 
and source fragmentation.  The protonated version of the molecule is shown.  
SPM stands for sphingomyelin, PC stands for phosphatidylcholine, and PE 
stands for phosphatidylethanolamine.  All three molecules are very similar in 
structure.  SPM and PC share the same head group, but differ in the fatty acid 
tails, while PC and PE share the same fatty acid tails, but have slightly 
different head groups.   
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Ion fragility in the ion trap was determined using three experiments described 

previously.111 These experiments were 1) measuring the peak width of the parent ion at 

10% peak height  (PW10%) using a slow scan speed (called zoom scan), 2) finding the 

isolation width needed for efficiently isolating the desired ion, and 3) determining the 

amount of energy required for CID.  Typically, a fragile ion will need a wider isolation 

window, will exhibit a wider peak width at a slow scan rate, and will require less energy 

to fragment under CID.  These experiments were set up using Xcalibur software.  Data 

for the zoom scan were averaged over 2 minutes.  The isolation width was determined by 

changing the width from 1 to 4 amu wide in 1 amu increments, and collecting data for 1 

minute at each interval.  In studying the amount of energy required for CID, all 

experiments were conducted at a heated capillary temperature of 250°C and a tube lens 

offset of 30 V while changing the percent CID and collecting data for 1 minute at each 

level.  Values for percent CID were 15%, 16%, 17%, 18%, 19%, 20%, 21%, 25%, and 

30%. 

Ion fragility in ion transport, or the susceptibility of ions to source fragmentation, 

was also studied using two injection parameters on the LCQ, the temperature of the 

heated capillary and the voltage applied to the tube lens (tube lens offset).  These two 

parameters assist in desolvating and declustering ions during injection.  Typical operation 

involves a high capillary temperature, 250oC, and a small voltage for the tube lens.  The 

sensitivity of analysis is typically increased with a more positive tube lens offset for 

positive ions and a more negative value for negative ions; even higher voltages result in 

ion fragmentation.  To determine the effect of temperature on fragmentation of 

phospholipids, an Xcalibur instrument control file was created that recalled different tune 
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files allowing the capillary temperature to be changed at 10-degree intervals from 50°C to 

250°C.  Prior to setting up the temperature profile scan, it was determined that a 

temperature change took 8 minutes before equilibrating; therefore, the instrument file 

collected data for 10 minutes at each temperature level, but only the last two minutes of 

each temperature change were used for comparisons between protonated and sodiated 

species.  The tube lens was maintained at 0 V for these experiments.  The final parameter 

used to understand the susceptibility of phospholipid ions to source fragmentation was 

the tube lens voltage.  For this experiment, the heated capillary was held at 250°C and the 

tube lens voltage was changed; spectra were collected for two minutes at 4 voltage levels 

(0, 10, 20, and 30 V) and saved as different files.     

Results and Discussion 

The three phospholipids studied can form many molecular ions under ESI 

conditions.  For example, the PC (16:0, 16:0), a synthetic phospholipid, if ionized without 

control of solvent counter ions would be detected as [M+H]+, [M+Na]+, and [M+K]+ 

because these are the primary cations present in most solvents.  Determining which 

molecular ion is the most stable for ion trap mass analysis is of importance to ensure 

good mass accuracy and lower detection limits (if the more fragile molecular ion is 

fragmented more easily in ion transport there will ultimately be less parent ion present for 

mass analysis).  Up until now, a relationship between fragility in the ion trap and source 

fragmentation has not yet been explored.  While operating the LCQ QIT-MS at lower 

capillary temperatures, a reduction in fragmentation of the head group from [M+H]+ of 

SPM 16:0 was noticed.  This reduction in fragmentation was evaluated further in the 

present study.   
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Fragility in the trap   

The LCQ zoom scan feature allows for a higher resolution spectrum over a narrower 

mass range, 10 amu, by using a 20x slower scan rate.  A fragile ion will have a broader 

PW10% than a more stable ion.  Examples of the zoom scan experimental data are shown 

in Figure 3-2 for the analysis of SPM 16:0 as [M+H]+ (A) and [M+Na]+ (B).  Protonated 

SPM has a wider PW10% than the sodiated SPM ion for the monoisotopic peak.  A zoom 

scan was collected for each phospholipid studied and the results were summarized in the 

bar graph of Figure 3-3.  All protonated phospholipids exhibited wider peaks widths than 

their sodiated counterpart, indicating for this experiment that the sodiated species is more 

stable.  PE showed the largest difference in peak width between the [M+H]+ and 

[M+Na]+ and was the only ion in which the peak was so broad that isotopic resolution 

was not obtained in a zoom scan.  Previous studies determined that a PW10% less than or 

equal to 0.30 amu was indicative of a stable ion.108 Using this value, both the sodiated 

and protonated species of SPM and PC could be considered fragile ions, while only the 

sodiated species of PE would be considered stable.  It should thus be stated that the 

sodiated species of SPM and PC exhibit less fragility than the protonated species. 

For secondary confirmation that the sodiated species is more stable than the 

protonated species, data were collected for determining the isolation width needed to 

efficiently isolate the parent ion before CID.  In this experiment, an efficient isolation 

width was defined as the width needed to reach 50% of the intensity at an isolation width 

of 4.0.  As can be seen from the graph in Figure 3-4, all the sodiated species permitted 

narrower isolation widths than the protonated species.  However, the difference for PE is 

not as great as compared to PC and SPM, possibly showing both protonated and sodiated  
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Figure 3-2.  Spectrum A, above, is a zoom scan of protonated sphingomyelin (SPM) 16:0.  
The peak width at 10% peak height (PW10%) was determined to be 0.44.  The 
peak width for the sodiated counterpart, measured from the zoom scan in 
spectrum B, was 0.37.  A narrower isolation width indicates that the sodiated 
species is less fragile than the protonated species in ion trap mass analysis.   

 

 



73 

 

 

 

igure 3-3.  The chart above shows the PW10% for the two ions (protonated and sodiated) 
of each phospholipid studied.  The peak widths were measured from zoom 
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scan data.  The zoom scan data was collected for 2 minutes and the peak width 
was measured from the average spectrum of each ion.  For all three 
phospholipid classes studied, the protonated species was determined to be 
more fragile because the peak width was wider.   
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Figure 3-4.  A chart showing the isolation width needed to efficiently isolate the parent 
ion of each ion studied (protonated and sodiated) for each phospholipid.  A 
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wider isolation width is typically needed for a more fragile ion.  The results 
from this experiment also indicate that the protonated species is more fragile
than the sodiated ion.   
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PE are fragile ions.  This result is contrary to the findings from the zoom scan 

experiment.  Both PC and SPM share the same head group, phosphocholine, whereas in 

PE this head group is amine, -NH3, rather than trimethylamine, -N(CH3).  This small 

structural difference may cause a dramatic change in inter- and intra-molecular bonding 

for PE ions in the gas phase.  An interesting result was that even the more stable sodiated 

species required an isolation width of greater than 1 amu wide implying that this ion is 

still unstable as compared to previous results indicating that the stable ion, such as 

caffeine [M+H]+, could be isolated with a 1 amu wide window.108   

Finally, the %CID, given as a percent of the maximum 5 Vp-p resonance 

excitation waveform, required to reduce the parent ion signal by 50%, was determined for 

each ion; the results are shown in Table 3-1.  These results indicate that the protonated 

lipids are more fragile than the sodiated lipids because less energy is required for 50% 

fragmentation.  For the benefit of the reader, CID spectra of the protonated and sodiated 

GPLs studied are shown in Figures 3-5 and 3-6, respectively.  The major fragment ions 

for MS2 of the [M+Na]+ ions result from partial losses of the head groups, -N(CH3)3 (NL 

of 59) for PC and SPM and –C2H5N (NL of 43) for PE.  On the other hand, CID of 

[M+H]+ for PC and SPM produced one dominant fragment ion, m/z 184, the polar head 

group phosphocholine.  This indicates that the head group retains the charge when the 

molecule is protonated.  While CID of the [M+H]+ for PE produced an ion corresponding 

to a neutral loss of 141, loss of the phosphoethanolamine head group, and the charge 

retained by the glycerol backbone.  PE is only differentiated from PC by the replacement 

of three methyl groups with three hydrogens (Figure 3-1).  Apparently, this change is 

enough to alter the fragmentation pathway under CID.   
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Figure 3-5.  Spectrum A is MS2 of the [M+H]+ for SPM (16:0) and spectrum B is MS2 of 
the [M+H]+ for PC (16:0, 16:0).  Both of these spectra show the same 
fragmentation pathway producing a predominant ion at m/z 184, 
corresponding to the polar head group.   Spectrum C is MS2 of PE (16:0, 16:0) 
and shows a different fragmentation pathway.  The major ion produced results 
from the neutral loss of the polar head group.   
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Figure 3-6.  MS2 spectra of the [M+Na]+ ions for each phospholipid studied.  A is from 
SPM (16:0), B is from PC (16:0, 16:0), and C is from PE (16:0, 16:0).  The 
fragmentation pathways are very similar for all these ions.  They all result 
from neutral loss of the polar head group.  A neutral loss of 59 for PC and 
SPM corresponds to the loss of choline (-N(CH3)3) and a neutral loss of 43 
corresponds to the loss of ethanimine (-C2H5N). 
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MS2 SPM (16:0)

MS2 PC (16:0, 16:0)

MS2 PE (16:0, 16:0)

A

B

C

[M+Na]+

[M+Na]+

[M+Na]+

 

Table 3-1.  The %CID needed to cause a reduction in the absolute parent ion signal by 
50% is shown for each ion studied in the QIT.  These results show that the 
protonated species fragments more readily than the sodiated species, further 
proof that the protonated ion is fragile.   

Phospholipid [M+H]+ [M+Na]+

SPM 17.5 22.0
PE 17.0 22.0
PC 19.0 22.0  
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Fragility in ion transport   

Fragmentation in ion transport could occur in the source region at atmospheric 

pressure, or in the ion optics regions where the pressure is lower.  If an ion is thermally 

unstable, the heat the ion absorbs could also cause fragmentation, called thermally 

induced dissociation (TID).  TID has been studied previously for protein ions, but the 

temperature required for dissociation was from 250oC to 400oC.110 The temperatures used 

in this experiment are much lower than that, but still show the effect of TID.   

The effect of changing the heated capillary temperature from 50oC to 250oC is 

shown in Figures 3-7 and 3-8 for SPM 16:0.  Figure 3-7 shows three different spectra 

collected at three different temperatures: 250oC, 190oC, and 130oC for SPM (16:0).  

Because there was some sodium present in the solvent, both the protonated and sodiatied 

species were detected.  With both ions present in the spectra, it is easy to follow the effect 

of TID on each ion as along, as the ions related to TID can be identified.  Since TID 

experiments have been shown to cause similar fragmentation pathways to MS2, 

comparison of the MS2 spectra in Figures 3-5 and 3-6 with these spectra permits the 

identification of the fragment ions associated with TID.110 The fragment ion from the 

protonated species, m/z 184, is detected at all three temperatures, but shows a decrease in 

intensity at 130oC, whereas the fragment ion from the sodiated species, m/z 666, is only 

detected at the highest temperature used, 250oC.  Running at 130°C reduces 

fragmentation for [M+H]+, but also increases the S/N and the signal for solvent cluster 

ions, as would be expected because desolvation is not as effective at lower capillary 

temperatures.  But at 250oC, the intact molecular ion for the protonated species is almost  
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Figure 3-7.  The effect of the heated capillary temperature on TID for the different ions of 
SPM (16:0) is shown in the three spectra above.  Spectrum A was acquired at 
250°C, a normal capillary temperature for most analyses, and shows nearly 
100% fragmentation for the [M+H]+ ion of SPM (16:0).  In contrast, there is 
less than 20% fragmentation occurring for the [M+Na]+ ion.  Spectrum B 
shows the spectrum when the temperature is lowered to 190°C and spectrum 
C shows the spectrum at 130°C.  It is clear that lowering the temperature of 
the heated capillary reduces fragmentation, TID, of both ions.  At 130°C, 
extra peaks from m/z 300-550 are present.  These peaks are most likely 
clusters of solvent ions, because desolvation is not as effective at such a low 
temperature.   
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completely fragmented.  Operation of this instrument at low temperatures is not 

recommended because of this problem.  

Creating a way to dry or desolvate the ions before interaction with the heated 

capillary will allow for proper operation at reduced capillary temperatures.  Experiments 

were performed with such drying and analysis was successfully be performed at low 

capillary temperatures, but the purpose of this study was to determine which ionized 

species would be better for analysis under normal ESI operating conditions.   

Figure 3-8 shows the complete temperature study, graphed, for both protonated and 

sodiated SPM (16:0).  Data for this experiment were collected with a tube lens offset of 

30V to avoid confusion from SCID.  This complete investigation of the heated capillary 

temperature showed that protonated SPM was greatly affected by the temperature of the 

heated capillary as is evident from the increased fragmentation at a higher temperature.  

Fragmentation of SPM (16:0) occurs as a result of ion transfer into the vacuum chamber, 

but can be minimized by operating at lower capillary temperatures.  When running at 

250°C, a normal operating temperature for most ESI analyses, the fragmentation for 

[M+H]+ was 90%.  From this experiment, the fragmentation for the [M+H]+ ion would be 

minimized, but no eliminated, by running with a capillary temperature under 200°C.   

On the other hand, the fragmentation of the [M+Na]+ ion is minimal and reduced to 

almost zero at a capillary temperature of 160°C.  The signal for the fragment ion at the 

highest capillary temperature, 250°C, was less than 20% of the parent ion.  The apparent 

increase in fragmentation for this ion at lower temperatures is related more to the poor 

desolvation aspects of running at such low temperatures.  With poor desolvation,  
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Figure 3-8.  A graph showing the intensity of the parent and daughter ions of the [M+H]+ 
and the [M+Na]+ ions versus changing the heated capillary temperature for 
SPM (16:0).  These data were collected automatically using Xcalibur software 
control.  The temperature was adjusted at 20° intervals from 50°C to 250°C.  
From the graph, it is evident that the protonated species is more susceptible to 
TID than the sodiated species.   
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increased signal-to-noise is more evident and this is more likely the cause of apparent 

fragmentation.   

This experiment clearly shows a very different fragmentation behavior for the 

sodiated species and the protonated species of the same phospholipid.  If a correlation 

exists between fragility inside the trap and fragility outside the ion trap, the protonated 

species would be considered fragile, or in other terms more labile.  This fragility makes 

the protonated species more susceptible to TID and thus care must be taken when 

analyzing lipid solutions for protonated species.  However, it would be more beneficial to 

induce cationization instead of protonation because of this extensive fragmentation.   

The same temperature experiment was performed on PC (16:0, 16:0) and PE (16:0, 

16:0).  The effect of temperature on fragmentation for PC (16:0, 16:0) is shown in Figure 

3-9.  The data for this experiment also show that the protonated species is more 

susceptible to TID than the sodiated species, but the temperature crossover, where the 

fragment ion equals the intensity of the parent ion, was higher for the [M+H]+ ion of PC 

(225°C ) than for the [M+H]+ ion of SPM (190°C).   

In contrast to the high degree of TID observed for both SPM (16:0) and PC (16:0, 

16:0), the TID for PE (16:0, 16:0) was not as intense.  The graph for PE is shown in 

Figure 3-10.  Although the protonated species did show increased TID with respect to the 

sodiated species, the parent in signal was still dominant in the spectra.   

Tube lens offset   

To evaluate the effect of the tube lens offset, the capillary temperature was 

maintained at 250oC while adjusting the tube lens voltage.  Data for [M+H]+ and  
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Figure 3-9.  A graph showing the effect of changing the capillary temperature for the 
[M+H]+ and [M+Na]+ ions of PC (16:0, 16:0).  The same susceptibility of the 
protonated species to TID is evident, but the temperature at which the parent 
ion signal is lower than the daughter ion signal occurs at a higher temperature 
than for the [M+H]+ ion of SPM (16:0).   
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Figure 3-10.  A graph showing the effect of changing the capillary temperature of the 
[M+H]+ and [M+Na]+ ions for PE (16:0, 16:0).  The protonated species 
showed a greater tendency to fragment upon increasing the capillary 
temperature, but the parent ion signal was still more intense than the fragment 
ion even at the highest temperature.  This is in contrast to the other two 
phospholipids studied. 
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Figure 3-11.  A graph showing the effect of changing the tube lens offset from 0V to 30V 
on the [M+H]+ and [M+Na]+ ions for SPM (16:0).  The capillary temperature 
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was held at 250°C for each voltage level.  At the lowest voltage, 
fragmentation of the parent ion is still around 50%.  Adjusting only the tube 
lens offset is not enough to limit the fragmentation.  The sodiated
appears to be unaffected by a change in the tube lens offset.   
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[M+Na]+ of SPM 16:0 are shown in Figure 3-11.  For [M+H]+, as the tube lens voltage 

was increased from 0 V to 30 V, the fragment ion, m/z 184, was the major ion detected.  

However, fragmentation was only reduced by 50% when running at 0 V, showing that by 

adjusting only the tube lens offset without lowering the capillary temperature, 

fragmentation cannot be completely eliminated for the [M+H]+ ion of SPM (16:0).  

Again, fragmentation was seen to only a small degree for sodiated SPM.  Data were also 

collected for PE and PC, and are summarized in Table 3-2.  Crossover points were 

defined as the point at which the intensity of the parent ion was equal to the intensity of 

its fragment ion.  As far as fragility during ion transport to the ion trap, protonated SPM 

appears to be the most fragile ion, requiring the lowest tube lens offset and the lowest 

capillary temperature to reduce fragmentation by 50%.  Apparently, PE is not appreciably 

fragmented by conditions outside the trap.  This may be related to the location of the 

charge on protonated PE.  Unlike protonated SPM and PC, protonated and sodiated PE 

lose the entire head group as a neutral fragment, with the charge retained on the glycerol 

backbone. 

The source fragment ions identified for each ionized species are consistent with the 

most abundant CID fragments of the same molecular ion.  In matrix-assisted laser 

desorption/ionization (MALDI) of phospholipids, Al-Saad et al.77 described these 

fragments as “prompt” and considered them distinct from post-source decay (PSD), but 

used PSD has a way to identify the source of those fragments.  For PC and PE, ions were 

detected as [M+H]+ and [M+Na]+.  The susceptibility of each ion to produce prompt 

fragments was discussed as well, and the protonated precursor ions tended to fragment 

more readily possibly due to the differences between ionic binding and proton binding.  
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Even though that was a MALDI study, the same effect is to be evident in these ESI 

studies, although the term prompt may not be appropriate in ESI because the 

fragmentation appears to be partially dependent on the temperature of ion transfer and the 

energy needed to remove clusters (set by the tube lens offset) which are parameters that 

can be adjusted to remove the fragmentation.  Removal of the prompt fragments in 

MALDI was not discussed, only an understanding of their source.   

Table 3-2.  A summary of the results from each experiment performed in the studies of 
ion fragility in ion transport.  From these results, it was determined that all 
sodiated species were less susceptible to fragmentation that can occur before 
mass analysis. 

Phospholipid 

Capillary 
Temp 

crossover 
(°C) 

Max Intensity 
occurred at 

Capillary T (°C) 

Tube lens 
offset 

crossover 
(V) 

% CID for 50% 
fragmentation 

SPM [M+H]+ 190 120 1.0 17.5 
SPM [M+Na]+ Did not occur 170 Did not occur 22.0 
PE [M+H]+ Did not occur 150 18.0 17.0 
PE [M+Na]+ Did not occur 200 Did not occur 22.0 
PC [M+H]+ 230 150 Did not occur 19.0 
PC [M+Na]+ Did not occur 190 Did not occur 22.0 

 

Initial Studies of Ion Fragility in the 2D/Linear Ion Trap 

IP-MALDI  

As described in Chapter 2, intermediate-pressure MALDI (IP-MALDI) reduces 

source fragmentation due to collisional cooling that occurs at the higher pressure used 

(10-1 Torr).  Because of the difference in the tendency to fragment, comparing the 

ionization of the [M+H]+ and the [M+Na]+ ions by intermediate pressure is of interest 

especially for imaging MS studies.  Figure 3-12 shows a mass spectrum for SPM 

(chicken extract) collected by MALDI at a pressure of 10-6 Torr.  Figure 3-13 shows a 

mass spectrum for the same sample collected at a pressure of 10-1 Torr.  They were both 

acquired using the matrix 6-aza-thiothymine (ATT).  Ions related to the matrix are 
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indicated with asterisks in each figure.  When operating at the lower pressure, extensive 

fragmentation was evident indicated by a low signal intensity for the parent ions, [M+H]+ 

and [M+Na]+.  The fragment ion at m/z 184.1 is the dominant ion in the spectrum and is 

produced from in-source fragmentation either by laser-induced photodissociation or 

energetic collisions of the [M+H]+ ion.  Increasing the pressure 100,000x in the source 

region to 10-1 Torr reduced fragmentation to only 50% of the parent ion signal for the 

[M+H]+ ion.  The sodiated species was also detected at 10-6 Torr and showed 50% 

fragmentation, while at 10-1 Torr, the fragmentation was less than 10%.  Each 

fragmentation percent was calculated by adding the intensity of the fragment and parent 

ions, then dividing the individual signal for each by the summed signal and multiplying 

by 100.  The fragment ion from the sodiated species appears at m/z 666.82 in Figure 3-13 

and m/z 666.5 in Figure 3-12.  As in ESI, the source fragmentation associated with the 

sodiated species is far less than that of the protonated species.  Using different matrices 

may aid in the reduction of the fragmentation for [M+H]+ ions, but the key is 

understanding that the sodiated species is less susceptible to fragmentation and thus 

would be a better ion to generate in the analysis of phospholipids.   

Mass analysis fragility   

With the introduction of the 2D ion trap, a comparison between ion fragility in the 

3D ion trap and the 2D ion trap can be undertaken.  The zoom scan experiment was 

repeated using the linear ion trap with a vMALDI source.  A sample of 10 ppm PC (16:0, 

16:0) was mixed with 2,5-dihyrdroxybenzoic acid (40 mg/mL 1:1 MeOH/water).  Both 

the [M+H]+ and the [M+Na]+ ions are present with this preparation.  The laser was 

allowed to randomly fire across the sample plate while collecting a full scan and a zoom 

scan.  A total of 75 scans were collected for each scan type.  The spectra in Figure 3-14  
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Figure 3-12.  Mass spectrum of SPM (from chicken egg yolk) acquired by MALDI at 10-6 Torr on a 3D-quadrupole ion trap.  
Fragmentation of the [M+H]+ ion is nearly 90%, while fragmentation of the [M+Na]+ ion is around 50%.  The matrix was 
6-aza-2-thiothymine.  The asterisks indicate matrix ions. 
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Figure 3-13.  Mass spectrum of SPM (chicken egg yolk) acquired by MALDI at intermediate pressure (10-1 Torr) on a 2-D quadrupole 
ion trap.  Fragmentation of the [M+H]+ ion is reduced, but not removed.  Fragmentation of the [M+Na]+ ion is also 
reduced, but still present.  The matrix was 6-aza-2-thiothymine.  The asterisks indicate matrix ions. 
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Figure 3-14.  Zoom scans of the two ions for PC (16:0, 16:0):  A is the [M+H]+ ion and B 
is the [M+Na]+ ion.  The spectra were acquired by intermediate-pressure 
MALDI on a linear ion trap, averaging 75 spectra.  As was seen in the ESI 
studies on a 2D ion trap, the peak width at 10% peak height for the [M+H]+ 
ion is wider than the [M+Na]+ ion.  This wider peak width indicates that the 
[M+H]+ ion is fragile in mass analysis.   

* 

* 
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show the zoom scan for both the protonated (A) and sodiated species (B).  As was seen in 

the 3D trap experiment with ESI, the peak width at 10% of the peak height is wider for 

the protonated species than the sodiated species.  This wider width indicates that the 

protonated species is a fragile ion.  This was only a very initial look at ion fragility in the 

2D trap, but the results indicate a similar effect as in the 3D trap.   

Conclusions 

The fragility of the ions formed from model compounds of three phospholipid 

classes was studied, and results showed that all three classes are fragile within the ion 

trap as the [M+H]+ ion, although PE showed fragility as both the [M+H]+ and the 

[M+Na]+ ions.  From prior experiments,108 a fragile ion exhibits a PW10% of greater than 

or equal to 0.31 amu and requires a minimum of isolation width of 2.0 to isolate 90% of 

the parent ion signal.  According to these results, both the sodiated and protonated species 

of PC and SPM exhibited a degree of fragility, but the protonated species was determined 

to be more fragile because it exhibited a wider PW10% and a required a wider isolation 

width.  The fact that both ions of the same molecule exhibit a degree of ion fragility when 

compared to very stable ions may indicate that there is a structural characteristic of PC 

and SPM.  Computer modeling of the structure of these two compounds as both the 

[M+H]+ and the [M+Na]+ ions and the other compounds previously studied may aid in 

determining if there is a structural correlation to ion fragility.  This result may also 

suggest that the presence of certain functional groups, such as phosphate, can affect the 

fragility of the ion.   

The fragility in ion trap mass analysis for PE was very interesting because it 

showed the widest peak width in zoom scan for the protonated species, but did not exhibit 

a large difference in %CID to fragment either the protonated or sodiated species.  
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Perhaps, PE does not fully desolvate from solvent ions until much further inside the 

vacuum chamber, and thus when mass analysis is performed, solvent clusters still loosely 

bound to PE fall off during the voltage ramp.   

Two experiments studying fragility in ion transport were developed and showed 

that protonated SPM (16:0) and PC (16:0, 16:0) were also fragile, with decreased parent 

ion signals at high capillary temperatures and high tube lens offsets resulting from source 

fragmentation.  Protonated SPM was nearly undetectable at a capillary temperature of 

250oC and tube lens offset of 30 V.  Thus, SPM would need to be analyzed under 190oC 

and at lower offsets if looking at protonated solutions.  For sodiated SPMs, this is not the 

case, and thus it may be more beneficial to use cationization when studying positively 

charged PLs.  However, fragmentation caused by these two ion transport parameters was 

minimal for protonated and sodiated PE, even though there is only a small change in the 

head group between P and SPM or PC.  Clearly, the gas-phase conformation (or site of 

protonation) or desolvation conditions are very different for PE than for PC and SPM.   

Using an intermediate-pressure MALDI ion source, fragmentation of both the 

sodiated and protonated species of PC was reduced.  However, under the same conditions 

(laser power and pressure), the protonated species showed a higher degree of laser-

induced photo-dissociation than the sodiated species.  This offers more evidence to 

induce the formation of the cationized species especially in the analysis of phospholipids 

from tissue sections.   

Finally, the comparison of ion fragility using a 3D versus a 2D ion trap was 

evaluated with the PC ions, [M+H]+ and [M+Na]+.  These results were obtained with a 

MALDI source, but showed that ion fragility is conserved using the newly described 2D 
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ion trap.  Furthermore, the PW10% for both ions of PC was also greater than 0.31 amu as 

was the case with the 3D ion trap indicating that both ions exhibit a degree of ion 

fragility.   

 



  

CHAPTER 4 
IMAGING PHOSPHOLIPIDS IN BRAIN TISSUE BY INTERMEDIATE-PRESSURE 

MALDI ON A LINEAR ION TRAP MASS SPECTROMETER 
 

Introduction 

Imaging tissue sections by matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) is a growing field in mass spectrometry.  This is due in part 

to the prospects of analyzing for very specific molecular ions80 directly from sectioned 

tissue and the possibility of correlating histological techniques with the results obtained 

from imaging mass spectrometry.112, 113 Another significant opportunity is in the 

identification of known and unknown compounds from the tissue surface using tandem 

MS.95, 114 The field of imaging mass spectrometry (imaging MS) pertains to the direct 

analysis of surfaces, primarily tissue sections, using a focused ion beam (secondary ion 

mass spectrometry or SIMS)35 or a focused laser beam with an highly absorbing matrix 

(MALDI).23  In order to create an image, the laser or ion beam must be rastered in a 

discrete pattern across the tissue surface.  Each spot that the laser interrogates generates a 

mass spectrum and is considered a pixel with dimensions related to the spot size of the 

laser or ion beam.19 In this sense, the MS image is essentially a post-acquisition feature in 

which the signal for a desired ion is extracted and displayed as a function of position.  

Recent advances in SIMS has also shown the ability to analyze a larger area with a 

primary ion beam, and then mass analyze the secondary ions, while preserving their 

spatial arrangement on a nanometer scale.  This is a very new approach, and still suffers 

95 
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from the same disadvantages as traditional SIMS, but it does offer the ability to 

dramatically reduce the time of analysis.   

SIMS offers smaller spot sizes, typically sub-micrometer in diameter, but results in 

a high-degree of fragmentation, and is thus limited to compounds of a molecular weight 

less than 1000, whereas MALDI produces very little fragmentation, but typically with 

much lager spot sizes (25-150μm).  There has been some limited analysis of sub-

micrometer spot sizes for MALDI analysis with limited success.  Although cluster SIMS 

is offering the ability to image intact ions near m/z 1000,115, 116 MALDI is still better 

suited for more labile molecules such as proteins and peptides.85 Because of this, a 

majority of the work in imaging MS has been focused on determining the distribution of 

proteins and peptides in tissue sections.  Smaller molecules such as drugs24, 95, 117 and 

phospholipids88, 90, 115 (no images for MALDI) have been analyzed, showing that a wide 

variety of compounds can be localized in tissue sections with MALDI-MS and identified 

by tandem MS.114   

Until recently, tissue analysis by MALDI-MS has been evaluated at low pressures 

(~10-6 Torr).  The analysis of tissue sections by intermediate-pressure (IP)-MALDI was 

evaluated and phospholipids were successfully detected from rat spinal cord sections at a 

source pressure of 0.17 Torr, as was described in chapter 2 of this dissertation.  IP-

MALDI instruments have ranged in pressure98, 118 from 10-2 Torr to 1 Torr for the 

analysis of standard samples and have shown a reduction of source fragmentation, 

presumably due to collisional cooling.99 Although not yet evaluated, analyzing tissue 

sections at even higher pressure (near atmosphere) may also provide a means to look at 

fresh samples without the need for drying.   
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Tantamount to acquiring an image by mass spectrometry is the deposition of the 

matrix onto the tissue surface without disturbing the original distribution of the 

compounds present (reducing analyte migration).  Several techniques have been used to 

deposit matrix material, most of which aspirate a solution containing the matrix by either 

applying an electric current (electrospray) or a pneumatic gas (nebulizer), or depositing 

very small droplets of matrix onto the surface (nano-spotting).30 The use of an artistic 

airbrush to effectively coat the tissue sample with matrix is presented for the first time.  

The capability to generate mass spectrometric images of phospholipids from brain tissue 

sections on an intermediate-pressure MALDI instrument operating at 0.17 Torr is 

discussed for the first time as well.   

Experimental 

Brain tissue from a rat (Spague-Dawley) was sectioned to a thickness of 10 μm at –

22οC using a microtome (Leica).  The sections were placed directly onto 3 different types 

of microscope slides, plain glass, “plus” (polymer coated), and indium tin oxide (ITO) 

coated.  The first two types of microscope slides are non-conductive and are typically 

used in the preparation of samples for histology, and the second slide is conductive.  The 

resistance of the ITO coated microscope slide was 40 Ω over a distance of 1 cm.  The 

tissue was allowed to warm on the microscope slides for 10 seconds before refreezing 

and storage at –80οC.  For mass spectrometric analysis, the tissue sections were removed 

from the freezer and placed in a dessicator for 30 minutes before applying the MALDI 

matrix.   

 The matrix used for all experiments was 2,5-dihyrdoxybenzoic acid (DHB) at a 

concentration of 40 mg/mL in 70/30 methanol/water and final concentration of 20 mM 
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NaCH3COO.  All chemicals were obtained from Fisher Scientific.  The matrix was 

applied to the tissue sections using an artistic airbrush (Aztek A470, Testors, Rockford, 

IL).  Electrospray deposition could not be used because some of the sample surfaces used 

were non-conductive microscope slides.  The airbrush has controls for solution and gas 

flow rate.  The general-purpose tip (0.40 mm) was used for all matrix coatings, but the tip 

is easily changed from 0.30 mm to 1.02 mm.  The solution and gas flow rates were 

adjusted using a blank piece of glass for evaluation of the matrix coating.  These two 

controls allowed for the easy adjustment of wetness and droplet size.  A good coating 

wetted the tissue surface, but did not allow the accumulation of large puddles of solvent.  

A picture of the airbrush setup used is shown in Figure 4-1.  After adjusting the airbrush 

controls, the tissue was passed underneath the spray and allowed to dry after each pass 

for about 30 seconds.  The distance from the tip of the airbrush to the microscope slide 

was approximately 6 in.  Approximately 20 passes were required for a good coating.  The 

process took about 10 minutes for each tissue section.   

 The instrument used for all experiments was the Finnigan LTQ linear ion trap 

mass spectrometer fitted with the vMALDI source (San Jose, CA).  A diagram of this 

instrument is shown in Figure 4-2.  The source consists of a N2 laser (337 nm) directed to 

the source by a fiber optic cable; optics outside the vacuum chamber allow for laser spot 

diameters from 80 to 120 μm at an incident angle of 30°, although adjusting the spot size 

is not trivial.  The laser spot size for these experiments was 100 μm.  The source is 

designed to operate around 0.17 Torr.  The standard vMALDI software limits sampling to 

the normal 2 mm diameter sample wells, but tissue samples larger than this can be 

analyzed with custom software from Thermo.   
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Nitrogen line, 20 psi

Nozzle, 0.40 mm

Solution cup

Fine adjustment knob

Trigger

Microscope slide

 

Figure 4-1.  Picture of the airbrush setup used to coat brain tissue samples on glass 
microscope slides (conductive and non-conductive).  The trigger was held 
constant by the pressure from a ring stand clamp.  For typical coating, the 
sample was about 6 in. from the airbrush nozzle.  The nozzle can be easily 
changed, but all experiments were conducted with a nozzle of 0.40 mm.   
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Laser 
beam

Sample plate

Skimmer

q00 q0

AUX rods

octopole
Lens 0 3 section

linear ion trap
Lens1

MALDI 
modification

30º

Figure 4-2.  Schematic diagram of the Finnigan LTQ linear ion trap instrument with 
vMALDI source modification.  The vMALDI source replaces the standard 
API source, and includes the sample plate, RF-only quadrupole q00 with 
auxiliary rods, and skimmer.  The RF-only quadrupole q0, octopole, and 3-
section linear ion trap are standard LTQ components.  The open arrows show 
the three stages of differential pumping; the pressure in the vMALDI region is 
typically 0.17 Torr. 
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Acquisition of position-specific mass spectra.  

For analyzing tissue samples, the custom software takes a picture of a desired area, 

1000 μm x 1000 μm at a time.  The area for analysis within this picture is selected by 

drawing a circle, square, or free draw around the area of interest.  The step size can be set 

to a desired value.  In the case of these experiments, the step size was set to 100 μm, the 

same size of the laser spot size, to avoid over-sampling.  To maintain the same number of 

laser shots at each point across the tissue specimen, automatic gain control (AGC) was 

turned off.  The number of laser shots and the power of the laser were determined by 

interrogating one spot of the tissue sample.  Both the power and the number of shots were 

adjusted in order to avoid space-charging effects that can reduce the mass accuracy of the 

instrument.  Typically 10 laser shots were needed to produce a strong signal from each 

point.  Automated MS2 data was collected from the tissue surface on a series of ions 

selected by the investigator.  More laser shots are typically required when performing 

MS/MS and MS3 experiments especially for compounds present in low abundance to 

ensure that enough ions are trapped to produce sufficient signal after CID.  For the 

automated MS2 experiments performed here, the number of laser shots was not increased 

because sufficient signal was present for the production of good fragmentation patterns.   

Results and Discussion 

In Chapter 2, the direct analysis of tissue sections by IP-MALDI pressure was 

discussed.  A direct consequence of that work is the ability to generate images from tissue 

sections at an increased pressure regime as long as mass spectra are collected in a 

position-specific manner.  Figure 4-3 shows an optical image of a brain section (A) and a 

mass spectrum from one point in that section.  The brain section was cut to 10 μm and  
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 15 mm
A

 

 

 

 

 

 

Figure 4-3.  The picture at the top of the figure, A, is an optical image generated from 
inside the mass spectrometer of a rat brain section coated with DHB matrix.  It 
was acquired with 1 mm x 1 mm square pictures that are stitched together.  
This creates the lines in the picture.  The mass spectrum, B, is the signal from 
the area on the tissue indicated by the arrow.  The spectrum was acquired with 
10 laser shots.  A total of 11,156 spectra were collected across the tissue 
section.  The open circle is the laser spot size (100 μm). 

B

The mass spectrum 
detected from this spot on 
the tissue.   
This is a position-specific 
mass spectrum 
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then placed on a non-conductive glass microscope slide.  The arrow in the figure 

indicates the area in which this mass spectrum was acquired from (10 laser shots, 1 

μscan).  There is a lot of signal generated in the region from m/z 700-900.  Even though a 

non-conductive sample surface was used, the mass accuracy and peak shape are very 

good.  Surface charging effects when using non-conductive glass microscope slides have 

been observed in time-of-flight experiments,112 but may not be as important when using a 

mass analyzer that does not rely on the initial kinetic energy of the ions generated by 

MALDI.   

From previous results,90, 114 these ions can be identified as arising from 

phospholipids; searching a database of phospholipid ions (constructed in the lab) 

generated a large list of possible identities for each ion submitted to the search engine.  

The low intensity ion at m/z 184 results from source fragmentation of 

phosphatidylcholines (PCs) and sphingomyelins (SPMs) and is the phosphocholine head 

group from these two phospholipids.  This fragment ion is only seen from protonated PCs 

and SPMs.62 The low intensity is primarily due to the fact that sodium was added to the 

matrix solution in order to force the production of primarily cationized adduct ions.  

Producing the sodiated adduct has three advantages:  1) the intensity of m/z 184 is 

significantly reduced, 2) the sodiated species is a more stable ion for QIT mass analysis 

(chapter 3), and 3) the fragmentation patterns for CID of cationized phospholipids show 

more structural information, as was described in Chapter 3.62, 64, 102   

For mass spectrometric imaging, the difficulty in producing a good image lies in 

the ability to apply a matrix coating that will minimize the migration of analytes within 

the tissue specimen, preserving their original location, thus producing data that is specific 
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to the position of the laser spot across the tissue section.  A simple artistic airbrush was 

used to deposit the matrix for all the samples analyzed.  This mechanism provided a rapid 

and inexpensive way to deposit matrix without disturbing the distribution of analytes and 

is similar to the use of a glass nebulizer.  The use of an airbrush or nebulizer also allowed 

for the coating of non-conductive surfaces, which electrospray deposition is not capable 

of.  The mass spectrometric image is created by extracting the intensity of a specific m/z 

value and the x and y coordinates at each point at which the laser was fired.  By then 

mapping these coordinates into a contour or 3D plot, an image is created, as shown in 

figure 4-4.   

Figure 4-5 shows two mass spectrometric images generated from rastering the laser 

across a brain tissue section with a 100 μm step size.  The image at the top, A, represents 

the raw data showing the intensity of an ion, in this case m/z 756, with respect to position 

as was shown in Figure 4-4.  The bottom image, B, is normalized to the total ion count.  

Normalization consisted of dividing the intensity of the desired ion at a given spot by the 

total ion intensity at that spot and multiplying by 1x105.  This was done for each 

individual pixel to produce a much clearer image, as shown in Figure 4-5.  The ion at m/z 

756 is identified as the sodiated adduct of PC with fatty acid chains 16:0, 16:0 using 

tandem MS (MS2) data.   
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Figure 4-4. A is the digital image of the tissue section and B is the mass spectrometric image for the ion at m/z 756.  Extracting the 
intensity from each spectrum in the data file generated this image.  This is a raw image, with no further processing done to 
the data.  The spectrum in C is an example of one of the 11,156 spectra that were collected.   
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A

 

B

Figure 4-5.  MS image A, top, shows the raw image generated by extracting the intensity 
of m/z 756 with respect to position.  MS image B, bottom, is the normalized 
MS image for m/z 756.  Normalization involved dividing the intensity of m/z 
756 at each pixel by the total ion intensity at that pixel and multiplying by 
100000.  All MS images further generated used this normalization procedure. 
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Using a linear ion trap, it was not necessary to generate the lithium adduct because 

the low abundance fragment ions corresponding to the losses of fatty acid chains were 

readily detected from the sodiated species.  CID of the lithiated adduct has been shown to 

produce more intense fragment ions arising from losses of either fatty acid chain that aid 

in structural characterization, after only a single stage of tandem MS (MS2).65, 102 The 

averaged MS2 spectrum of m/z 756.6 is shown in Figure 4-6.  The most abundant 

fragment ion, m/z 697.4, corresponds to a neutral loss of 59, trimethylamine, -N(CH3)3.  

The ions at m/z 573.4 and 551.4 are neutral losses (NLs) of 183 and 205 and can be 

identified as the loss of the phosphocholine head group with and without the retention of 

sodium, respectively, from sodiated PC.  The ions at m/z 500.3, 478.4, and 441.3 provide 

structural information allowing for the identification of the fatty acid chains of this 

sodiated PC.  From similar results with lithiated adducts, these ions are identified as NLs 

of palmitic acid (m/z 500.3, [M+Na-C16H31O2]+), the sodium salt of palmitate (m/z 478.4, 

[M-C16H31O2Na]+), and the combined loss of trimethylamine and palmitic acid (m/z 

441.3, [M+Na-N(CH3)3-C16H31O2]+).114 Since there are no ions relating to losses of other 

fatty acid chains and because of the m/z of this ion, it can be identified as [PC 

(16:0,16:0)+Na]+.   

 The averaged MS2 spectrum of m/z 782.6 is shown in Figure 4-7.  This spectrum 

shows the same losses as m/z 756.6, NL of 59 at m/z 723.4 and NLs of 183 and 205 at 

m/z 599.4 and 577.5 respectively, but has some other low abundant losses that are 

different.  The ion at m/z 526.3 is the NL of palmitic acid ([M+Na-C16H31O2]+), which is 

the same NL as with m/z 756, but this fragment ion is higher in mass by 26 indicating an  
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Figure 4-6.  The averaged MS2 spectrum of m/z 756.6 (516 spectra were averaged).  It is 
the average of 516 MS2 spectra collected from various parts of the tissue 
section.  Not that the intensities of all the ions below m/z 520 have been 
expanded 50 times.  Fragment ions representing the phosphocholine head 
group are the most abundant ions, but the less abundant fragment ions are 
used to determine the fatty acid composition of this phospholipid, identifying 
the ion as the sodiated adduct of PC (16:0,16:0).  The less abundant ions used 
for identification were m/z 500.3 and m/z 478.4 because they represent the 
loss of the fatty acid chain with Na or without, respectively.   
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igure 4-7.  The averaged MS2 spectrum of m/z 782.6 (517 spectra were averaged).  As 
in Figure 4-6, the most abundant fragment ions correspond to losses of the 
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phosphocholine head group, while the less abundant fragment ions allow for 
the correct identification and location of the fatty acid tails.  These ions are 
m/z 526.3 and m/z 500.3 and correspond to the loss of the sn-1 (C1) and sn-2 
(C2) fatty acid chains, respectively.  The ratio of these ions allows for prope
assignment to the glycerol backbone.  This ion was correct identified as the 
sodiated adduct of PC (16:0,18:1).  The structure of this compound is shown 
in the inset with the assignments for the two fragment ions identifying the 
fatty acid chains.   
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addition of ethylene.  The ions at m/z 500.3 and 478.4 correspond to NLs of oleic acid 

([M+Na-C18H34O2]+) and the sodium salt of oleate ([M-C18H33O2Na]+), respectively.  The  

combined loss of trimethylamine with palmitic acid (m/z 467.3) or oleic acid (m/z 441.3) 

are also identified.  As in previous studies of lithiated and sodiated PCs, the loss of the 

sn-1 fatty acid chain occurs more readily than the loss of the sn-2 fatty acyl chain.62 The 

intensity of m/z 526.3 (loss of palmitic acid) is higher than the intensity of m/z 500.3 

(loss of oleic acid) indicating that m/z 782.6 can be identified as [PC (16:0, 18:1)+Na]+ 

rather than [PC (18:1, 16:0) +Na]+.   

The normalized mass spectrometric image of m/z 782.6 is shown in Figure 4-8 

along with three other ions, m/z 756.8 [PC (16:0, 16:0+Na]+, 804.6 [PC (16:0, 

20:4)+Na]+, and 828.6 [PC (16:0, 22:6)+Na]+.  MS2 data enabled the correct positional 

identification of the fatty acid chains for each ion (data not shown for m/z 804.6 and 

828.6).  The intensity scales for the bottom two images have been adjusted based on the 

maximum intensity of the ion in the spectrum so all the images can be viewed together 

more clearly.  The four ions presented in Figure 4-8 all have the same fatty acyl chain at 

the sn-1 position (16:0).  When all these images are summed into one image, the image 

would be similar to results from mapping the signal for only palmitate (16:0, C16H31O2
-) 

in negative ion SIMS (figure 4-9).88 This may not be a true comparison because even 

though the both data sets were collected from rat brain, they were sectioned from a 

different area of the rat brain, and thus the images would not be identical.  However, they 

both show that the phospholipids containing palmitic acid are primarily localized in the 

gray matter of the brain versus the white matter.   
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PC (16:0, 16:0), m/z 756 PC (16:0, 18:1), m/z 782

PC (16:0, 20:4), m/z 804 PC (16:0, 22:6), m/z 828

A B 

D C 

   

Figure 4-8.  MS images are shown of PC ions with 16:0, palmitic acid, at the sn-1 
position on the glycerol backbone.  A is the MS image of PC (16:0, 16:0), B is 
the MS image of PC (16:0, 18:1), C is the MS image of PC (16:0, 20:4), and 
D is the MS image of PC (16:0, 22:6).  The ions were correctly identified 
from MS2 data; classification is shown above each image.  All the ions were 
the sodiated species, [M+Na]+.  The intensity levels were adjusted in images C 
and D for comparison purposes.   As is evident from their comparison, the 
localization of these four PC ions is very different.  The distribution of m/z 
756, PC (16:0, 16:0) is prominently in the gray matter of the brain.   
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igure 4-9.  MS images showing the distribution of palmitic acid, 16:0, in rat brain tissue.  
A is an image from MALDI imaging and is the summed image of four intact 

 

A 

B 

 

F

ions (shown in Figure 4-8) containing palmitic acid at the sn-1 position of the 
glycerol backbone.  B is an image from negative ion SIMS and shows the 
distribution of only palmitic acid, or an ion that has the m/z of palmitic acid.  
MALDI enables the analysis of primarily intact ions, while SIMS provides
better spatial resolution, but with a high degree of source fragmentation.  B is 
adapted from reference 88.   
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Although the spatial resolution of SIMS can be far better than that of MALDI, the 

increased information that MALDI, when combined with tandem MS, delivers better 

“chemical resolution”, and is therefore very useful in the identification of individual 

compounds for more chemically specific and significant images.  To illustrate this point, 

when the fatty acid chain at the sn-2 position is changed, the localization of the PC ion is 

shown to be very different.  PC (16:0,18:1), m/z 782, seems to be ubiquitous in the brain 

tissue with some areas of more localization, whereas PC (16:0,20:4), m/z 804, is 

primarily localized in the striata.   

Figure 4-10 shows four different PC ions with the sn-1 fatty acid chain as stearic 

acid (18:0) or oleic acid (18:1).  Again, as the sn-2 fatty acid chain changes, the 

localization of the ion is shown to change very dramatically.  In comparing m/z 756 (PC 

16:0, 16:0) in Figure 4-8 with m/z 810 (PC 18:0,18:1) in Figure 4-10, the mass 

spectrometric images are nearly opposite in nature.  This is primarily showing the 

difference between gray and white matter of the brain.  These results are similar to 

previous studies with lipid extractions showing variations in the lipid content in these 

different types of brain tissue.119, 120   

Additionally, sphingomyelin (SPM) ions were also detected from the rat brain 

tissue.  Only m/z 753 (SPM 18:0) was subjected to CID.  Identification was similar to 

that of PC ions except that SPMs are derived from the sphingosine base and thus only 

have one changing fatty acid chain, at the sn-2 position.  The structure of SPM is shown 

at the bottom right of Figure 4-11.  This was the only ion chosen for CID, because it was 

the only SPM ion that was identified in the spectrum shown in Figure 4-3 based on the 

molecular weight.  All SPM ions will have an odd molecular weight as an [M+H]+ or  
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PC (18:0, 18:1), m/z 810 PC (18:1, 18:1), m/z 808

PC (18:0, 20:4), m/z 832 PC (18:0, 22:6), m/z 856C D 

A B 

 

Figure 4-10.  MS images of PC ions with 18:0 or 18:1 at the sn-1 position of the glycerol 
backbone.  A is the MS image of PC (18:0, 18:1), B is the MS image of PC 
(18:1, 18:1), C is the MS image of PC (18:0, 20:4), and D is the MS image of 
PC (18:0, 22:6).  MS2 data allowed for the correct identification of each ion.   
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igure 4-11.  Three MS images of the SPM ions detected from the rat brain tissue section 
(A is SPM (18:0), B is SPM (24:0), and C is SPM (24:1)).  The structure at the 
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bottom right is SPM where R1 is the variable fatty acid chain.  Only m/z 753 
was subjected to MS2; the other two ions (835 and 837) were not chosen for 
MS2 analysis.  The images for these two ions were generated because further 
research showed that they are primarily present in the white matter of the 
brain, whereas SPM (18:0) is present in the gray matter.  As seen in the 
images, these three ions show a different distribution indicative of prior 
research.121   
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[M+Na]+ ion because of the extra nitrogen present in the sphingosine base.  Images of the 

other two ions, m/z 835 and 837, were created after consulting a reference on basic 

neurochemistry.121  Previous data have shown that lignoceric acid (24:0) and nervonic 

acid (24:1) are present in brain tissue as well.  These two fatty acids are primarily 

detected in the white matter of the brain, while stearic acid (m/z 753.9, SPM 18:0) is 

present in the gray matter.121 Generating mass spectrometric images of all these ions 

shows this bimodal distribution (Figure 4-11).   

There are two significant reasons for missing these two ions in the initial studies:  

1) analyzing 11,156 spectra for an unknown mass is difficult and time-consuming 

(imagine generating images representing every single m/z value!), and thus the less 

abundant ions tend to be overlooked because one’s instinct is to look at the obvious, and 

2) without prior knowledge of the important ions present in a tissue specimen, the analyst 

is left to choose the appropriate ions for MS2
 or MS3 analysis.  Collecting an MS2 image 

at every m/z value is impossible because the tissue sample would be exhausted with 

investigation of unimportant ions, such as those related to matrix clusters, before finding 

an ion of interest.  These two problems are not related to the type of mass analyzer or 

ionization method (MALDI or SIMS), but rather are significant concerns for the field of 

imaging mass spectrometry to address.  Targeted analysis thus remains the easier analysis 

to undertake when imaging tissue sections.   

Unfortunately, it is not possible to know which ions are unimportant, unless they 

can be positively identified as matrix cluster ions, so it would be beneficial to be able to 

generate many images from the same tissue section.  All the images presented up to this 

point have been generated from one data file, showing the possibility of creating multiple 
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images from the same data set.  All the MS2 data were collected from the same tissue 

section as well, but not in a manner specific for generating images.  However, the signal 

present was sufficient enough to enable to further interrogation of that sample, Figure 4-

12 illustrates this point.  The mass spectrometric images shown in A (PC (16:0, 16:0), 

m/z 756.7) and B (PC (16:0, 20:4), m/z 804.7) were collected from the first analysis of a 

rat brain tissue section (10 laser shots per sport, 120 μm spot size).  Although this tissue 

section is from a different part of the rat brain, they show good correlation to the same 

images in Figure 4-8.  The images shown in C and D were generated from mass spectral 

data that was collected after the tissue had been interrogated 31 times for 31 different 

experiments (10 to 15 laser shots per spot).  The purpose of this experiment was to check 

if the signal was similar to the first run.  It is remarkable that the images are still clear, in 

fact the images look better in C and D as compared to A and B.  This may be due to the 

removal of excess matrix molecules or to an as yet unknown factor, but it is clearly a 

feature of imaging mass spectrometry by MALDI that will be explored further.   

Finally, the use of non-conductive glass microscopes for the imaging of tissue 

sections by time-of-flight mass spectrometry has been shown to decrease mass resolution 

and mass accuracy, especially with the addition of consecutive laser shots.112 However, 

using non-conductive glass microscope slides with IP-MALDI on the linear ion trap, 

spectra produced from the tissue sections were similar in mass resolution and accuracy to 

those obtained on metal surfaces.  Both conductive and non-conductive glass microscope 

slides were used in this study and results did not show a significant change in mass 

accuracy in the spectra with ten laser shots collected per spot.  A comparison of m/z 810, 

PC (18:0, 18:1), on a non-conductive microscope slide and on a conductive microscope  
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Figure 4-12.  MS images of PC (16:0, 16:0), m/z 756.8 (A and C) and PC (16:0, 20:4), 
m/z 804.7 (B and D).  A and B were generated from the first mass analysis of 
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the rat brain tissue section, whereas C and D were generated from mass 
analysis that took place after 31 separate experiments across the tissue were 
performed.  It is evident from the pictures that C and D are much more 
spatially resolved.   

 



119 

slide shows similar distributions for this phospholipid ion in the rat brain (Figure 4-13) 

and similar spectra (Figure 4-14).  Upon closer examination, the image generated from 

the non-conductive microscope slide (A) appears to be better spatially resolved than that 

from the conductive ITO microscope slide (B).  In the cutting of the tissue and the 

subsequent placement on to microscope slides, it was noticed that the tissue did not seem 

to adhere to the conductive slide as easily as the non-conductive slide.  It is not clear at 

this point that differences in surface adhesion will affect the mass spectral analysis, but it 

is a factor that should be evaluated.   

Images were also generated from a brain tissue section that was placed on different 

non-conductive microscope slide that has a polymer coating to help in retaining the tissue 

on the glass surface, called a “plus” microscope slide.  The images and spectra were all 

similar to those already presented, showing that the technique of imaging MS when 

coupled to an ion trap mass analyzer can handle virtually any type of sample surface.  

With the ability to use microscope slides, researchers already familiar with other methods 

of tissue analysis using a microscope can now submit similar samples for mass 

spectrometric imaging analysis.  The main criterion, at least initially, is knowing the 

chemical species of interest.   

Identifying different features of the rat brain.   

Consulting a stereotaxic view of the rat brain,122 an approximate section of the rat 

brain was located and then compared to the MS images generated from the rat brain.  

Figure 4-15 shows a comparison of the MS image for m/z 804.7, PC (16:0, 20:4), and a 

section from a rat brain atlas.122 The intensity scale for the MS image was adjusted to a 

maximum level of 4000 instead of 5000, as was shown in Figure 4-8 C.  This allowed for 

easier visualization of the different regions in  
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A 

  

Figure 4-13.  MS image A was generated from a non-conductive glass microscope slide 
and shows the distribution of m/z 810.7, PC (18:0, 18:1).  MS image B was 
generated for the same ion from a conductive glass microscope slide.  The 
brain tissues were 10 μm thick and are serial sections from the same rat brain.  
The images are very similar, but the image from the non-conductive 
microscope slide (A) appears to be more spatially resolved. 

 

B m/z 810 PC (18:0,18:1)

m/z 810 PC (18:0,18:1)
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Figure 4-14.  Spectra from similar spots of the brain tissue.  A was acquired from a non-
conductive microscope slide and B was acquired from a conductive 
microscope slide.  The TIC for the non-conductive slide is 2x higher than that 
from the conductive slide. 
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White matter, central hemisphere

  

Figure 4-15.  A is the MS image of m/z 804.7, PC (16:0, 20:4) and B is a stereotaxic view 
of a rat brain section (Bregma –6.04 mm) showing the different functional 
regions of the brain.  The MS image shows good correlation to the atlas even 
with a spatial resolution of only 100 μm.   
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the rat brain.  The rat brain atlas is generated from viewing a hematoxylin and eosin (H & 

E) strained tissue section, through a microscope.  Using just the signal from this one 

phospholipid, some of the same areas of the rat brain can be identified.  Even with a 

spatial resolution of only 100 μm, this MS image can be used to identify the cortex, white 

matter of the central hemisphere, the central gray substance, the medial geniculate body, 

and the dentate gyrus.  This result is confirmation that the matrix deposition method 

successfully minimizes analyte migration, while providing a means to desorb intact ions 

from tissue.  This also shows the ability to use chemical-specific images to identify the 

regions of a rat brain as a possible comparison to current techniques. 

Quantitation.   

Quantitation by MALDI is rarely attempted due to the inherent variations in shot-

to-shot laser fluence,54, 95 in matrix deposition,123 in crystal formation,54 analyte or matrix 

suppression,124, 125 and in the distribution of analyte.126 Although MALDI has been used 

in some cases for quantitation, it has never showed the reproducibility from sample to 

sample that has enabled liquid chromatography with ESI-MS to be so effectively 

employed for quantitation.  An extensive study was recently performed for the analysis of 

a exogenous drug molecule from tissue specimens.127  This study focused on the 

deposition of different concentrations of the drug into the tissue specimen to evaluate 

laser fluence effects, sample heterogeneity, matrix deposition, and ionization efficiencies.  

The results showed the ability to detect varying concentrations of a drug compound, but 

did not investigate the analysis of varying drug doses to a sample.  A correlation to 

endogenous compounds was not evaluated either.  Nevertheless, an initial investigation 

into the prospects for quantifying the chemical species present in a tissue section by 
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imaging MS is worthwhile.  This study did not begin with a goal of quantifying 

compounds present in tissue, so this comparison is only a glimpse into the beginning of a 

new area for the field of imaging MS to evaluate.  Table 4-1 compares published121 data 

from an extraction of phospholipids, primarily PCs, from a rat brain as mol% with the 

data acquired in this study from the rat brain tissue section by MS. For the MS data, all 

the spectra collected across the section (Figure 4-4) were averaged into one spectrum.  

The intensity for each ion in the table was taken from this spectrum.  For generating the 

%int, the intensities of all the ions in the table were summed and each individual ion 

intensity was divided by this summed PC intensity.  As the table shows, the MS data 

show remarkable correlation to the lipid extract data even without adding an internal 

standard or other means of standardization.  This agreement to the literature values 

suggests that the ionization efficiencies of all the PCs are similar, which is not too 

surprising given their structural similarities.  It may be more difficult to quantify multiple 

species when the ionization efficiencies are not similar such as with a polar and a non-

polar compound.  The literature data is from the lipid extraction of an entire rat brain, 

while the MS data is only from one 10 μm section of a rat brain so deviations may also be 

a result of comparing only a thin section to the whole brain.   

Table 4-1.  A comparison of literature data from a lipid extract of a rat brain to MS data 
collected directly from a tissue section 

sn -1 sn -2 Literature (mol%) MS data (%Int)
16:0 22:6 3.3 5.9%
16:0 20:4 4.4 7.3%
18:1 20:3 Trace
18:0 20:4 3.8 6.4%
18:0 22:6 2.5 2.8%
14:0 16:0 3.1 1.0%
18:0 22:5 0.4 1.4%
18:1 18:1 3.4 3.9%
16:0 18:1 36.2 36.7%
16:0 16:0 19.2 22.7%
18:0 18:1 14.1 11.8%  
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Finally, an average spectrum of 129 individual spectra collected from the center 

area of the tissue section is shown in Figure 4-16.  The primary purpose of this figure is 

to show the complexity of analyzing GPLs using MALDI-MS.  For PC (16:0, 18:1), there 

are four ions in the spectrum representing this compound.  The most abundant ion 

corresponding to this compound is m/z 782.7, the [M+Na]+ ion as expected because 

sodium acetate was added to the matrix solution to force this adduction.  The next most 

abundant ion corresponding to PC (16:0, 18:1) is m/z 798.6.  Tandem MS data of this ion 

determines it is the potassiated adduct, [M+K]+, of PC (16:0, 18:1).  The ion at m/z 723.8 

is identified as a source fragment of the [M+Na]+ ion, m/z 782.7, arising from loss of –

N(CH3)3 because it shows a neutral loss of 124 after MS2, which corresponds to the MS3 

data of m/z 782.7, as was shown in Figure 2-4 of Chapter 2.  The fourth ion 

corresponding to PC (16:0, 18:1) is at m/z 958.4, which is identified as the 

[M+Na+(DHB+Na-H)]+, the sodiated adduct clustered with a DHB matrix molecule.  

Again, MS2 of this ion allowed for proper identification.  The complexity of this 

spectrum is thus not just in the number of different compounds identified, but also in 

determining which ions are actually different compounds and which ions are a different 

ion from the same compound.  Using MS2 data for each ion in the spectrum, this 

complexity can be unraveled, showing that most compounds identified have more than 

one ion in the spectrum.   

Conclusions 

The research reported in this chapter has shown the ability to generate mass 

spectrometric images of phospholipids in rat brain at intermediate vacuum pressure on a  
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Figure 4-16.  An average spectrum of 129 different position-specific mass spectra 
acquired from the rat brain tissue section.  The complexity of this region of 
the mass spectrum can be unraveled using MS2 data of each ion.  It can 
therefore be determined that a single compound such as PC (16:0, 18:1) can 
be represented by four different ions in the mass spectrum, m/z 723.8 
([M+Na-N(CH3)3]+), 782.7 ([M+Na]+, 798.6 ([M+K]+), and 958.4 
([M+Na+(DHB+Na-H)]+). 
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linear ion trap with a spatial resolution of 100 μm.  The images generated showed a 

varied distribution of PC and SPM ions in the rat brain.  Specific parts of the rat brain 

were identified based on a comparison of the image of m/z 804.7, PC (16:0, 20:4) to a 

stereotaxic atlas of the rat brain.  The locations of the fatty acid chains were correctly 

identified using tandem MS of the sodiated positive ion directly from the tissue section.  

The results also showed the ability to desorb ions from a tissue section attached to non-

conductive or conductive microscope slides, without any significant differences in mass 

accuracy or intensity.  This suggests that when analyzing phospholipids from tissue by 

IP-MALDI on an ion trap, the section can be placed on nearly any surface.  The effect of 

the different mounting surfaces on the ionization of other compounds has not been 

evaluated, but it is presumed that similar results would be obtained.  Finally, the use of an 

artistic airbrush for the application of the matrix to brain tissue sections was shown to 

effectively limit analyte migration and thus prepared tissue sections to produce ion 

specific images in an inexpensive and rapid manner.   

The mass spectrometric images of the phospholipids in rat brain presented showed 

a remarkable variation in distribution.  This varied distribution allowed from the 

identification of sub-structures of the rat brain.  The use on tandem MS provided a means 

to properly identify the ions detected and thus properly locate the compound in the tissue 

section.  An interesting finding was that there are sometimes up to 5 different ions 

detected and characterized by tandem mass spectrometry that represent the same 

compound.  These different ions include protonated, sodiated, and potassiated species as 

well as ions that are adducted with DHB matrix molecules.  This finding further shows 
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the need to tandem mass spectrometry in the analysis of small molecules from tissue 

sections.   

Most of the images presented in this chapter were generated from one mass spectral 

acquisition showing the wealth of information hidden behind the data.  The continued 

analysis of individual brain sections was mentioned briefly, but offers a unique 

opportunity to continually probe one tissue section for further information.  The example 

shown described that even after approximately 3,000,000 laser shots were fired at 10,000 

(300 shots per spot) spots across the tissue, there was enough signal left to generate more 

MS images.  In fact, the image generated after those shots were of better quality than the 

initial images.   

Finally, the potential for quantifying endogenous compounds in tissue by IP-

MALDI was evaluated.  Results showed that phospholipids were detected with 

remarkable accuracy when compared to previously published results.  This quantitation 

effort was very minimal, and thus future efforts will require a much more tedious 

approach, using some form of standardization.  The compounds quantified most likely 

showed the same ionization potential; therefore, compound having different ionization 

potentials will have to be evaluated for accuracy in quantitation.  This may be of 

particular concern for drug discovery, especially if the active form of the drug has a 

different ionization potential than the dosed version of the drug.   

 

 

 
 
 

 



  

CHAPTER 5 
CONCLUSION AND FUTURE WORK 

The goals of this research were to develop an instrument capable of analyzing 

tissue samples by intermediate-pressure matrix-assisted laser desorption/ionization (IP-

MALDI) on an ion trap mass spectrometer and to make the technique of imaging mass 

spectrometry available to a broader segment of the scientific community.  The advantages 

of IP-MALDI are reduced source fragmentation and the possibilities of looking at 

samples that are hydrated, although that last part may require operation at even higher 

pressures (atmospheric pressure).  The research centered on the study of a particular class 

of compounds, phospholipids, because of their abundance and relevance to nerve tissue 

specimens.   

The use of IP-MALDI in the pressure region of 0.17 Torr has been presented as a 

new means for the imaging of thin tissue sections by MALDI-MS.  The chemical 

specificity that tandem mass spectrometry provides was shown to be instrumental in the 

identification of glcerophospholipids (GPL) from both spinal cord and brain tissue and 

the identification of matrix ions.  The initial research on spinal cord showed that very 

thick samples could be successfully analyzed by MALDI-MS with the proper adjustment 

of laser power due to changes in the focal point.   

Since ionization is key in mass analysis, a significant aspect of analyzing GPLs by 

ion trap mass spectrometry was the characterization of the most stable form of GPLs as 

ions.  In electrospray ionization (ESI), this research concluded that the cationized species, 

namely the [M+Na]+ ion, was the most stable form for the phosphatidylcholines (PCs), 

129 
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phosphatidlyethanolamines (PEs), and sphingomyelins (SPMs) in both ion trap mass 

analysis and in ion transport.  Studies of ion fragility in mass analysis showed that the 

protonated species of PC (16:0, 16:0), SPM (16:0), and PE (16:0, 16:0) exhibited a wider 

peak width under slow scanning conditions, required a wider isolation range for effective 

isolation, and fragmented more easily under collision-induced dissociation.   

A significant new finding in this research was relating ion fragility inside the ion 

trap to ion fragility of getting ions from an atmospheric pressure ionization source into 

vacuum and into the ion trap (ion transport).  For PC (16:0, 16:0) and SPM (16:0), the 

protonated species tended to fragment very readily with increased temperature of the 

heated capillary, while the sodiated species showed very little fragmentation.  On the 

other hand, the [M+H]+ ion of PE (16:0, 16:0) only showed a slightly higher tendency to 

fragment in ion transport.  This may be related to the fragmentation mechanisms of PE 

versus SPM and PC.  Under collisions-induced dissociation conditions, PC and SPM, as 

[M+H]+ ions, fragment to an ion relating to their head group, phosphocholine, while the 

[M+H]+ of PE fragments to an ion relating to the loss of the entire head group.  The 

different mechanism may mean that there is a different gas-phase structure of these PLs 

or that the difference in the head group structure is enough to change where the charge is 

located in the molecule.   

With protonated PC and SPM, the charge is retained on the head group, while for 

protonated PE the charge is retained on the backbone.  Both head groups contain a 

phosphate group, so it would seem that the charge would be on the phosphate oxygen, 

particularly if it is a proton.  Further studies on the gas-phase structure of these 

compounds will allow for clarification of this phenomenon.  A possible route for this 
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future study is using high-field asymmetric waveform ion mobility (FAIMS) with mass 

spectrometry to aid in identifying if the structure is significantly different when adduction 

occurs or when protonation occurs or between PE and PC ions with the same fatty acid 

chain lengths.   

A comparison between ion fragility of ions stored in 2D and 3D ion traps showed 

that the aspects of ion fragility in mass analysis are the same in both arrangements.  This 

shows that the phenomenon is not related to the design of the ion trap, but more related to 

the ions that are contained within and how those ions interact with each other, the 

quadrupolar field, and the He damping gas.  Further studies comparing these two 

different ion traps should include a re-examination of the same compounds already 

studied on the 2D trap such as caffeine, oleandomycin, and many of the explosive 

compounds.  Ion transport issues on the 2D ion trap were not examined because the 

comparison of mass analysis used a different ionization means, namely MALDI.  Future 

studies must also include ESI comparisons to MALDI.   

It was interesting to see that spectra generated by both MALDI and ESI showed the 

same type of source fragmentation tendencies for the protonated and sodiated species.  

The protonated species showed around 50% fragmentation under IP-MALDI conditions, 

while the sodiated species showed less than 10% for both SPM and PC.  At lower 

pressure (higher vacuum) conditions (10-6 Torr), the protonated species was nearly 100%, 

fragmented showing that collisional-cooling at high source pressure assisted in keeping 

this ion intact.  In ESI, with the highest capillary temperature and the highest tube lens 

offset, the protonated species showed greater than 90% fragmentation, while the sodiated 

species again showed less than 10% fragmentation.  It was thus concluded that all 
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analyses of PLs should be performed with a cationized species such as the [M+Na]+ ion, 

the [M+Li]+ ion, or the [M+K]+ ion.  A future study would be to investigate if these 

different cationized species exhibit varying degrees of ion fragility in mass analysis and 

ion transport and thus determine the best adduction ion for their analysis by mass 

spectrometry.   

Using position-specific mass spectra collected from brain tissue, chemical-specific 

images were generated that showed the distribution of individual phospholipids in the 

brain tissue.  These images represented the first MS images generated by IP-MALDI.  

These first images of the distribution of phospholipids in brain tissue offer a new 

possibility to characterize the brain in a very chemically significant manner.  An entire 

brain could be sectioned and mapped by MS, creating an image to show the levels of PLs 

in a normal brain.  Such an approach could be invaluable in correlating the effects of 

aging to the deterioration of specific compounds or substructures of the brain.   

Tandem mass spectrometry provided the ability to positively identify the 

phospholipids as PCs and SPMs with the correct fatty acid chain assignments using CID 

of the more stable ion, [M+Na]+.  These chemical-specific images provided a new view 

of the rat brain showing the varied distribution of individual PC and SPM species.  The 

PLs could be differentiated between white and gray matter of the brain.  The different 

substructures of the brain were identified using the distribution of PC (16:0, 20:4), but 

other PLs could be used for this purpose as well.   

The use of an artistic airbrush was shown to be an effective technique to evenly 

coat the tissue surface with a matrix while inhibiting analyte migration.  This provided a 
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rapid and cheap method for coating multiple tissue specimens with the same matrix 

composition, but still requires a trained eye to identify a good coating.   

The intensities of the specific PC ions detected from a brain tissue slice were 

compared to previous data showing the concentration of fatty acids in the entire brain of a 

rat.  This preliminary comparison showed that the levels detected from brain tissue by 

mass spectrometry were similar in concentration to those previous studies, and thus 

provided the initial view of using imaging MS to determine the concentration of 

compounds detected directly from the tissue sample.   

Quantitation studies in imaging MS will require the development of a more 

reproducible coating mechanism.  The use of inkjet technology, currently underway in 

our group, will provide a very reproducible coating process and allow for the coating of 

multiple tissue samples with very little human error and effort.  The use of mixed 

matrices in tissue analysis should be examined to determine if a wider variety of ions 

could be released from the surface of the tissue, since it is known that one matrix cannot 

ionize all compound classes.  Other experiments with the inkjet printer would be the 

deposition of a standard compound with the matrix at varied concentrations that will 

allow for absolute quantitation of compounds.  This would require examining how a 

standard is incorporated into the tissue medium and the choice of solvents for uniform 

incorporation.  The use of an inkjet printer will hopefully aid in the widespread adoption 

of the imaging mass spectrometry technique by producing a more robust and repeatable 

matrix deposition process.   

The identification of other phospholipids in brain tissue should involve studies in 

negative ion mode and the evaluation of different matrices for negative ion MALDI.  The 
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correlation of phospholipid distribution to brain function is an interesting aspect for 

future studies and will involve significant collaboration with other fields of science, 

especially medicine.  The successful use of non-conductive microscope slides will 

hopefully increase the use of this imaging mass spectrometry technique in conjunction 

with other well-known optical techniques for analyzing tissue specimens because of the 

similarity in sample preparation.   
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