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ABSTRACT 

 

Development of Advanced Optics and High Resolution Instrumentation for Mass 

Spectrometry Based Proteomics. (December 2008) 

Stacy Dawn Sherrod, B.S., Sam Houston State University 

Chair of Advisory Committee: Dr. David H. Russell 

 

 Imaging mass spectrometry (MS) analysis allows scientists the ability to obtain 

spatial and chemical information of analytes on a wide variety of surfaces. The ability to 

image biological analytes is an important tool in many areas of life science research, 

including: the ability to map pharmaceutical drugs in targeted tissue, to spatially 

determine the expression profile of specific proteins in healthy vs. diseased tissue states, 

and to rapidly interrogate biomolecular microarrays. However, there are several avenues 

for improving the imaging MS experiment for biological samples. Three significant 

directions this work addresses include: (1) reducing chemical noise and increasing 

analyte identification by developing sample preparation methodologies, (2) improving 

the analytical figures of merit (i.e., spatial resolution, analysis time) by implementing a 

spatially dynamic optical system, and (3) increasing both mass spectral resolution and 

ion detection sensitivity by modifying a commercial time-of-flight (TOF) MS.   

Firstly, sample methodology schemes presented in these studies consist of 

obtaining both “top-down” and “bottom-up” information. In that, both intact mass and 

peptide mass fingerprinting data can be obtained to increase protein identification. This 
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sample methodology was optimized on protein microarrays in preparation for bio tissue 

analysis. Other work consists of optimizing novel sample preparation strategies for 

hydrated solid-supported lipid bilayer studies. Sample methods incorporating 

nanomaterials for laser desorption/ionization illustrate the ability to perform selective 

ionization of specific analytes. Specifically, our results suggest that silver nanoparticles 

facilitate the selective ionization of olefin containing species (e.g., steroids, vitamins).  

 Secondly, an advanced optical design incorporating a spatially dynamic optical 

scheme allows for laser beam expansion, homogenization, collimation, shaping, and 

imaging. This spatially dynamic optical system allows user defined beam shapes, 

decreases analysis times associated with mechanical movement of the sample stage, and 

is capable of increasing the MS limits of detection by simultaneously irradiating multiple 

spots.    

 Lastly, new data acquisition strategies (multiple anode detection schemes) were 

incorporated into a commercial time-of-flight mass spectrometer to increase both 

sensitivity and resolution in a matrix assisted laser desorption/ionization mass 

spectrometer.  The utility of this technique can be applied to many different samples, 

where high mass spectral resolution allows for increased mass measurement accuracy.  
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CHAPTER I 

INTRODUCTION: IMAGING MASS SPECTROMETRY 

 

 The ability to completely sequence a genome has opened many new research 

opportunities in the field of proteomics.  Since it is proteins that perform the majority of 

life functions, the ability to analyze proteins in their native environment is very 

important.  One research area that has advanced the field of biological mass 

spectrometry in recent years is imaging mass spectrometry. Imaging mass spectrometry 

(MS) offers the ability to obtain chemical specificity of analytes on a surface in a 

spatially resolved mode and allows for the ability to analyze proteins/peptides in situ. 

Early imaging MS studies were typically performed using secondary ion mass 

spectrometry (SIMS) and laser microprobe mass spectrometry (LMMS).1  SIMS 

irradiates the sample surface with a tightly focused, highly energetic primary ion beam 

(typically Ga+, Cs+, etc.); resulting in the desorption of analyte ions from the surface. 

Imaging SIMS has been used primarily to probe inorganics, such as metals, minerals, 

and ceramics; however, the imaging of biological tissues has also been reported.2  

Recent advances in biological SIMS has focused on using polyatomic ion beams such as 

C60 (fullerene) or gold-clusters to generate higher mass secondary ions than those 

formed with conventional primary ion beams.3  In LMMS, an ultraviolet (UV) laser is  

 
 
____________ 
This dissertation follows the style and format of Analytical Chemistry.  



  

  

2

focused onto the sample, facilitating ion formation.  The primary limitation of both 

SIMS and LMMS techniques is the limited ability to form intact ions of large (>1000 

Da) biomolecules. Some success has been reported using matrix enhanced (ME) SIMS, 

where a homogenous layer of matrix (small organic acid) is applied to the sample 

surface prior to mass analysis.  Imaging ME-SIMS was used to obtain subcellular 

resolution of nervous tissue sections (spatial resolution ~3μm),4 where the upper mass 

range of ionizable analytes (~2500 Da) was also increased.  Maarten Altelaar and 

coworkers have shown that by applying a thin (Au) metal layer to the matrix-coated 

SIMS sample surface prior to analysis results in increased image quality and signal 

enhancement.5 It has also been reported that polymer ion signals are enhanced when 

nanoparticles (Au or Ag) are incorporated into the sample prior to analysis.6 

The first successful application of imaging mass spectrometry towards analyzing 

high mass biomolecules dates back to the late 1990’s, when Caprioli and colleagues 

reported the ability to directly image peptides and proteins in thin (~10-20 μm) tissue 

sections based on matrix assisted laser desorption/ionization-time-of-flight mass 

spectrometry (MALDI-TOF MS).7  They demonstrated that by carefully applying a 

homogenous layer of matrix (using a glass spray nebulizer) to a tissue section the intact 

ion yield increases.  After obtaining a mass spectrum at each x-y position, each spectrum 

is interrogated to determine the abundance, type and spatial location of specifically 

chosen biomolecules/biomarkers.8  The general principle of imaging mass spectrometry 

via MALDI-TOF MS is illustrated in Figure 1.  Two organic dyes (crystal violet and 

janus green B) were patterned onto a nitrocellulose membrane using a computer 
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controlled microspotter.  The microarray pattern was subsequently interrogated by 

rastering the sample with respect to the laser spot in 50 μm increments resulting in 

25,600 individual mass spectra which are interrogated providing a mass-specific ion 

image (Figure 1A). The multidimensional information contained in each “pixel” is 

shown in Figure 1B which illustrates typical mass spectra at each spatial location. That 

is, different images are obtained by analyzing the data for individual target analytes 

(m/z) in the mass spectra which reveal analyte abundance distribution as a function of 

spatial position.  

Caprioli and coworkers have been able to use imaging MS and class prediction 

models to distinguish between normal and non-small-cell lung cancer.9  In addition, the 

same group was able to distinguish between primary and metastatic lung cancer, yielding 

a prognosis (poor or good, corresponding to the patient’s survival rate).10 Combining 

histopathological and MS techniques allows for the characterization of cell morphology 

as well as molecular information about the tissue of interest.9, 10 Since its inception, 

Caprioli et. al. have analyzed locations of breast cancer biomarkers in human tissue 

sections11, drug and metabolites in whole body rat tissue sections,12 and proteins that 

may be indicative of cell-specific lung cancer.13 
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Sample Preparation for Imaging Mass Spectrometry 

The general procedure for preparing biological tissue samples for analysis is to 

snap-freeze fresh tissue, followed by sectioning using a cryostat (ca. 10-20 μm 

thickness). Upon fixation of the tissue section to the MALDI plate, a MALDI matrix is 

applied to the section. The matrix application is dependent upon the type of information 

that is desired. For imaging experiments, the matrix is applied homogeneously across the 

entire sample. For profiling experiments (i.e., determination and characterization of 

differential protein expression), a matrix is applied in discrete spots on the sample for 

comparison of analyte present in distinct pathological regions.  

Typical matrix applications for imaging MS applications consist of applying a 

homogenous matrix across the entire sample via electrospray deposition, pneumatic 

nebulization, or dried droplet techniques.14 To address issues of sample preparation and 

analyte delocalization/translocation owing to matrix application, alternative matrix 

applications have been employed. Specifically, Novolkov and coworkers implant 

massive gold clusters (Au400
4+) into the sample prior to analysis.15  It has been 

demonstrated that using implanted gold clusters as the MALDI matrix (also known as 

matrix implanted laser desorption/ionization (MILDI)), large molecular weight analyte 

ions (up to 35 kDa) can be generated.16 Other recent work suggests that the deposition of 

a thin gold layer on non-conductive surfaces prevents surface charge effects in MALDI-

TOF MS experiments resulting in increased spectral resolution/ion yields.17 Currently, 

researchers have utilized automatic robotic and acoustic matrix spotting techniques,18, 19 

electrospray deposition,20 matrix sublimation,21 solvent-free matrix dry-coating using a 
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stainless steel sieve,22 spray-coating using an airbrush,23 and inkjet printing 24 for matrix 

applications. Any of these matrix deposition techniques can be utilized for imaging MS 

experiments; however a single matrix deposition technique may provide better results for 

specific experiments. Alternative matrices such as nanoparticles have also been utilized 

by Taira et. al. to image peptides and lipids in mammalian tissue.25 

Recent advances in atmospheric pressure ionization techniques such as 

desorption electrospray ionization (DESI),26-31 surface sampling probes,32-34 and laser-

assisted electrospray ionization (LAESI)35 have also been utilized in imaging MS 

studies. Vertes and Dreisewerd also used atmospheric pressure infrared (IR)-MALDI to 

image plant tissues.36, 37 These ionization techniques offer the ability to ionize analytes 

without addition of a MALDI matrix in imaging MS mode, however liquid ionization 

techniques such as DESI and surface sampling probes provide low spatial resolutions 

(>100’s μm compared to typical 25 μm using MALDI).27  
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Analyte Identification in Imaging Mass Spectrometry 

The challenges of characterizing analytes of interest become more difficult as the 

complexity of the sample increases. Current MS approaches to identify individual 

proteins in complex protein mixtures consist of protein isolation (1D- or 2D-

polyacrylamide gel electrophoresis) followed by in-gel proteolytic, or proteolytic 

digestion of the protein mixture followed by multidimensional separation techniques. 

Peptide fragments are then analyzed using MALDI-TOF MS followed by database 

searching to identify the protein of interest.38 Owing to the nature of imaging MS 

experiments, scientists have relied on intact protein data for protein identification.  

However, as the complexity of the sample increases, the challenges of characterizing 

analytes in congested mass spectra become more difficult owing to peak overlap by 

concomitant species of different molecular class (e.g., derived from salts, detergents, 

tissue fixing agents, lipids, oligonucleotides, glycoconjugates, etc.). Figure 2 illustrates 

the complexity of mass spectra obtained from a 10 μm thick tissue section from a fresh, 

frozen calf kidney. 
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To address analyte identification issues, researchers have used on-plate digestion 

methods, ion mobility mass spectrometry and high resolution mass spectrometry for 

accurate analyte assignments.  Groseclose et. al. robotically spotted small volumes of a 

protease (trypsin) onto the sample to carry out on-target protease digestion. After 

digestion, a matrix solution is directly applied to the spots and analyzed by imaging MS 

to obtain the x-y spatial distribution of peptides. Peptide sequences were also determined 

by performing MALDI MS/MS directly from the digested areas. By using on-plate 

digestion, proteins were confidently identified while preserving their spatial 

distributions.18 Another digestion protocol that preserves spatial distributions of proteins, 

known as the molecular scanner approach, utilizes an immobilized trypsin membrane 

that is sandwiched in between a capturing membrane and the sample of interest (i.e., 

tissue, gel, etc.).39  The capturing membrane, which now contains peptides, can be 

imaged and analyzed.40                      

Other researchers have utilized multidimensional post-ionization analyte 

separation based on gas-phase ion mobility-mass spectrometry to reduce spectral 

complexity and provide accurate analyte assignments.41, 42   Briefly, ion mobility 

provides a means for separating analytes based on their molecular class (e.g., lipids, 

oligonucleotides, glycoconjugates, etc.), because each molecular class exhibits a 

different, but characteristic, trend in mobility as a function of mass.43 Combining post-

ionization ion mobility separation with MALDI imaging mass spectrometry provides a 

second dimension of information (molecular class) to more accurately assign analyte 

signals.41, 42 An additional dimension of analyte information, i.e., characteristic analyte 
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fragment ions, can be obtained by adding an ion activation step between ion mobility 

separation and mass analysis without loss of the spatial coordinates on the sample.44, 45 

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) has 

also been used for high mass spectral resolution and mass measurement accuracy to 

validate analyte assignments for imaging MS applications.46 However, the high cost 

(operation and magnet costs), long analysis times (ms), and low sensitivity of FT-MS 

need to be taken into consideration when doing these types of experiments.  

 

Spatial Resolution in Imaging Mass Spectrometry  

Conventional optical arrangements in imaging MALDI-TOF MS experiments 

use an aperture followed by a lens to focus the laser beam onto the sample surface, 

whereby the spatial resolution is dictated by the diffraction limit of the optical system 

(the laser spot size, ~25 μm for conventional imaging MALDI-TOF MS applications). 

The diffraction limit can be described by:  

1.22D
NA

λ
=     (1) 

 
where D is the diffraction limit, λ is the wavelength of light and NA is the numerical 

aperture of the lens.47 The laser spot size and precision of the micropositioners is 

generally used to determine the maximum spatial resolution obtainable for a particular 

system.  
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One strategy for increasing spatial resolution by decreasing the laser spot size 

consist of scanning microprobe matrix assisted laser desorption/ionization (SMALDI). 

In these studies, Spengler and Hubert used a confocal cylindrical lens system to focus 

the laser spot size down to ~450 nm.48 Scanning near field optical microscopy (SNOM) 

coupled to MALDI has also been used to increase the spatial resolution in imaging MS 

experiments, specifically, a near field optical fiber probe is placed very close to the 

sample surface (within a few nm) which allows the laser spot size to reach sizes smaller 

than the diffraction limit.49, 50  Both techniques have been used for imaging MS 

experiments, however the ability to detect large biomolecular ions has been unsuccessful 

possibly owing to sensitivity issues. Other imaging MS laboratories have placed a static 

aperture in front of the focusing lens system to decrease the laser spot size.51, 52  

The challenges associated with mechanical rastering (i.e., via micropositioners) 

are two-fold. One, wear of the micropositioners causes imprecision and hysteresis (see 

Figure 3) in translating the sample stage relative to the ionizing beam. Two, mechanical 

positioning leads to long analysis times when many spatial locations are interrogated 

owing to slow translation velocities. Figure 3B illustrates the mechanical hysteresis 

associated with mechanical micropositioners. Specifically, when the sample is rastered 

in a bidirectional manner, mechanical imprecision’s are evident in the mass spectrometry 

ion image.  

One current innovation reported by Luxembourg et al. used a triple focusing time 

of flight mass spectrometer (TRIFT II) in microscope mode to obtain high spatial 

resolution images of analytes on a surface (in a microarray format).53 In these 
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experiments, a large diameter (~200 μm) laser beam (single shot) is used for desorption/ 

ionization. Following ion generation, ions are separated according to their m/z; however, 

owing to ion optics, ions maintain the same relative spatial orientation from ion 

generation to detection. The ions are detected as an image on a position sensitive 

detector, producing a high spatial resolution image of a single analyte.  

Two techniques reported by the Sweedler laboratory use oversampling or a bead 

array to image features smaller than the size of the laser beam. The oversampling 

technique consists of obtaining MS data in mechanical step sizes smaller than the size of 

the laser beam (sample probe), however without complete sample ablation at each spot it 

would be impractical to obtain spatial information in increments smaller than the laser 

spot size.54 The glass stretched bead array technique utilizes a bead array attached to a 

stretchable membrane. After the tissue section is allowed to dry to the bead array, the 

membrane is stretched and individual tissue fragments analyzed via MALDI MS.55
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Figure 3. Mass spectrometry ion image by LDI-TOFMS of crystal violet (hexamethyl-

pararosanaline, m/z = 372) deposited onto nitrocellulose in the shape of an ampersand 

"&." (A) Optical microscopy image of the deposited material. (B and C) Corresponding 

images obtained by LDI-TOF MS by rastering the sample with respect to the laser spot 

in a bidirectional (B) and unidirectional (C) manner, where white and black circles 

represent mass spectra with a signal-to-noise ratio of less than and greater than 10 at m/z 

372, respectively. Each mass spectrum represents the average of 10 laser shots and the 

laser spot (ellipse, ca. 50 x 90 μm) was translated in 95 μm increments to produce the 

resulting 1056 and 780 pixel images in (B) and (C), respectively.   
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The objectives of the studies presented here are three fold, these include: (1) 

develop sample preparation methodologies for spatially resolved mass spectrometry, (2) 

implement an advanced optical system for imaging MS applications, and (3) modify a 

commercial TOF mass spectrometer to increase both mass resolution and ion detection 

sensitivity for MALDI imaging MS. The new optical arrangement is aimed to address 

three challenges in conventional imaging optics: (i) imprecise mechanical rastering, (ii) 

static beam shape and dimensions, and (iii) perspective image foreshortening by viewing 

and irradiating the target at oblique angles. Imaging mass spectrometry utilizing the 

advanced optics scheme and increased mass spectral resolution detailed in this work will 

allow more challenging experiments to be performed. Wherein, advanced optics allows 

increased spatial/lateral resolution and tailored beam dimensions coupled with high-

resolution/mass-measurement accuracy allows for increased confidence in mass spectral 

peak assignments in smaller spatial locations. 
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CHAPTER II 

EXPERIMENTAL 

 

Instrumental Apparatus 

 A schematic diagram of the experimental apparatus used for the imaging mass 

spectrometry research is shown in Figure 4. The matrix assisted laser 

desorption/ionization time-of-flight mass spectrometer (MALDI-TOF MS) is an Applied 

Biosystems Voyager DE STR equipped with a N2 laser (337 nm), delayed extraction and 

is capable of obtaining data in both linear and reflected (single stage) mode. Ions are first 

generated by irradiating the sample surface with the laser, followed by a delayed 

extraction event, which consist of accelerating the ions to a constant kinetic energy.  

After a short delay time, the ions are then separated based on their mass/charge (m/z) 

ratio in a time-of-flight (TOF) mass analyzer. In linear mode, ions are spatially focused 

at the linear detector. In reflected mode, the ions are spatially focused at the reflectron 

entrance and energetically focused in the reflectron (ion mirror). The ion mirror allows 

faster ions to reach the detector at the same time as the slower ions of the same m/z. A 

more detailed explanation of ion focusing is discussed in Chapter VII.  
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The ability to spatially and energetically focus the ion beam allows an overall 

increase in mass spectral resolution.56 Following separation, the ions are detected by a 

pair of microchannel plates which rely on signal amplification and current detection. 

Figure 5 illustrates different mass spectral resolution obtained for honey bee melittin [M 

+ H]+ ions that are spatially focused (linear mode) vs. spatially and energetically focused 

(reflected mode). The top mass spectrum was collected in linear mode and the isotopes 

are not resolved. Conversely, on the bottom spectrum, using reflected mode, the isotopes 

are baseline resolved with a resolution of 8,000 for the monoisotopic peak. Unless 

otherwise noted, all data presented throughout this manuscript was collected in reflected 

mode under optimized conditions at laser threshold fluences.  

 

Data Validation 
 
 All mass assignments were validated using tandem mass spectrometry. 

Specifically, a MALDI TOF/TOF MS (4800 Proteomics Analyzer, Applied Biosystems, 

Foster City, CA) was used to obtain collision-induced dissociation tandem MS data. 

Tandem spectra were acquired using 10-20% greater laser power than the MS spectra 

acquisition using air as the collision gas with 1 kV of collision energy. All MS and 

MS/MS data were manually interpreted.  
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Figure 5. Mass spectra of honey bee melittin [M + H]+ ions using linear mode 

(green/top) and reflected mode (blue/bottom). The increased mass resolution using 

reflected mode is apparent by the isotopic baseline resolution of the peptide in the 

bottom spectrum.  

 
 

Traditional Mass Spectrometry Sample Preparation 

For traditional mass spectrometry experiments, the “dried droplet” sample 

preparation protocol is utilized. Specifically, a matrix solution, generally α-cyano-4-

hydroxycinnamic acid (~10 mg/mL) in 60% acetonitrile, 40% H2O and 0.1% TFA, is 

mixed 1/1 (v/v) with the analyte of interest. The matrix concentration will vary 
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depending on the concentration of the analyte of interest. Matrix to analyte ratios were 

kept between 1,000-10,000 : 1. After mixing, the solution was spotted directly on the 

MALDI plate and allowed to dry in air at room temperature prior to analysis. 

 

Imaging Mass Spectrometry Sample Preparation 

Sample preparation in imaging MALDI MS can affect analyte localization, 

therefore it is important that the matrix be applied with care.57 Conventional imaging MS 

matrix applications consist of depositing small drops of the matrix solution (generally 

sinapinic acid 20 mg/mL in 50% acetonitrile/H2O, 0.1% trifluoracetic acid) directly on a 

dehydrated tissue section. However, owing to the solutions used, a potential challenge is 

translocation of the soluble proteins within the tissue sample. To reduce this effect, 

pneumatic nebulization, electrospray deposition and even robotic spotting of the matrix 

in discrete locations is preferred as the matrix deposition application.14 In all imaging 

MS experiments described in this manuscript either pneumatic nebuilization or 

electrospray deposition was utilized. The electrospray deposition is preferred because it 

provides smaller matrix droplets, and more homogeneous sample matrix deposition 

compared to pneumatic nebulization.  

A schematic of the homebuilt electrospray deposition apparatus is shown in 

Figure 6. Briefly, a syringe pump is used to push the matrix solution through the 

capillary and stainless steel needle at a constant flow rate (2-6 μL/min). The syringe is 

held at 5,000 V, while the MALDI (stainless steel) plate is grounded. The solution at the 

end of the needle forms an aerosol of small droplets; this aerosol strikes the surface and 
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forms a thin layer of matrix once the solvent has evaporated. For these studies, 

concentrated α-cyano-4-hydroxycinnamic acid (20 mg/mL) in volatile solvents (80% 

methanol and 20% acetone) provides a thin matrix layer on the sample of interest 

without analyte delocalization. It is important to note that the flow rate needs to be 

optimized for particular experiments/solvents, etc. 

 

 
 

 
Figure 6. Schematic diagram of the manual electrospray deposition apparatus used in 

our experiments.  
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CHAPTER III 

IMAGING MASS SPECTROMETRY: A SIMULTANEOUS TOP DOWN/    

BOTTOM UP APPROACH 

 

Introduction 

The identification of biomolecules using imaging mass spectrometry (MS) has 

advanced rapidly over the past decade owing to progress in clinical applications and 

technology. In particular, the application of imaging and profiling experiments in MS is 

dominated by techniques for the analysis of intact proteins in thin tissue sections (ca. 10 

μm). Such experiments are performed using MALDI-TOF MS where it is possible to 

obtain mass spectra at discrete positions (x-y coordinates). Experiments have been 

performed correlating both histopathology (cell morphology) and MS (molecular 

information) data at specific target regions. These techniques may ultimately lead to 

assessing disease diagnosis, prognosis, and determining clinical biomarkers.9 We 

describe a new  methodology for obtaining protein profiles by correlating both 

complementary intact protein (i.e. “top-down” MS) and peptide mass fingerprint (PMF, 

i.e. “bottom-up” MS) information using protein microarrays. 

As mentioned previously, current approaches to identify individual proteins in 

complex protein mixtures consist of protein isolation followed by in-gel proteolytic 

digestion, or proteolytic digestion of the protein mixture followed by multidimensional 

separation techniques. Separated peptide fragments are then analyzed using MALDI-

TOF MS followed by database searching to identify the protein of interest.38, 58 Although 
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intact protein information is lost following proteolytic digestion, smaller and more easily 

detectable peptides characteristic of the protein are gained. However, the use of one 

digestion protocol (e.g., trypsin, CNBr, etc.) often leads to peptide fragments which fail 

to provide 100% sequence coverage, which is desirable in cases such as the 

determination of sites of post-translational modification. Alternatively, intact protein 

information and subsequent fragmentation of intact proteins in vacuo, provides highly 

specific information about individual proteins, but fragmentation efficiency is not 

comprehensive of the protein.59 Ideally, both intact protein information and PMF data 

would be obtained simultaneously particularly for the analysis of complex samples, 

because it provides higher confidence level assignments owing to the complementary 

intact protein and digest peptide data. This work has focused on assembling protein 

microarrays to obtain both intact mass and PMF data to increase protein identification. 

Figure 7 illustrates the two different approaches (top-down and bottom-up) taken in this 

study. Microarrays are arranged so that regular patterns of spots containing different 

proteases (chymotrypsin, trypsin, and endoproteinase lys c) are interlaced with regular 

patterns of spots containing only MALDI matrix and protein mixture. Figure 7A shows 

an optical microscopy image of the protein microarray used for MALDI-TOF MS 

imaging. Figure 7B shows a typical top-down mass spectrum obtained from this array. 

Figure 7C illustrates the bottom-up approach utilizing the three proteases, yielding three 

different PMF mass spectra. Multiple proteases were used to increase the sequence 

coverage obtained in the bottom-up wells, where each spot corresponds to a single 

protease digestion region.  
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Figure 7.  Representative information obtained in a simultaneous top-down/bottom up 

approach for imaging protein microarrays via MALDI-TOF MS. (A) Optical microscopy 

image of a protein mixture (consisting of melittin, ubiquitin and cytochrome c) deposited 

directly on a MALDI plate in a microarray format (B) mass spectrum representing the 

intact protein masses (top-down approach) obtained from a “top-down” spot and (C) 

mass spectra illustrating three different PMFs obtained after direct on-plate digestion of 

three different proteases at specific discrete sample wells.  
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Bottom-Up Mass Spectrometry 
 

Our initial experiments for obtaining PMF data consist of optimizing protease 

digestion efficiencies directly on the MALDI plate. A mixed organic-aqueous solvent 

system (30% Acetonitrile-H2O) and 1:1 (protease: analyte, w: w) ratios were found to 

reduce digestion time (< 5 minutes) and maximize sequence coverage. Table 1 shows 

sequence coverage obtained for three different analyte solvents and protease: analyte 

ratios using cytochrome c (analyte) and endoproteinase lys c (protease). Subsequent 

experiments were performed using the optimized method (30% Acetonitrile–H2O and 

1:1 weight ratios of protease and analyte).  Time course experiments were also 

performed to ensure enhanced proteolytic digestion efficiency at 1, 5, 10, 30 and 60 

minutes.  PMFs obtained between 1-10 minutes were nearly identical, so all experiments 

were carried out between these times. After optimization, a protein mixture, honeybee 

melittin (Ma = 2.8 kDa), bovine ubiquitin (Ma = 8 kDa) and horse cytochrome c (Ma =12 

kDa) were interrogated in a microarray format. Protein microarrays were spotted directly 

on a MALDI plate using a computer controlled microspotter (ProBot, LC Packings, 

Sunnyville, CA).  
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Table 1. Amino acid coverage (%) for cytochrome c using different enzyme to analyte 

ratio volumes and solvent systems using endoproteinase lys c. 

 

1:1 1:10
30% Acetonitrile - Water 77% 60%
50% Methanol - Water 63% 58%
Water 28% 25%

enzyme: analyte (w:w)Solvent

 

 
 
 

Three proteases were used to increase the sequence coverage obtained in the 

bottom-up wells, where each spot corresponds to a single protease digestion region 

(Figure 7). After imaging the microarray using MALDI-TOF MS (Voyager DE STR, 

Applied Biosystems), digestion efficiency maps of the bottom-up spots were constructed 

for numerous cytochrome c digestion fragments to determine the efficiency of each 

protease at different sample spots and within each sample spot. Figure 8 contains four 

digestion efficiency maps for chymotrypsin and one digestion efficiency map each for 

trypsin and endoproteinase lys c.  



 
 

 
 

 

 
 

26

 

Fi
gu

re
 8

. (
A

-C
) 

O
pt

ic
al

 m
ic

ro
sc

op
y 

im
ag

es
 o

f 
sl

ic
es

 o
f 

th
e 

pr
ot

ei
n 

m
ic

ro
ar

ra
y 

im
ag

ed
, w

he
re

 c
ol

or
ed

 c
irc

le
s 

(b
lu

e,
 g

re
en

, r
ed

) 
re

pr
es

en
t c

hy
m

ot
ry

ps
in

, t
ry

ps
in

 a
nd

 e
nd

op
ro

te
in

as
e 

ly
s 

c 

ad
di

tio
n 

to
 a

 m
od

el
 p

ro
te

in
 m

ix
tu

re
 (

bo
vi

ne
 u

bi
qu

iti
n,

 h
or

se
 c

yt
oc

hr
om

e 
c 

an
d 

ho
ne

yb
ee

 m
el

itt
in

), 
re

sp
ec

tiv
el

y.
  

(i-
vi

) 
di

ge
st

io
n 

ef
fic

ie
nc

y 
m

ap
s 

fo
r 

ea
ch

 d
ig

es
tio

n 
sp

ot
 f

or
 p

ea
ks

 

co
rr

es
po

nd
in

g 
to

 m
/z

 1
04

2.
4,

 1
73

4.
9,

 1
28

2.
6,

 9
06

.5
, 1

16
8.

9 
an

d 
14

78
.8

, r
es

pe
ct

iv
el

y.
 E

ac
h 

m
/z

 c
or

re
sp

on
ds

 to
 a

 u
ni

qu
e 

di
ge

st
 fr

ag
m

en
t f

or
 c

yt
oc

hr
om

e 
c.

 



  27   

  

The differences in the efficiency maps is minimal (average variability within 

spots is 74% ± 5.1%) for each proteolysis spot and consistent (average spot to spot 

reproducibility of 72.9% ± 6.35%) between spots. That is, most digestion efficiency 

maps (for individual proteases) are nearly identical (Figure 7). Efficiency is measured by 

comparing the variability within a sample spot and the consistency between spots is 

measured by spot to spot reproducibility.  A comparison of the peptides observed for 

chymotryptic, endoproteinase lys c and tryptic digests of cytochrome c, ubiquitin, and 

melittin using all three proteases is presented in Figure 9. The peptides observed by the 

three proteases overlap significantly. However, by using three different proteases higher 

protein sequence coverage is obtained. For example, by pooling peptides observed using 

chymotryptic, endoproteinase lys c and tryptic proteases, protein sequence coverage’s of 

96.2, 63.2, and 100% are obtained, whereas for tryptic digest only coverage’s of 11.3, 

42.1, and 0% are found for cytochrome c, ubiqutin, and melittin, respectively. 
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Top-Down Mass Spectrometry 
 

Initial “top-down” MS experiments consist of optimizing the matrix to analyte 

ratio (2500:1) and matrix composition (α-cyano-4-hydroxycinnamic acid, CHCA, 

5mg/mL in 50% acetonitrile/H2O, 0.1% trifluoroacetic acid) to obtain intact protein mass 

data over a large mass range.  A mass spectrum taken from the microarray is shown in 

Figure 10. Observed protonated and doubly protonated species are labeled and 

summarized in Table 2.  All proteins in the mixture show strong signals for both singly 

and doubly protonated ions, an observation frequently observed in MALDI-TOF MS.60  

Multiply protonated ions offer another dimension of top-down MS information.  Figure 

11 illustrates mass spectrometry ion images of melittin, ubiquitin and cytochrome c 

which were constructed from the top-down spots in Figure 7. All intact proteins were 

detected at each top-down spot providing a reliable map of overall protein coverage.  In 

all three ion images there is a distorted spot profile appearing at the far right, this has 

been attributed to the non-uniform spotting using the microspotter.  The positive 

identification in all three mass-specific ion images indicates that there is indeed sample 

present (no analyte discrimination).  While the technological (spotting technique) 

methodology may need to be improved, the overall utility of the top-down imaging 

method has been demonstrated. 
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Figure 10. Typical mass spectrum obtained at top-down wells on 4 x 3 microarray (see 

Figure 7) using CHCA (5 mg/mL in 50% acetonitrile/H2O, 0.1% trifluoracetic acid) in 

the mass range of 500-14,000.  

 
 
Table 2. List of proteins and m/z values for labeled numbers in the top-down  

microarray wells. 
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Conclusion 
 

In principle, it is possible to obtain PMF data with high sequence coverage while 

also providing intact protein mass information.  To study the digestion efficiency of 

proteases for bottom-up spots, digestion efficiency maps were constructed to show 

minimal spot variability and high spot-to-spot reproducibility. Additionally, we have 

shown that by using three proteases the overall amino acid sequence coverage is 

significantly increased. These experiments also provided intact protein mass 

information, resulting in the ability to correlate proteolytic fragments to intact protein 

mass.  The utility of this methodology is directly applicable to imaging MS of tissue 

sections, which would allow both intact protein and PMF information to be obtained.  

There is great utility for this technique with applications ranging from protein profiling, 

disease diagnosis and prognosis, and increased confidence level in biomarker 

determinations.  
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CHAPTER IV 

SPATIALLY DYNAMIC LASER PATTERNING FOR IMAGING MASS 

SPECTROMETRY STUDIES* 

 
 
 

Beam homogenization and spatially dynamic beam patterning optics have been 

combined to improve the imaging matrix assisted laser desorption/ionization time of 

flight mass spectrometry (MALDI-TOF MS) experiment. The optical design was 

developed to improve the spatial resolution of the laser beam profile (~25-50 μm) and to 

decrease the long analysis times associated with mechanical translation of the MALDI 

sample stage. This arrangement consists of: laser beam conditioning optics, laser beam 

shaping optics via a digital micromirror device (DMD), and an imaging lens system. 

Experimental results comparing traditional imaging MALDI–TOF MS and spatially 

dynamic imaging MALDI-TOF MS are discussed. The optical system has proven useful 

for patterning the MALDI laser beam into user defined beam shapes, can potentially 

decrease analysis times associated with mechanical movement of the sample stage, and 

may be capable of increasing the limits of detection by simultaneously irradiating 

multiple spots.   

 
 
 
 
____________ 
*Parts of this chapter are reprinted from the International Journal of Mass Spectrometry, Volume 262, 
Stacy D. Sherrod, Edward T. Castellana, John A. McLean, and David H. Russell, Spatially Dynamic Laser 
Patterning using Advanced Optics for Imaging Matrix Assisted Laser Desorption/Ionization (MALDI) 
Mass Spectrometry, pages 256-262, 2007, with permission from Elsevier Science. 
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Introduction 

Imaging mass spectrometry (MS) utilizing secondary ion mass spectrometry 

(SIMS)61, 62, laser microprobe mass spectrometry (LMMS)1, 63, matrix assisted laser 

desorption/ionization (MALDI),51, 53, 64 and desorption electrospray ionization (DESI)28 

offers the ability to simultaneously obtain spatial and chemical information of analytes 

on a wide variety of surfaces, such as inorganic, organic and biologically relevant 

substrates. Recent reports underscore the importance of imaging MS for the spatial 

profiling of biomolecules (e.g., proteins, peptides) in pathologically relevant tissue.65-68  

Also, the ability to combine histopathology with spatial expression profiles of disease 

specific biomarkers 9, 69 has the potential for disease diagnosis, prognosis, and to assist in 

selecting patient specific treatment strategies.9 

Early imaging MS experiments were performed using SIMS 61, 62 and LMMS 1, 

63. Whereas SIMS offers near unparallel spatial resolution, its application to bioimaging 

is limited by the low ionization efficiencies for high mass ions (molecular weights >1000 

Da). Although some progress has been made to enhance signal for high mass ions using 

matrix enhanced (ME) SIMS 70, nanoparticle (Au or Ag) incorporated SIMS 71, and thin 

metal (Au) layer ME-SIMS 72, large biomolecules (i.e., proteins) cannot be ionized as 

intact species.  The first successful application of imaging mass spectrometry for 

analyzing high mass proteins dates back to the late 1990’s, when Caprioli and colleagues 

reported the ability to directly image peptides and proteins in thin (~10-20 μm) tissue 

sections using MALDI-TOF MS. 51  After obtaining mass spectra for peptides/proteins 
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(mass range of 500 to ~25000 Da)73 at each spatial location, individual spectra were 

reconstructed to generate molecular ion images of specifically chosen biomolecules. 

Although significant advances in sample preparation and data processing have 

been made, the instrumental arrangement used for imaging MALDI-TOF MS 

applications has not changed significantly. For example, conventional optics consist of 

an aperture and a single focusing lens, thus the spatial resolution (size of laser beam at 

sample surface) is dictated by the diffraction limit of the optical system as well as the 

shape of the laser beam. The diffraction limit of an optical system can be estimated by 

(1).  Under our current instrumental constraints (NA of 0.05) the diffraction limit of a N2 

laser (337 nm) is about 8 μm. The maximum spatial resolution obtainable for a particular 

imaging MALDI-TOF MS system is determined by the laser spot size (diffraction 

limited) and the precision of the sample plate micropositioners; typical spatial 

resolutions range between 25-50 μm.  Several strategies have been investigated to 

increase spatial resolution in imaging MS.48-54, 74, 75  Specifically, placing a static 

aperture in front of the focusing lens system has been successfully employed to decrease 

the laser spot size in imaging MALDI-TOF MS.51, 52 Scanning microprobe MALDI 48 

and near-field scanning optical microscopy coupled with MALDI 49, 50 have also been 

used to further decrease the laser spot size to the sub-micron range.  All of these 

techniques suffer from a decreased sensitivity for high mass ions since fewer analytes 

are sampled in a smaller area 75 and fragmentation increases owing to the high laser 

fluences that are required.76, 77  In practice, however, the maximum achievable spatial 

resolution is limited by the overall amount of sample present in individual irradiation 
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volumes.  As irradiation volumes become infinitely small the sample concentration 

approaches zero. Thus, limits in spatial resolution ultimately arise from instrumental 

constraints such as ionization efficiency and limits of detection. Other investigators have 

improved the spatial resolution in imaging MS by using techniques such as 

oversampling 54, a parallel sample preparation using glass beads 55, or special ion optics 

incorporating a position-sensitive detector (known as the ion microscope).53, 75 

Even with these recent advances, current imaging MALDI-TOF MS techniques 

suffer from static beam shape and long analysis times (minutes to hours) due to the slow 

mechanical movement of the MALDI plate and low repetition rate lasers typically used 

in MALDI experiments (e.g., 3-30 Hz). Furthermore, ion image quality should be 

improved by using square pixels (square beam dimensions) rather than conventional 

circular pixels (circular beam dimensions).  The spatially dynamic optical system 

described herein provides significant improvements for the imaging MS experiment and 

consists of: (i) the primary MALDI laser beam, (ii) beam conditioning optics, (iii) a 

digital micromirror device (DMD), and (iv) an imaging lens system.78, 79 DMD devices 

have found widespread application in video imaging, projection, and 

telecommunications, but analytical chemistry applications of these devices are limited.80 

Winefordener described linear DMD arrays (2 x 420 mirror array) to construct a flat-

field visible wavelength spectrometer81, and Fateley described the use of DMDs for 

constructing Hadamard transform masks for multiplexed Raman imaging82, 83 and 

multiplexed near-infrared flat-field spectroscopy.84 Recently, DMDs have also been used 

to generate oligonucleotide microarrays or so-called "DNA Chips".85, 86  By using a 
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DMD to pattern the UV light onto the DNA chip for photolithography, Sussman and 

colleagues were able to synthesize microarrays containing greater than 76,000 features 

having spatial dimensions of an individual DMD mirror element (16 x 16 μm).85 

 

Experimental Section 

Imaging MALDI-TOF MS experiments were performed on a Voyager DE-STR 

(Applied Biosystems, Foster City, CA) instrument under optimized conditions in linear 

mode. This instrument utilizes a nitrogen laser (337 nm), where the laser spot is 

elliptical, with dimensions of ~50 x 90 μm.  Crystal violet, hexamethyl-pararosanaline 

(Sigma-Aldrich, St. Louis, MO), was deposited onto a nitrocellulose membrane sheet 

(Bio-Rad Laboratories, Hercules, CA) in the shape of an ampersand “&.” The crystal 

violet solution was prepared at 20 mg/mL in methanol/H2O (95/5 v/v). The 

nitrocellulose membrane was then attached directly to a stainless steel MALDI plate 

using double sided conducting tape (SPI supplies, West Chester, PA).  

Peptides (human angiotensin I and II, DRVYIHPFHL (Mr = 1295.68) and 

DRVYIHPF (Mr = 1045.54), respectively) were used without further purification 

(American Peptide, Vista, CA). The peptide solutions were prepared at 1 mg/mL in H2O. 

α-cyano-4-hydroxycinnamic acid (CHCA) (Sigma Aldrich, St. Louis, MO) was re-

crystallized in ethanol and washed with diethyl ether prior to use. A 10 mg/mL solution 

of CHCA was prepared in 60/40 acetonitrile/water containing 0.1% trifluoroacetic acid, 

v/v. Samples were prepared by mixing both peptide/matrix 1/1 v/v, followed by spotting 

a 1 μL mixture onto the MALDI plate. For peptide microarray studies, peptides were 
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spotted onto a MALDI plate using a computer controlled microspotter (ProBot, LC 

Packings, Sunnyville, CA).  

The beam conditioning optics were evaluated using a nitrogen laser (337 nm, 

Spectra Physics, Inc., Mountain View, CA) and a CCD camera (Spiricon, Inc., Logan, 

UT).  Images were captured from a screen placed after various components in the optical 

path.  Data were acquired for the unconditioned, expanded, and expanded and 

homogenized beam.   

Spatially dynamic imaging experiments were also performed on a Voyager DE-

STR instrument under optimized conditions in both linear and reflected mode utilizing a 

Nd:YAG laser (355 nm, Tempest-20, New Wave Research, Inc., Fremont, CA). Figure 

12 shows a diagram of the optical imaging setup. The laser beam is first split into two 

distinct paths using a 355 nm beamsplitter (CVI laser, Inc., Albuquerque, NM).  70% of 

the original beam (imaging beam path) follows the spatially dynamic optical imaging 

route, while the remaining 30% follows the non-imaging route.  The imaging beam path 

was expanded 3x using a beam expander (CVI laser, Inc., Albuquerque, NM) coated 

with an antireflective coating for 355 nm. Following expansion, beam homogenization 

was performed using two microlens arrays (Süss MicroOptics, Neuchâtel, Switzerland) 

in series, and beam shaping is achieved using a digital micromirror device (DMD) 

(Tyrex Services Group, Ltd., Austin, Texas). Each microlens array consists of two 

crossed-cylindrical lens arrays of 300 μm pitch. The DMD consists of 1024 x 768 (~ 1 x 

106) individual mirror elements having dimensions of 13 μm per side.  Light reflecting 

from the DMD was focused onto the sample plate using an imaging lens system which 
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consists of two different lenses (UV grade fused silica, Optosigma, Santa Ana, CA). The 

focal lengths of both lens 1 and 2 were 39.3” and 6.0”, respectively. The imaging lens 

system components (imaging lens 1 and 2) were chosen to (i) collect all light that is 

reflected from the digital micromirror device and (ii) demagnify and focus the final 

image onto the MALDI plate. The thin lens equation (shown in Figure 13) can be used to 

calculate the overall focal length and demagnification using a two lens system. There is a 

required amount of energy needed to laser desorb and ionize analytes from the surface 

known as threshold fluence (energy per unit area), therefore the imaging lens system is 

chosen so that the highest demagnification is achieved. Owing to physical instrument 

constraints, the closest the second lens can get to the MALDI plate is 8”, thus our 

calculations take this constraint into consideration. The imaging lens configuration we 

chose allowed our light to be demagnified by a factor of two when focal length lens 1 

and 2 were 39.3” and 6.0”, respectively. The distance between object (digital 

micromirror device) and lens #1 is 10.0”, distance between lens #1 and lens #2 is 9.0”, 

and the distance between lens #2 and image (located at the MALDI plate) is 8.0”. The 

ability to demagnify the image increases both spatial resolution and fluence, therefore 

Appendix A also shows calculations when the distance between lens #2 and image is 

2.0”. The data illustrates the ability to demagnify your image by a factor of 10 just by 

placing lens #2 closer to the final image plane (MALDI plate).  
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Figure 12. Diagram of the optical imaging system used in these studies. The laser beam 

is split into two directions, the imaging path (blue dotted line) and non-imaging beam 

path (green dotted-dashed line). 
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The intensity of the non-imaging beam was attenuated by a ½ waveplate and 

polarizing beamsplitter cube (CVI laser, Inc., Albuquerque, NM).  The beam is 

temporally aligned using a variable beam path stage and four 355 nm mirrors (CVI laser, 

Inc., Albuquerque, NM). Following temporal alignment, two additional 355 nm mirrors 

were used to direct the beam to the MALDI plate. 

 

Results and Discussion  

There are several significant instrumental challenges associated with acquiring 

imaging data using the static beam positioning scheme: (i) poor spatial resolution owing 

to the MALDI laser spot size (ca. 25-50 μm), (ii) fixed laser shape, (iii) inability to 

probe the spacing between neighboring laser irradiations, (iv) current mechanical 

repositioning schemes, which are slow and have limited spatial precision, and (v) 

analysis times directly proportional to the number of spatial elements (x-y coordinates). 

The spatially dynamic laser patterning optical arrangement described herein has the 

potential to address each of these challenges. 

The general principle of imaging MALDI-TOF MS is illustrated in Figure 14. 

The spatial distribution for an organic dye (m/z 372) was obtained by rastering the laser 

spot across the sample while recording a TOF mass spectrum at each coordinate.  The 

information contained at each coordinate is shown in Figure 14C. If multiple analytes 

are present in the sample, different ion images can be acquired by interrogating the data 

set for each analytes corresponding mass-to-charge ratio (m/z).  
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Figure 14. Ion image of crystal violet (m/z 372) deposited onto nitrocellulose. (A) 

Optical microscopy image of the deposited material. (B) Corresponding image obtained 

by LDI-TOFMS where open and closed circles represent mass spectra with a signal-to-

noise ratio less than and greater than 10 at m/z 372, respectively. (C) Representative 

mass spectra for open (top) and closed circles (bottom) in the ion image shown in (A). 

Each mass spectrum represents the average of 10 laser shots and the laser spot (ellipse, 

ca. 50 x 90 μm) was translated in 95 μm increments to produce the resulting 780 pixel 

image. 
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We have designed a spatially dynamic optical arrangement to improve imaging 

MALDI-TOF MS experiments (Figure 15A). This optical arrangement allows for beam 

expansion, homogenization, collimation, shaping, and imaging.  First, the primary 

MALDI laser beam   (Figure 15B, i) is expanded and directed through two cross-

cylindrical homogenizer arrays. The purpose of these homogenizer arrays is to produce a 

flat-top beam profile (uniform intensity distribution, Figure 15B, ii). This flat-top beam 

profile is accomplished by splitting the primary laser beam into wavelets that diverge, 

overlap, and mix with one another. By using two homogenizer arrays in series, the beam 

is divided into ~8.1 x 105 wavelets, which when superimposed produce a flat-top 

wavefront.  Beam homogenization minimizes differences in laser fluence at the sample 

target which translates to increased reproducibility of MS ion signals.87  Homogenization 

also insures that the data acquired in a spatially resolved format is obtained under 

comparable conditions. In that, all coordinates in an image will be analyzed at the same 

fluence (absence of laser hot spots). 
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Figure 15. (A) Schematic diagram of the MALDI optics used for spatially dynamic 

optical imaging mass spectrometry. (B) Digital photographs illustrating the light profile 

obtained in different regions of the optical arrangement in (A). Photographs of the (i) 

primary beam, (ii) expanded and homogenized beam and (iii) pattern beam imaged onto 

the target stage. 
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Laser beam profiles obtained at three different regions in the optical train 

(unconditioned, expanded, and expanded and homogenized) are illustrated in Figure 16. 

Note that the primary and expanded laser beam profiles (Figure 16A, B) contain hot 

spots, which are observable as distinct peaks in the line profiles. The laser beam profile 

following beam expansion and homogenization illustrates the reduction of hot spots 

(Figure 16C), because the line profiles (in both the x and y dimension) are approaching a 

flat-top profile.  The beam conditioning optics (specifically the homogenizers) are very 

efficient for conditioning Gaussian profile beams into flat-top profile beams.  Because 

the Nd:YAG used in our experiments has a Gaussian profile beam we decided to 

demonstrate a worse case condition, i.e., nitrogen laser (irregular profile beam) to 

illustrate the effects of beam conditioning. Even though the homogenizers may not 

produce a true flat-top profile it is possible to select certain portions of the line profiles 

to be used in the experiment owing to downstream optical components.  For example, 

only the flat-top portion (and not the wings) of the beam can be selected to be imaged 

onto the MALDI plate.  

After beam homogenization, the laser beam is collimated with a lens and 

projected onto a digital micromirror device (DMD) (Figure 15A).  Each mirror in the 

DMD is individually addressed by loading a pattern onto on-board memory, which can 

be quickly changed (up to 5 kHz) in a predetermined and/or dynamic sequence. Based 

on the bi-stable state of each mirror, the projected MALDI irradiation is the pattern of 

reflected light from the DMD. An example of light patterning is shown in Figure 15B, 

iii, which contains digital photographs of light patterned as the letters "IJMS". 
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Figure 15 illustrates our ability to easily pattern the MALDI laser into regular shapes 

(e.g., round, square, rectangular, etc.) or into complex shapes with variable dimensions.  

Furthermore, the ability to irradiate multiple mirrors at the same time on the DMD 

allows tailored non-congruent targeted spatial regions to be irradiated simultaneously.   

The imaging lens system is used to form a demagnified image of patterned light 

onto the sample stage. This lens design utilizes a pair of UV lenses in series, where the 

lens spacing and focal lengths are chosen to optimize both demagnification and 

numerical aperture given the instrumental constraints (Figure 15A). That is, the MALDI 

instrument source housing used in these experiments limits the patterned light to be 

demagnified by 0.44, this demagnification does not supply the necessary energy (fluence 

< 1 μJ/cm2) needed to generate ions by MALDI.  

Proof-of-concept experiments were performed using a split laser beam set-up, 

whereby the laser beam is split into two different paths (see Figure 12). A portion (70%) 

of the laser beam is directed toward the imaging optical train which allows beam 

conditioning and shaping, and another portion (30%) of the beam is directed toward the 

MALDI plate by a series of mirrors (see Experiment methods for specific details).  Both 

beams were temporally aligned so that both irradiate the MALDI plate at the same time. 

The non-imaging beam irradiates the entire viewable area of the MALDI plate, and is 

attenuated just below threshold fluence for MALDI.  Figure 17A contains a mass 

spectrum obtained by irradiating the sample with light from the non-imaging beam path.  

A similar spectrum (i.e., no ion signal) is obtained if the sample is irradiated by only the 

imaging beam path. However, when the sample is irradiated by light from both beam  
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Figure 17. Mass spectra obtained by using the optical imaging system (A) with the non-

imaging beam path only and (B) with both beam paths open. Each mass spectrum 

represents the average of 500 laser shots (reflected mode) and the uploaded image on the 

DMD is chosen to be a square of 90 x 90 mirrors where the position of light is in the 

center of the viewable area. 
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paths, strong signal for the two analytes angiotensin I and II ([M + H]+) are observed 

(Figure 17B). 

Imaging MS is illustrated by using the split laser beam setup to interrogate a 2 x 

2 peptide microarray of angiotensin I and II (Figure 18). For these experiments, the laser 

beam was patterned using the DMD to irradiate individual spots in the array, without 

mechanically moving the MALDI sample stage. Figure 18A contains the mass spectra 

for angiotensin II from spots irradiated by the non-imaging beam (top) and with both 

imaging and non-imaging beams (bottom). When both imaging and non-imaging beam 

paths are open, signals for the [M + H]+ ion (m/z 1047.2) are observed. The same results 

are illustrated in Figure 18B for angiotensin I (m/z 1297.5). Operating the instrument in 

reflected mode was investigated as a means of obtaining high resolution spectra, 

however laser position proved to be important; laser sampling significantly off the TOF 

axis yielded little to no ion detection. Subsequently, all spectra in these experiments 

were acquired in linear mode to decrease dependence on laser position.  
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Figure 18. Optical microscopy image of a 2 x 2 peptide microarray deposited on a 

MALDI plate, where colored boxes (green and blue, corresponding to 750 μm x 750 μm) 

represent areas containing angiotensin I and II, respectively. (A and B) Mass spectra 

obtained by using the spatially dynamic optical imaging system (A and B, top) with the 

non-imaging beam only and (A and B, bottom) with both imaging and non-imaging 

beams. Each mass spectrum represents the average of 250 laser shots (linear mode), 

where the uploaded image (90 x 90 mirrors) on the DMD is changed to irradiate the 

desired spot. 
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Laser Beam Distortion Considerations 

Another challenge in imaging mass spectrometry techniques includes laser beam 

distortion resulting from the laser beam irradiating the MALDI plate at angles not 

normal to the sample plate (oblique angles).  Figure 19A illustrates the situation where 

the laser radiation and the imaging optics (e.g., CCD) are focused to the MALDI target 

at +30o and –30o relative to normal. Figure 19B shows the images projected by both the 

laser radiation and imaging optics when viewed from these angles. If a square target spot 

is viewed orthogonal to the MALDI stage it would appear as in Figure 19B, left. 

However, owing to the oblique angle used for irradiation and viewing, a square projected 

onto the stage would appear as a trapezoid (Figure 19B, center), and the “true” square 

sample spot to be irradiated would appear from the imaging optics to be an inverted 

trapezoid relative to the irradiation (Figure 19B, right).   

 This imaging distortion can be described algebraically based on 

geometrical optics, as performed in optical patternation imaging techniques.88 Briefly, 

the trigonometric relation between the DMA and the MALDI target (or MALDI target 

and CCD array) can be described by (go to page 54): 
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Figure 19. (A) Illustration of a typical arrangement of oblique ionization and camera 

imaging of the target. (B) Hypothetical shape of a square on the sample stage when 

viewed normal to the target, and the projected or viewed images obtained at oblique 

angles. (C) Trigonometric relationships used to correct for oblique perspective distortion 

in the projected ionizing radiation and the imaging optics. 
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The definition of each variable is illustrated in Figure 19C. Although the equations 

describing the perspective distortion from the MALDI target to the CCD image plane are 

similar (i.e., projection or imaging), a distinction is made owing to potential differences 

in the experimental arrangements for oblique angle (yDMA vs. yCCD), lens-to-

projection distance (LDMA vs. LCCD), and image-to-lens distance (hDMA vs. hCCD). 

In both cases, the magnitude of (Y sin y)/h for practical experimental arrangements is 

<<1 and thus a MacLaurin binomial series expansion can be performed:  

2 3
2 3

2 3
sin sin sin1 ...X Lx Y Y Y

h h h h
ψ ψ ψ⎛ ⎞

= + + + +⎜ ⎟
⎝ ⎠  

and 

2 3
2 3

2 3

cos sin sin sin1 ...YLy Y Y Y
h h h h

ψ ψ ψ ψ⎛ ⎞
= + + + +⎜ ⎟

⎝ ⎠  

By using the dynamic correction for image distortion afforded by the DMA, a distorted 

image can be projected from the DMA so that the “true” sample dimensions are 

irradiated on the MALDI target plate.  
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Conclusion 

In this study, we demonstrate the ability to perform imaging MS using a spatially 

dynamic optical arrangement. The imaging experiments described differ from traditional 

imaging MS experiments in that user defined laser beam shape and dimension can be 

chosen to improve image quality. Patterning light also alleviates the inability to probe 

the areas between laser irradiations (spaces between laser spots). In principle, it is 

feasible to increase throughput using this optical arrangement because the DMD allows 

for faster laser spot relocation relative to sample stage movement.  

Clearly, numerous molecular imaging applications are amenable to laser 

patterning optics. For example, this technique could be used for MALDI-TOF MS 

imaging of tissue samples, where the advantage of this approach is that imaging could be 

performed by irradiating single or multiple cells simultaneously.  Advanced algorithms 

could then be implemented for rapid data analysis to compare differences in the mass 

spectra for the identification of differential expressions. This type of experiment is 

analogous to a molecular specific, on-line laser capture microdissection imaging 

experiment in that it allows for an intelligent interrogation of cells.   

We are currently developing an imaging lens system to increase demagnification 

and numerical aperture of the imaging beam in an effort to eliminate the need for split 

beam experiments and to increase the spatial resolution to the sub-micron range (100’s 

of nm regime).  Also, the limitation imposed by probing samples approaching infinitely 

small volumes may be addressed by implementing congruent imaging, which allows the 

simultaneous irradiation of multiple spots at various locations on the sample. Irradiation 
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of visually identical regions (i.e., diseased regions of a tissue sample) which are too 

small to allow interrogation individually can be simultaneous analyzed.  In addition, we 

plan to incorporate high repetition rate lasers to perform faster analysis and increase 

sample throughput. 
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CHAPTER V 

IMAGING MASS SPECTROMETRY OF LIPID BILAYERS 

 

Important cellular processes such as cell-cell signaling, peptide/protein 

interactions and virus attacks against the cell involve the anchoring or immersion of 

proteins, peptides, and/or small molecules to the selectively permeable lipid bilayer, 

commonly called the cell membrane. Within the last decade, researchers have moved 

towards simplifying the analysis of cell membrane species and processes by using solid-

supported lipid bilayers (SLBs) as cell membrane models to investigate the chemistry 

that occurs at the cell surface. Light-based optical imaging techniques are currently used 

to detect SLBs and require the use of extrinsic molecular tags (e.g., fluorophores) which 

are sensitive to optical imaging, but introduce complexity within the model and can 

cause species of interest to deviate from their native states.  In contrast, analysis by mass 

spectrometry (MS) provides native state (tagless) analyte identification owing to the 

intrinsic measurement of molecular mass.  In order to pursue the utility of MS analysis 

for characterizing model systems of cellular membranes and related processes, supported 

lipid bilayers are constructed and spatially imaged via matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) MS. Membrane incorporated 

components are separated on the basis of their electrophoretic mobilities across the lipid 

membrane which is facilitated by a longitudinally applied electric field. After species are 

electrophoretically separated based on both charge state and interaction with the bilayer, 

the bilayers are appropriately prepared and imaged using MALDI-TOF MS to determine 
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both the identities (via MS mass measurement) and spatial locations of components 

within the SLBs.  

 

Introduction 

Cell membranes are complex arrays that incorporate numerous different types of 

molecules (e.g., lipids, proteins, cholesterol), as well as facilitate many important 

physiological and pharmacological processes. The motivation to express, purify and 

determine the structure of membrane proteins is necessitated by drug discovery, since up 

to 70% of drug targets are membrane species. Recently, many research initiatives have 

focused on studying the structural biology of membrane proteins; these include: (i) 

protein expression, (ii) purification and (iii) structure determination.89 Membrane 

species, in particular, membrane proteins have low solubility in water, therefore the 

ability to separate, purify and detect them is difficult since our current state of separation 

and analysis technologies were developed in aqueous systems.  Additionally, current 

purification techniques are typically performed under relatively harsh conditions (e.g., 

detergents) which can alter the native structure, stability, and yield of species of interest, 

or in some cases can  result in complete loss of analyte.90  These detergents can also 

interfere with analytical results using x-ray crystallography, mass spectrometry and 

NMR.89 Therefore, there is strong impetus to design and implement new techniques for 

separation, detection, and characterization of transmembrane species. 

The use of model cell membrane mimics such as solid-supported lipid bilayers 

(SLBs), have allowed scientists to probe specific chemistries that occur on the cell 
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surface that would otherwise be impossible to investigate in situ. Recently, Cremer and 

coworkers have demonstrated the ability to rapidly separate membrane bound 

components without exposing the system to detergents that would otherwise complicate 

the experiment and disrupt the native interaction of these chemical species with the 

membrane. In this work, a solid-supported lipid bilayer was employed as the separation 

medium to laterally separate membrane-bound species. Initial results demonstrate the 

separation of fluorescently labeled structural isomers from each other within the lipid 

bilayer. While light-based optical imaging is an effective analytical tool for detecting 

and monitoring the mobility of these membrane bound species across the bilayer, the use 

of extrinsic molecular tags (e.g., fluorophores), imposes a significant limitation on the 

experiment, since these chemical modifications can alter the native structure and activity 

of the analytes. An emerging technique that has promise for spatially resolving and 

characterizing native membrane bound species is imaging MS.  Imaging MS is an 

inherently "tagless" technique, which provides spatial information of either the intact 

ionized analyte or a characteristic fragment ion signal derived from, and representative 

of, the analyte.  Numerous research efforts by Boxer, Winograd, Ewing, and Sjövall 

have utilized secondary ion mass spectrometry (SIMS) imaging to study the phase 

separation of membranes,91, 92 locate sphingomyelin and cholesterol in domains,93, 94 

quantify the distribution of cholesterol in cell membranes,95 and probe the differences in 

ion signals for varying types of lipid membrane assemblies.96 While SIMS imaging 

offers very high spatial resolution (~1 nm to 3 μm), its ability to ionize intact molecules 

larger than 1,000 Da is challenging.  Thus, studies presented here utilize MALDI 
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imaging MS since MALDI can ionize large intact biomolecules while compromising a 

modest tradeoff in spatial resolution (25-50 μm) as compared to SIMS imaging. In 

particular, this work investigates the chemical composition and location of intact 

membrane-bound species after electrophoretic migration in a SLB.  

 

Experimental Section 

Materials. Melittin peptide was purchased from American Peptide (Sunnyvale, 

CA) and used without further purification. Lipids, cholesterol (chol), 1-Palmitoyl-2-

Oleoyl-sn-Glycero-3-Phosphocholine (POPC), 1,2-Dioleoyl-sn-Glycero-3-

Phosphocholine (DOPC), 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC), and 

Ganglioside GM1 were acquired from Avanti Polar Lipids (Alabaster, AL). The 

fluorescently labeled lipid, Texas Red 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (TR-DHPE) was purchased from Invitrogen (Carlsbad, 

California). Other chemicals and substrates used in these studies were from the 

following commercial sources: glass coverslips (VWR International, LLC., West 

Chester, PA), MALDI matrices, 2,5-dihydroxybenzoic acid (DHB) and a-cyano-4-

hydroxycinnamic acid (CHCA) (Aldrich Chemicals, Milwaukee, WI) and 7X cleaning 

solution (MP Biomedicals, Aurora, OH). 

Sample Preparation. Small unilamellar vesicles (SUVs) were prepared by mixing 

the appropriate components (TR-DHPE, POPC, DOPC, DLPC, melittin, chol, or GM1) in 

chloroform (or methanol), followed by drying under a stream of dry nitrogen and 

desiccating under vacuum (10-3 Torr) overnight.97  After desiccation, the components are 
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rehydrated in phosphate buffer saline (PBS) solution at pH 7.4 and subjected to ten 

freeze/thaw cycles by alternating between freezing in liquid nitrogen followed by 

thawing in a 30°C water bath. The small unilamellar vesicle solution was then extruded 

5 times through a polycarbonate filter (Whatman, Florham Park, NJ) containing 50 nm 

pores to produce vesicles of uniform size.  

Glass supports (coverslips) were cleaned in 7X solution using previously 

described procedures.98 Briefly, the glass supports were boiled in a 7X solution that was 

diluted seven fold by volume using purified water. After cleaning, the glass coverslips 

were annealed in an oven at 500° C for 5 hours and stored until further use. 

Solid-supported lipid bilayers were formed on a planar substrate (glass) using the 

vesicle fusion method (Figure 20).99 Briefly, a small unilamellar vesicles solution (~150 

μL) was placed on a clean hydrophilic glass coverslip confined by a polydimethyl 

siloxane (PDMS) hydrophobic well. The small unilamellar vesicles adsorb, fuse and 

spontaneously assemble on the glass surface to form a lipid bilayer. After incubating for 

5 minutes, the sample was rinsed with DI water to remove any excess, unfused vesicles. 

Strips in the bilayer were prepared by removing a thin strip of the previous formed 

bilayer (referred to as the lipid matrix bed) using Teflon coated tweezers or glass slides. 

After a second rinsing of the sample, ~150 μL of vesicle solution containing the 

appropriate peptide (melittin), glycolipid (GM1), or dye labeled lipids (TR-DHPE) were 

added to the PDMS well. After incubating for 5 minutes, excess vesicles were removed 

from the samples using DI water.  
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Figure 20.  Solid-supported lipid bilayers are formed by placing a vesicle solution onto a 

glass substrate. The vesicles adsorb, fuse and spontaneously assemble at the surface to 

form lipid bilayers.  

 

Solid-supported lipid bilayers were characterized using fluorescent recovery after 

photobleaching (FRAP) to measure the diffusion coefficients and mobile fractions of 

TR-DHPE. FRAP experiments consist of photobleaching a small area of the 

fluorescently labeled lipid bilayer using a 568.2 nm line from a mixed gas Ar+/Kr+ laser 

beam (Stabilite 2018, Spectra-Physics, Mountain View, CA) and measuring fluorescence 

recovery time. Since the components of a properly formed membrane are free to laterally 

diffuse across the plane of the membrane, the fluorescent recovery should be above 90%. 

However, if the lipid bilayer did not form properly (i.e., absence of vesicle fusion and 

rupture) the flurophores cannot properly diffuse across the membrane, resulting in no 
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fluorescent recovery being observed. The diffusion constant (D) can be calculated by the 

following equation,100 

     
1

2

2

4 D
wD γ
τ

=    (2) 

where τ1/2 is the half life of the fluorescent recovery, γD (1.2) is a correction factor that 

depends on the geometry of the laser beam and bleach time, and w (17.7 μm) is the full 

width at half maximum of the Gaussian profile beam. The data in Figure 21 depicts the 

measured values for the fluorescence recovery for 5 mol % TR-DHPE, 95 mol % POPC 

as a function of time. The data was fit to a single exponential equation, and half life 

fluorescent recovery (τ1/2 = 23 s) obtained. The diffusion coefficient was then calculated 

using (2). The value of the diffusion coefficient for 5 mol % TR-DHPE, 95 mol % POPC 

is 2.7 ± 0.4 x 10-8 cm2/s with 94 ± 4 % recovery. This data agrees well (within 

experimental error) with previous 0.1 mol % TR-DHPE, 99.9 mol % POPC lipid bilayer 

studies.101  
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Figure 21. FRAP experiments were performed using an inverted epifluorescence 

microscope. FRAP curves are used to characterize the lateral mobility of the lipid 

bilayers to ensure that a lipid bilayer is formed. This fluorescent recovery curve 

illustrates the fluorescence recovery for a membrane containing 5 mol % TR-DHPE in 

POPC.  

 
 

Electrophoretic separations were performed by applying a potential (100 V - 200 

V) laterally across the lipid bilayer via two platinum wire electrodes placed at each end 

of the PDMS well. A voltage regulated power supply (Lamdbd Electronics Corp., Long 

Island, NY) was used to maintain a constant potential across the bilayer while the current 

was monitored with a digital multimeter to ensure currents remained below two 

microamps. The movements of the fluorescent bands (when used) were monitored using 

time lapse photography at five minute intervals using a Nikon Eclipse TE2000-U 
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equipped with a Sensys CCD camera (Photomatrics, Roper Scientific, Pleasanton, CA) 

supported by the Metamorph Software (Universal Imaging, Downingtown, PA).  

Figure 22 outlines the protocol used to prepare lipid bilayers for imaging MS. 

After electrophoretic separation of the analytes, the hydrated samples were rapidly 

frozen by immersion in liquid nitrogen cooled ethane. Following flash freezing, samples 

were transferred to liquid nitrogen, and allowed to dry frozen. The freeze drying 

procedure was utilized to remove water from the sample without disrupting the lateral 

organization of the species within the membrane. During freeze drying, the samples 

were kept at -20°C under vacuum (10-3 Torr) until all ice has sublimed away (3-5 hours). 

Following freeze drying, the solid support of the lipid bilayer was adhered to a MALDI 

plate using double-sided copper conducting tape followed by applying a matrix (20 

mg/mL CHCA in 80% acetone and 20% methanol) via aerosol deposition.  A wire mesh 

is applied across the top of the sample to minimize surface charge buildup effects during 

the MS experiment, and the sample is introduced into the mass spectrometer.  

All imaging MS experiments were performed on a 4800 Proteomics Analyzer 

MALDI TOF/TOF (Applied Biosystems, Foster City, CA) mass spectrometer under 

optimized conditions in reflected mode utilizing a frequency tripled Nd:YAG laser at 355 

nm as the ionization laser. Imaging samples were translated in 60 μm increments due to 

the observation that the laser spot size was projected onto the sample as an ellipse, ca. 60 

x 100 μm, when projected onto the sample surface. Individual mass spectra represent the 

average of 250 laser shots. Mass assignments were validated using tandem MS 



  66   

  

experiments. Collision-induced dissociation tandem MS spectra were acquired using air 

as the collision gas (medium pressure (4.0 x 10-7 Torr)) at a collision energy of 1 kV. 

 
 

 

Figure 22. Schematic diagram of the sample preparation protocol used for MS analysis. 

Samples were freeze dried, adhered to the MALDI plate, and a matrix aerosol was 

deposited on the samples. The samples were then analyzed via MALDI-TOF MS 

following the application of a wire mesh. 

 
 
Results and Discussion 
 

Initial imaging MS experiments were performed using 5 mol % TR-DHPE 

(compared to typical 0.1 mol % TR-DHPE), owing to detection limits in the mass 

spectrometry experiments. Briefly, 5 mol % TR-DHPE corresponds to 3.6 x 108 
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molecules/ laser spots size, whereas 0.1 mol % TR-DHPE contains 7.1 x 106 

molecules/laser spot size. A conservative estimate for the detection limit of the mass 

spectrometer is ~ 1.2 x 108 molecules/laser spot size, therefore the concentration of TR-

DHPE needs to be increased for adequate detection by MS. If one considers the sample 

being analyzed in these experiments, a lipid bilayer, which consists of two monolayers, 

it is intuitively obvious even for a casual observer that the sample has little depth 

associated with it; therefore increasing the concentration of the analyte of interest in the 

bilayer is necessary for mass spectrometry detection.  

Initial imaging experiments were aimed at investigating the sample preparation 

protocol.  A lipid matrix bed of POPC was made by the methods described previously 

followed by the formation of two strips of 5 mol % TR-DHPE, 95 mol % POPC. After 

freeze drying, the samples were prepared for MALDI and imaged using MS analysis. 

The data contained in Figure 23B shows a mass specific ion image at m/z 1324.6, which 

corresponds to [TR-DHPE + 2 Na]+. Two distinct strips of the lipid bilayer contain TR-

DHPE. Figure 23A shows a high resolution mass spectrum obtained in the 5 mol % TR-

DHPE regions in the bilayer which were identified by the imaging experiment. These 

experiments confirm that the sample preparation procedure (freeze drying and matrix 

application) generates analytically informative mass spectral imaging data and does not 

disrupt (to the extent of our imaging MS spatial resolution) the spatial location of our 

analytes.  

Figure 24A depicts a scheme of the TR-DHPE lipid bilayer electrophoresis 

experiment. Briefly, a single initial strip of lipid bilayer composed of 5 mol % TR-
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DHPE, 95 mol % POPC was formed in a lipid matrix bed of 75 mol % DLPC, 25 mol % 

cholesterol. Following application of the electric field, two fluorescent bands (TR-

DHPE) were observed (see Figure 24A) and attributed to the electrophoretic mobility of 

the initial bilayer strip across the lipid matrix bed. Earlier work utilizing this separation 

technique demonstrated that the two isomers of TR-DHPE can be separated into two 

distinct bands.101  Briefly, there are two possible sulfonyl chloride groups (outlined in 

blue in Figure 24B) on Texas Red sulfonly chloride (2, ortho or 4, para) that the lipid 

molecule can react with during synthesis of TR-DHPE. The separation of these two 

bands during the electrophoresis experiment can be attributed to the differences in the 

membrane mobilities of the two isomers. Figure 24B contains two mass specific ion 

images at m/z 782.5 and m/z 1324.6, corresponding to the ions [POPC + Na]+ and [TR-

DHPE + 2 Na]+, respectively. The MS specific ion image for [POPC + Na]+, Figure 24B, 

top, corresponds to the initial starting position (prior to electrophoresis) of the 95 mol % 

POPC and 5 mol % TR-DHPE mixture. Since POPC has an overall net neutral charge, it 

will have no net directional mobility as a result of the applied voltage; however non 

direction specific diffusion does occur over time and attributes to the observed increase 

in thickness of the initial starting strip. 
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Figure 23. (A) MALDI-TOF mass spectrum obtained from the analysis of a lipid bilayer 

sample in the TR-DHPE region. (B) MS ion-specific image of m/z 1324.6 for two 

bilayer strips (~100 μm thick) composed of 5 mol % TR-DHPE lipid bilayer formed by 

vesicle fusion on a bare portion of substrate in a DLPC lipid matrix. The ion [TR-DHPE 

+ 2 Na]+ (m/z 1324.6) is observed in two specific regions in the lipid bilayer.  
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Figure 24. (A) Schematic representation of the method used in the TR-DHPE separation studies. A bilayer strip of 5 mol % TR-

DHPE was formed by vesicle fusion on a bare portion of substrate in a DLPC/chol matrix. (B) mass specific ion images at m/z 782.5 

([POPC + Na]+), representing the starting position of TR-DHPE and an ion image of m/z 1324.6 ([TR-DHPE + 2 Na]+), following 

electrophoresis shows baseline separation of the two TR-DHPE isomers. Structures for both POPC and TR- DHPE are provided to 

the left of their corresponding MS ion images. TR-DHPE can exist as two stable structural isomers corresponding to ortho and para 

position. 
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Figure 24B, bottom corresponds to the location of the structural isomers of TR-

DHPE after separation. The TR-DHPE molecules have moved toward the positive 

electrode away from the initial starting position. The TR-DHPE structural isomers are 

baseline separated from each other using imaging MS detection. These results illustrate 

the ability to separate membrane bound species in their native environment following 

detection by mass spectrometry. Unlike light based imaging techniques, imaging mass 

spectrometry provides the distribution of multiple analytes across the dimensions of the 

sample by taking a measurement that is unique for individual target analytes, specifically 

the analyte’s mass-to-charge ratio (m/z) (see Figure 24B). As a result of this type of 

analysis, multiple images which reveal analyte abundance distributions as a function of 

spatial position can be obtained in a single experiment. The principle advantage that MS 

imaging offers over light-based optical imaging techniques is that mass analysis does not 

require the use of a tag such as a fluorophore.  Thus, mass spectrometry provides native 

state analyte identification on the basis of m/z. Furthermore, imaging MS does not 

compromise the activity of the analyte of interest because it is an inherent “tagless” 

technique.102  
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Figure 25. (A) Schematic representation of the method used in the GM1 separation 

studies. A bilayer strip of 5 mol % GM1 was formed by vesicle fusion on a bare portion 

of substrate in a DLPC matrix. An electric potential (100V) was applied longitudinally 

across the bilayer for ~1 hour. Both glycolipids (GM1) and TR-DHPE migrate toward the 

positive electrode, due to the net negative charge of each species.  

 

 Important biological processes such as receptor-ligand interactions occur on the 

cell membrane, and the ability to probe these receptors without compromising the 

receptor-ligand interactions (no labeling interferences) is a key step in understanding 

these biological processes experimentally in the laboratory. In the following 

experiments, a receptor (glycolipid) that is not fluorescently tagged is induced to migrate 

in a lipid bilayer via an applied electric field and detected by imaging MS after 

migration. In addition to Ganglioside GM1 facilitating physiological processes (e.g., 

facilitates neuron growth) in the brain, this glycolipid also acts as a binding site for 
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cholera toxin on cell membranes. Cholera toxin is a cytotoxin excreted by Vibrio 

Cholerae and is composed of an A subunit and a pentameric B subunit.  Cholera toxin 

disrupts an organism’s nominal physiology by recognizing and binding to the 

pentasaccharide moiety of GM1 located on the cell membrane, which in turn causes 

severe dehydration, cramps and diarrhea.103 The GM1 glycolipid is comprised of a 

pentasaccharide moiety (hydrophilic head) and a ceramide tail (sphingosine and stearic 

acid). Figure 25 is a schematic drawing of lipid bilayer electrophoresis of GM1, the 

glycolipid will move towards the positive electrode since it is negatively charged. In 

these studies, a 100 mol % lipid matrix bed of DLPC was initially formed, followed by a 

strip of 5 mol % GM1, 0.1 mol % TR-DHPE and 94.9 mol % POPC.  Imaging MS data 

obtained after electrophoresis followed by freeze drying of GM1 dehydrate and arrest 

further diffusional movement is shown in Figure 26. The initial starting position of GM1 

was located by generating an ion map of DLPC, areas exhibiting a lack of MS ion signal 

for DLPC (Figure 26, bottom image) suggests the presence of GM1. The MS specific ion 

images in Figure 26 at m/z 1544.9 and m/z 1572.9 correspond to [GM1(18:0/d18:1) - H]- 

and [GM1(20:0/d18:1) - H]- or [GM1(18:0/d20:1) - H]-, respectively. The mobility of the 

glycolipids do not differ in the bilayer, however owing to their differing m/z values it is 

possible to obtain two MS specific ion images by monitoring the m/z representative of 

each species. In nature, three different ceramide contents for GM1 are observed, the most 

abundant ceramide tail at 70% is GM1(18:0/d18:1), followed by minor contributions from 

both GM1(20:0/d18:1) (25%) and GM1(18:0/d20:1) (5%). Interesting to note are the 

relative abundance values observed in our mass spectrometry experiments for 
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[GM1(18:0/d18:1)-H]- to [GM1(20:0/d18:1)-H]- or [GM1(18:0/d20:1)-H]- is ~ 68:32, these 

ratios are very similar to the estimated natural abundance values (70:30). The results 

obtained by mass spectrometry imaging of electrophoretically migrated GM1 illustrate the 

ability to discern spatial information of a non-labeled glycolipid (receptor)—results 

which are not observed in fluorescent experiments. 

 The ability to use imaging MS to probe membrane proteins and peptides (both 

transmembrane and peripheral) in a lipid bilayer can greatly enhance our understanding 

of peptide/protein processes which occur at the cell membrane. Preliminary peptide 

experiments consist of constructing a supported lipid bilayer of two strips incorporating 

a peptide (3 mol % melittin, 96.9 mol % DOPC and 0.1 mol % TR-DHPE) in a 100 mol 

% POPC lipid matrix bed. Figure 27 illustrates the MS specific ion image at m/z 2845.8 

which corresponds to [melittin + H]+ and a mass spectrum obtained in the melittin 

regions identified in the bilayer. Two distinct strips of melittin are observed, suggesting 

that melittin is incorporated within the bilayer. Further studies will be aimed at using 

imaging MS to probe peptide migration (or lack thereof) in a lipid bilayer after an 

electric field is applied. Ultimately, lipid bilayer electrophoresis may offer the ability to 

separate membrane proteins in their native environment, followed by label-free detection 

using MS. Combining both techniques eliminates the complexity of the cell membrane 

and the need for fluorophore labels. 
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Conclusion 

Proof-of-concept studies are presented which demonstrate mass spectrometry 

imaging of species that are electrophoretically separated in a lipid bilayer using an 

electric field.  Initial studies characterized the imaging MS technique using fluorescently 

labeled membrane bound species; later work consists of imaging receptors and peptides 

in lipid bilayers. Imaging MS offers both label-free and multiple analyte detection in 

single experiments, these advantages allow the integrity of the membrane component to 

be conserved (i.e., no label). The ability to use a lipid bilayer as a separation medium 

followed by mass spectrometry imaging is expected to have an impact on the analysis of 

cell membranes. Specifically, it may be possible to monitor cell membranes for 

important biological processes such as the formation and chemical composition of lipid 

rafts or whole cell membranes.   
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CHAPTER VI 

SILVER NANOPARTICLES AS SELECTIVE IONIZATION PROBES FOR  
 

MASS SPECTROMETRY* 
 

Laser desorption/ionization (LDI) using silver nanoparticles (AgNPs) is shown to 

selectively ionize olefinic compounds, e.g., cholesterol, 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC), and carotenoids.  Selective AgNP LDI can be carried out 

from complex mixtures without the addition of an organic matrix, sample cleanup or 

prefractionation. Results presented in this report are the first to demonstrate the selective 

ionization of specific compounds from a complex mixture using metal nanoparticles. 

The ability to selectively ionize specific chemical species using a sample preparation 

that introduces minimal chemical noise is especially relevant to imaging MS, where 

analysis often requires searching for specific analytes, such as steroids (specifically 

cholesterol) or vitamins, in complex mixtures. 

 
 
 
 
 
 
 
 
 
 
 
____________ 
*Parts of this chapter are reprinted with permission from Analytical Chemistry, Volume 80, Stacy D. 
Sherrod, Arnaldo J. Diaz, William K. Russell, Paul S. Cremer and David H. Russell, Silver Nanoparticles 
as Selective Ionization Probes for Mass Spectrometry, pages 6796–6799, 2008. Copyright [2008] 
American Chemical Society.  
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Introduction 

Recently, there has been growing interest in using nanomaterials to facilitate 

laser desorption/ionization (LDI) of a broad range of molecules, owing to their unique 

physicochemical properties.104-115 LDI using nanoparticles (NPs) differs from matrix 

assisted laser desorption/ionization (MALDI) in several ways: (i) less complicated mass 

spectra in the low mass region owing to a decrease in matrix derived chemical noise 

(matrix ions and adducts),113 (ii) flexible and relatively simple sample preparation 

conditions,105 (iii) a higher tolerance to specific chemical additives, such as those 

commonly used in biological analysis (e.g., surfactants),106 (iv) the ability to tailor the 

chemical properties of NPs using relatively simple derivatization schemes,112  which can 

be exploited to (v) modify NPs (metal and silicon based) to selectively capture and 

ionize analytes on the basis of specific chemical properties (i.e., functional 

groups).105,116-120  

Several laboratories have demonstrated that substrate-selective binding strategies 

can be implemented by treating the modified substrate with a solution containing the 

analyte of interest, washing the substrate and then applying an organic matrix prior to 

analysis by mass spectrometry (MS). For example, Vachet and coworkers utilized mixed 

monolayer-protected gold nanoclusters to selectively extract and concentrate peptides 

from dilute solutions.117 Shen, Brockman, and Teng prepared monolayers on gold 

nanomaterials that are modified to interact with specific molecules, i.e., oligohistidine-

tagged peptides and proteins,121 hydrophobic peptides,122 and charged biomolecules;118 

however, all of these methods require the use of traditional MALDI matrices. On the 
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other hand, Hua and coworkers have utilized ~160 nm silver nanoparticles to ionize 

peptides from samples containing large amounts of surfactant,106 and Lin and coworkers 

utilized bifunctionalized metal nanoparticles, having both a probe protein and organic 

matrix component, for solid-phase extraction and ionization of mannose from human 

plasma samples.116 These studies illustrate the utility for functionalized nanomaterials to 

capture and sequester specific molecules and/or remove unwanted salts, chemicals, 

biomolecules and/or polymers from samples prior to MS analysis.  

The ability to control the size, composition and electronic properties of 

nanoparticles provides a means for selective capture and/or ionization of important 

molecules of a broad range of samples. Previously, we reported that gold nanoparticles 

can be used to selectively ionize phosphotyrosine over phosphoserine or 

phosphothreonine containing peptides without the need for an organic matrix or sample 

cleanup,105 and we attributed this effect to π-cation interactions between tyrosine and the 

metal nanoparticle. Here, we exploit the Ag-olefin interaction to selectively ionize 

specific carotenoids, a sterol and a lipid from complex mixtures in the presence of 

AgNPs without additional washing or extraction procedures.  Because many classes of 

molecules contain olefins (e.g., flavanoids, lipids, vitamins, carotenoids, tocopherols, 

drugs, etc.), the ability to characterize such compounds is of considerable importance. 

The Ag-olefin interaction has long been used for chemical analysis. For example, Ag-

olefin interactions enhance Ag cationization by electrospray ionization,123-126 facilitate 

olefin transport in supported membranes,127 as well as separate and quantitate lipids, 

fatty acids, and triacylglyecerols.128-131 Moreover, thin silver films have been used  to 
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image cholesterol in thin tissue sections of rat kidneys132 and polymorphonuclear 

leucocytes.133, 134  

 

Experimental Section 

Materials. All peptides (P60, P60 phosphorylated, Bradykinin 1-8, [Val4] 

Angiotensin III, Flag, Angiotensin II, Bradykinin, Angiotensin I, Substance P and 

ACTH (18-39)) were purchased from American Peptide (Sunnyvale, CA) and used 

without further purification. Cholesterol and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) were acquired from Avanti Polar Lipids (Alabaster, AL). Other 

chemicals/nanoparticles used in these studies were from the following commercial 

sources: 20 nm and 60 nm silver colloids (Ted Pella, Inc., Redding, CA), 2,5-

dihydroxybenzoic acid (DHB) (Aldrich Chemicals, Milwaukee, WI), and silver nitrate 

(Aldrich Chemical, Milwaukee, WI). Although our previous work illustrates different 

results can be obtained utilizing 2, 5, and 10 nm gold NPs, we do not observe differences 

in our data when using 20 nm or 60 nm AgNPs. Freshly squeezed carrot juice was 

received as a gift from Jamba Juice Company (College Station, TX). 

Sample Preparation. The small unilamellar vesicles employed in these studies 

were composed of POPC and cholesterol.97  To prepare these vesicles, the appropriate 

components (POPC with 5 mol % cholesterol) were first dissolved together in 

chloroform, dried under a stream of dry nitrogen, and desiccated under vacuum (10-3 

Torr) for approximately 4 hours. After desiccation, the dried lipids and cholesterol were 

rehydrated in phosphate buffer saline (PBS) solution (pH 7.4) and subjected to ten 
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freeze/thaw cycles by alternating between rapid immersion in liquid nitrogen followed 

by immersion in a 30°C water bath. The small unilamellar vesicle solution was then 

extruded 5 times through a polycarbonate filter (Whatman) containing 50 nm pores to 

produce vesicles of uniform size. 

Stock solutions of individual peptides were dissolved in deionized water (18 

MΩ, Barnstead, Dubuque, IA) at 1 mg/mL. The peptide mixture solution was prepared 

by mixing peptides together such that each peptide concentration was between 300-700 

pmol/μL. The silver-matrix solution (20 mg/mL DHB in 50/50, v/v, ethanol/120μM 

AgNO3 with 0.1% TFA) was mixed 10/1/1 (v/v/v), matrix: peptide mixture: vesicle 

solution, respectively.  The AgNP solution (diluted 4/1, v/v, ethanol/NP solution) was 

mixed 10/1/1 (v/v/v), NPs: peptide mixture: vesicle solution. For the freshly squeezed 

carrot juice experiments, the AgNPs were spun down for 20 minutes at 7,000 rpm 

followed by resuspension in methanol. The AgNPs solution (in MeOH) was mixed 10/1 

(v/v), NP solution: carrot juice. 1 μL of each sample solution was spotted onto the 

sample plate and dried in vacuo.   

LDI and MALDI MS analysis. All MS experiments were performed on a 

Voyager DE-STR instrument (Applied Biosystems, Foster City, CA) under optimized 

conditions in reflected mode utilizing a nitrogen laser at 337 nm. Tandem MS 

experiments were performed using a 4800 Proteomics Analyzer MALDI TOF/TOF 

(Applied Biosystems, Foster City, CA). Collision-induced dissociation tandem MS 

spectra were acquired using air as the collision gas (medium pressure, 4.0 x 10-7 Torr) 

with a 1 kV collision energy. 
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Results and Discussion 

Figure 28 shows a UV-Vis spectrum of the 20 nm silver nanoparticles in H2O, in 

which a characteristic surface plasmon resonance (SPR) band is centered at 412 nm. The 

peak centered on 412 nm is due to the oscillation of the electrons in the conduction band 

in the silver nanoparticles, suggesting the solution does contain AgNPs.  

 
 

 
Figure 28. UV-Vis solution-phase absorption spectrum of 20nm AgNPs. The surface 

plasmon band is centered around 412 nm.  
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The preference for silver binding to olefins is governed by the number, position, 

and configuration of the double bonds in the target molecule.128, 135 The Dewar model 

describes the Ag+-olefin interaction in terms of a σ bond between the free s-orbital of 

Ag+ and the olefinic π-orbital and likewise a π-bond is formed by the interaction of the 

filled d-orbitals of the silver ion and the vacant antibonding π-orbitals of the carbon-

carbon double bond. The extent of interaction between overlapping orbitals affects the 

strength of the Ag+-olefin interaction; therefore, steric factors have a pronounced effect 

on the strength of interaction. For example, (i) less substituted double bonds tend to form 

more stable complexes with Ag+, (ii) cis conformations will form more stable complexes 

than trans, (iii) longer hydrocarbon alkene chains are less stable than shorter chains, and 

(iv) delocalization of electron density, i.e., aromaticity, weakens the interaction.136  

The data contained in Figure 29 illustrate selective ionization of cholesterol and 

the lipid, POPC, using 20 nm AgNPs.  The sample consists of a mixture of ten peptides, 

POPC and cholesterol (see Table 3), which was analyzed by LDI MS using a mixed 

matrix composed of DHB and silver nitrate (Figure 29 A) and only AgNPs (Figure 29B). 

The MALDI mass spectrum contains ion signals corresponding to all 12 species present 

in the mixture.  
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Note that the only cholesterol ion observed in the MALDI spectrum involves a 

neutral loss of water, specifically [cholesterol - H2O + H]+ ion (m/z 369.3), and the intact 

species [cholesterol + Ag]+ is not observed. Conversely, the mass spectrum of the same 

12 component mixture ionized using AgNPs contains ion signals corresponding to silver 

clusters (Ag2
+ and Ag3

+, m/z 213.8 and 320.7, respectively), [cholesterol + Ag]+ (m/z 

493.3) and [POPC + Ag]+ (m/z 866.8). Note also that [M + Na]+ ions are not observed in 

the mass spectrum for AgNPs, even though there is a high salt concentration (~60 mM). 

LDI spectra of samples that are not treated with AgNP or organic matrix contain no 

discernable signal above background. Although Hua et. al.  reported that LDI using ~160 

nm AgNPs facilitates ionization of peptides, we do not observe ion signals for peptides 

using 20 nm or 60 nm AgNPs.106 Quite possibly these differences in peptide ionization 

efficiencies from AgNP can be attributed to nanoparticle size effects.  For example, we 

previously reported nanoparticle size dependent ion yields for peptides using AuNPs, 

and we have found that the presence of various salts (especially oxyanions), trace 

amounts of organics (various alcohols, glycerol, and surfactants), as well as particle size 

strongly influence LDI ion yields.105, 137  
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Figure 29. MALDI time-of-flight mass spectra of the 12 component mixture obtained 

using (A) DHB with 120 μM AgNO3 and (B) 20nm AgNPs. The [M + H]+ or [M + Na]+ 

(denoted by a “*”) ions of each peptide is numbered in the spectrum and identified in 

Table 3 A high abundance of [M + Na]+ ions (unlabeled peaks) are observed owing to 

the PBS buffer used to prepare the small unilamellar vesicles. Structures for both 

cholesterol and POPC are provided. 
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We interpret these results as evidence that the addition of the AgNPs facilitates selective 

ionization of cholesterol and POPC from the 12 component mixture.  In addition to 

demonstrating the preference for silver to complex with olefinic bonds,128 the data 

suggest a preference for forming [M + Ag]+ ions of cholesterol over POPC (as indicated 

by the high relative abundance and signal to noise values of the cholesterol signal 

compared to that of POPC, see Figure 29). This observation is consistent with the Dewar 

model. That is, the ring restricted double bond in cholesterol is likely more accessible 

than is the double bond of POPC, which is surrounded by freely rotating long 

hydrocarbon chains. Table 3 summarizes the ion signals observed in the spectra 

contained in Figure 29, and the observed m/z signals of the species detected in the 

sample mixtures which utilized both the silver doped MALDI matrix and AgNPs.  

 
 
Table 3. List of peptides, lipid and sterol in the 12 component mixture. 
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Selective ionization of olefins using AgNPs is also illustrated by analysis of 

freshly squeezed carrot juice (Figure 30). Although carrot juice is a complex mixture 

composed of vitamins, minerals, terpenoids, lipids, carbohydrates, sugars, proteins, 

carotenoids, and amino acids,138 the AgNP LDI spectrum contains relatively few ion 

signals, whereas the MALDI mass spectrum is congested (Figure 30). In the region of 

interest, only two signals are observed in the AgNP LDI spectrum, these signals 

correspond to a carotenoid and a carotenoid precursor, specifically [β-carotene + Ag]+  

and [phytoene + Ag]+, m/z 643.3 and 651.4, respectively. These assignments were 

validated using collision induced dissociation (MS/MS) of the parent ions. Specifically 

the characteristic fragment ion [β-carotene – 92 + Ag]+ was observed for β-carotene and 

two predominate fragment ions, [C5H9 + Ag]+ and [C10H17 + Ag]+, were observed for the 

phytoene ion (Figure 30, inset).139, 140 The Ag+ affinity towards olefinic bonds is further 

supported by results obtained for pure samples of amphotericin B (m/z 1030.4), folic 

acid (m/z 548.0), and β-carotene (m/z 643.3) (Figure 31). The ion signals observed for 

these analytes consists exclusively of the [M + Ag]+ ion. 
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Figure 30. (A) MALDI time-of-flight mass spectrum of freshly squeezed carrot juice 

obtained using DHB. (B) LDI time-of-flight mass spectrum of freshly squeezed carrot 

juice obtained using 20 nm AgNPs. [M + Ag]+ ions of β-carotene and phytoene are 

observed in the mass spectrum. The inset contains the tandem MS spectrum for the 

phytoene ion with the two predominate fragment ions, [C5H9 + Ag]+ and [C10H17 + Ag]+, 

labeled in the spectrum.  The structure for phytoene is provided. 
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Figure 31.  20 nm AgNP LDI time-of-flight mass spectra of (a) folic acid (b) β-carotene 

and (c) amphotericin B. The [M + Ag]+ ion of each species is observed and the structure 

for each olefin is provided.  
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Figure 32. (left) MS ion-specific images for (top) Ag3
+ (m/z 320.7), and (bottom) 

[cholesterol + Ag]+ (m/z 493.3). The MS ion images illustrate the selective ionization of 

cholesterol in a lipid bilayer. AgNPs were electrosprayed on a freeze dried lipid bilayer 

surface containing 5 mol % cholesterol. (right) typical AgNP LDI mass spectrum 

observed in the cholesterol regions of the sample.  
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Conclusion 

We have successfully utilized 20 nm and 60 nm AgNPs to facilitate the 

ionization of analytes which contain olefins. To illustrate this point, cholesterol and 

POPC were selectively ionized from a 12 component mixture, and the data suggest that 

silver shows preferential binding with cholesterol over POPC. Also, two carotenoids, β-

carotene and phytoene, were selectively ionized from a sample of carrot juice using 

AgNPs. These results demonstrate the ability to use AgNPs to selectively ionize 

cholesterol, POPC, β-carotene and phytoene from complex mixtures. The ability to 

selectively ionize specific chemical species using a sample preparation that introduces 

minimal chemical noise is especially relevant to biomarker detection or imaging MS (see  

Figure 32), where analysis often requires searching for low-abundance analytes, 

such as steroid or vitamin analysis, in complex mixtures. Designing other metal or 

mixed-metal NPs to observe similar selectivity trends are currently being explored. For 

example, metals (i.e., Cu(II), Ni(II), Zn(II), Co(II), Fe(III), Ga(III), etc.) that are 

typically used  to separate proteins and peptides could be used for selective 

ionization.141-143 Tailoring the chemical composition of NPs towards binding specific 

chemical species provides many avenues to utilize known chemical interactions for 

compound specific LDI-MS. 
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CHAPTER VII 

A MULTI-ANODE DETECTION SCHEME FOR INCREASED RESOLUTION AND 

SENSIVITITY IN TOFMS 

 

 State-of-the-art TOFMS detection techniques rely on signal amplification and 

current integration and/or ion counting detection. Most MS instruments utilize a single 

anode for detection, which simplifies the detector assembly and associated electronics. 

There are, however, advantages to using several discrete anodes, these include: increased 

sensitivity, ability to obtain spatial information using position-sensitive detection, and 

increased mass resolution by effectively apperturing the size of the detector to individual 

anode dimensions.  We have modified a Voyager Elite XL (6.6-meter) MALDI-TOF 

instrument to incorporate a position-sensitive, multi-anode (8) detection system. This 

work focuses on results from recent experiments to evaluate the performance of new 

data acquisition strategies. 
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Instrumental and Experimental Design 
 

Position sensitive detection studies were carried out using a modified Voyager 

Elite XL reflectron MALDI-TOF MS shown in Figure 33. Upon ionization of the 

sample, ions are accelerated to a constant kinetic energy after a short delay time 

(generally, ns).  The ions then enter the field-free drift region where they are separated 

based on their mass-to-charge (m/z) ratio.  The TOF mass analyzer allows m/z 

separation according to the following equation: 

2
/

KEv
m z

=    (3) 

Because all ions are accelerated to the same kinetic energy (KE), the velocity (v) of each 

ion is inversely proportional to the square root of its m/z.  The voltages applied to the 

sample source are chosen so that ions with the same m/z are focused spatially at the 

entrance of the reflectron. The reflectron is designed for first-order energy focusing, i.e. 

ions with higher kinetic energies will penetrate deeper into the reflectron before the ions 

are deflected back towards the detector (see Figure 33).  As a result, the more energetic 

ions will reach the detector at the same time as the slower ions of the same mass.56 
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Resolution 
 

In TOFMS the resolution of the instrument is defined by:  

2
tR

t
=

Δ
     (4) 

 
where t is the analyte TOF and Δt is the peak width at full width half maximum.  

Research for higher performance MS (increased resolution) is driven by the small mass 

differences often encountered between peptides/proteins to be resolved from each other. 

For example, a mixture containing two peptides whose sequence differs by only a single 

(e.g., lysine and glutamine), the resolution needed to resolve the [M + H]+ ions 

(corresponding to a mass of 2000.0000 Da and 2000.0364 Da) would be 54,960,144 

which motivates the need to increase mass resolution in TOF experiments.  Current 

commercial instruments offer routine mass resolutions between 15,000 and 20,000, 

resulting in their inability to resolve the hypothetical peptides. Mass resolution in an 

TOFMS is limited by several factors,145 including:  (i) sample preparation procedures,146 

(ii) stability of the high voltage power supplies (voltage drift over time), (iv) source and 

grid extraction parameters,56 (v) spatial and velocity spread of the ions arising during 

ionization,147 (vi) the base pressure of the instrument, and (vii) trajectory errors formed 

by initial ion packet locations (mechanical alignment), non-uniform focusing elements 

(field inhomogeneities) and ion scattering due to the use of grids.148 The resolution-

limiting parameters become more important as higher experimental resolutions are 

obtained, because small variations in any of these experimental parameters could 
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possibly limit experimental resolution. Using the known geometry of the instrument, the 

theoretical resolution limits were calculated, as defined by:  

2 2
es s vR R R= +    (5) 

where Rs and Rv are resolution limits due to both spatial and velocity spread of the ions, 

respectively. Both spatial and velocity resolution limits depend on the type of source and 

reflectron that is incorporated in the instrument. Figure 34 illustrates a potential energy 

diagram for the Voyager elite XL instrument which contains a two-stage source and 

single-stage reflectron. The highest theoretical resolution of the Voyager Elite XL based 

on (5) is ~75,000. Source and reflectron configurations important to resolution, include: 

da (2.16 mm), length of the first accelerating region (distance between the MALDI plate 

and first grid), d0 (7.2 mm), length of the second region (distance between the first grid 

and grounded grid), D (3357.46 mm), length of the field free drift region, dR (857.25 

mm), length of the reflectron, va (7750 V), voltage applied across the 1st region, v 

(25,000 V), total voltage applied, δvo (literature reported values  between 500 m/s – 

1000 m/s), 149 initial velocity distribution, vn, nominal velocity calculated using (3) 

(assuming a 5000 Da molecule), and δx (0.1 mm), the change in initial ion position in 

the source region.  (see Appendix B for a detailed calculation)  
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Figure 34. Potential energy diagram for the Voyager elite XL instrument which contains 

a two-stage source and single-stage reflectron. 

 

Position Sensitive Ion Detection  

TOF instruments typically utilize fast response microchannel plate detectors 

(MCPs) to detect ions in the mass spectrometer. The MCPs are integrated electron 

multipliers that are usually paired to achieve a desired gain in ion signal. The general 

scheme involves a charged particle (ion) striking the MCP surface and generating an 

electron cascade which can be detected with sensitive electronics as the electrons 

produce a current on a metal anode surface (see Figure 35).  This current is directly 

proportional to the relative abundance of ions that strike the microchannel plates at a 

given time. 
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Figure 35A shows a simple schematic of ion detection utilizing a single anode in 

a TOFMS. Most MS instruments utilize a single anode for measuring signal gain, due to 

the technical simplicity of the detector assembly and associated electronics. However, 

there are three primary advantages to using multiple discrete anodes (e.g., placed side by 

side) rather than using a single anode:150   

1) Most modern commercial MS instruments incorporate time-to-digital conversion 

to take advantage of the fast data acquisition capabilities of computers. In 

digitizing the signal, each time event is measured either as a hit or no hit (0 or 1) 

and then summed together into larger bins and assembled into a mass spectrum.  

For detectors using only a single anode, the highest signal amplitude that can be 

measured per measurement event is 1, but if for example two anodes are used, 1 

count can be measured per anode, such that the maximum signal amplitude per 

measurement event is 2 (Figure 35B).151  The detector utilized in this research is 

a prototype 8-anode detector. Using an 8-anode detector, in pulse counting mode, 

single counts can be measured per anode, such that the maximum measurable 

signal amplitude per measurement event is 8, corresponding to the number of 

anodes (Figure 36A). Thus, at ion currents sufficiently high to cause “detector 

sag” (i.e., owing to pulse pile-up) an 8x gain in sensitivity could be obtained 

versus standard single anode detectors.152 

2) Multi-anode detection also provides spatial information.  That is, based on the 

signal amplitude response of each anode, it is possible to determine where the 

largest number of ions are striking the detector, and tune the instrumental 
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parameters accordingly to optimize overall instrument performance. 151 Adjusting 

the position of the ion beam on the detector, optimizes the overall signal 

sensitivity and ultimately enhances the overall resolution by minimizing the 

undesirable effects of the inhomogeneous field domains which are inherent in all 

ion optical components.153 

3) Resolution enhancement is afforded by time correcting the ion beam partitioned 

across the 8 anodes. For example, Figure 37 shows that when analyzing 

individual mass spectra prior to time correction, it is apparent that different 

anodes have different centroid times (i.e. ions are striking the detector at different 

times), thereby broadening the summed peak width and reducing resolution. 

However, after correcting for these time differences the mass spectral resolution 

and sensitivity are increased. It should be noted that the use of delay line 

detectors has also been incorporated in TOF experiments whereby this 

technology also offers both spatial and temporal resolution.154 
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Results and Discussion 
 

The practical advantage of utilizing a multi-anode detection scheme is 

demonstrate with the analysis of a standard peptide, Angiotensin I ([DRVYIHPFHL + 

H]+, m/z 1296.68).  Figure 36C is an expansion of the 12C peak for [DRVYIHPFHL + 

H]+ illustrating the time difference between individual anodes. Ions are impinging 

channel 8 first, followed by 7, 6, 4, 3, 2, and lastly 1. Summing all anodes (channels 1-8) 

prior to time shift correction results in a resolution of ~10,000 ([DRVYIHPFHL + H]+, 

Figure 38A). The bin size (TDC resolution) used for this work was 1 ns, and the time-

shift correlation was based on the first anode. Each successive anode (peaks from anodes 

2-8) is time shifted by one bin and the maximum product (highest correlation) is 

assumed to be the best time alignment. The biggest shift is 7 ns, or 7 bins. After time-

shift correlating channels 2-8 with respect to channel 1, the channels are summed and a 

best fit curve obtained, resulting in increased resolution (~13,000 for [DRVYIHPFHL + 

H]+, see Figure 38B). Routine resolution for individual anodes is ~15,000 (see Figure 

38C) (with a concomitant reduction in signal amplitude proportional to effective anode 

area). These data accurately demonstrate the increase in resolution and enhancement in 

ion signal observed using these new data acquisition strategies.  
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Conclusion 
 

New data acquisition strategies (empirical time correction for multiple anode 

detection schemes) were used to increase both sensitivity and resolution in a MALDI-

TOF MS. The utility of this technique can be applied to many different samples, where 

high mass spectral resolution allows for increased mass measurement accuracy. This 

approach is especially useful for imaging mass spectrometry studies where only limited 

material is available for analysis (e.g., solid-supported lipid bilayers). As previously 

discussed, the ability to experimentally reach theoretical mass spectral resolution limits 

are difficult owing to numerous experimental factors (e.g., sample preparation, high 

voltage stability, extraction parameters, ion scattering, etc.). Future work to increase the 

mass spectral resolution should be approached by: (i) evaluating the effect of changing 

the bin size (TDC resolution, up to 130 ps) in terms of increasing the resolution (before 

and after time correction), (ii) optimizing instrumental parameters for higher 

experimental TOFMS resolution data (grid voltage, delay time, etc.), and (iii) 

incorporating other instrumental/experimental parameters, such as gridless ion optics, 

better sample preparation procedures, higher base vacuum pressures and more stable 

high voltage supplies to increase resolution.  
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CHAPTER VIII 

CONCLUSIONS 

 

Imaging mass spectrometry utilizing MALDI-TOF MS has demonstrated great 

potential for the spatial profiling and imaging of molecules (e.g., proteins, peptides, 

steroids, drugs, lipids) in biologically relevant samples.  

 

Spatially Dynamic Optical System 

The incorporation of a spatially dynamic optical system allows for user defined 

laser spot sizes, decreased analysis times, and the ability to ionize non-congruent areas 

of interest simultaneously. The optical arrangement for imaging mass spectrometry 

utilizing MALDI-TOF MS techniques consists of three primary components: i) beam 

conditioning, which incorporates beam expansion, homogenization and collimation, ii) 

beam patterning, followed by iii) beam imaging onto the target stage.  By using this 

arrangement, a digital micromirror array is used to quickly (ca. 20 μs) pattern the 

MALDI irradiation into regular shapes (e.g. round, square, rectangular, etc.) or into 

complex shapes of variable dimensions. Further, MALDI irradiation can be tailored so 

that non-congruent targeted spatial regions can be irradiated simultaneously.  The utility 

of this advanced optics technique was applied to the interrogation of peptide 

microarrays. By interrogating congruent square wells of the microarray, we can rapidly 

image the array via MS techniques. These experiments are particularly important in 

developing new tools for the analysis of protein microarrays, which are not dependent on 
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the incorporation of fluorescent tags unlike that for conventional monitoring and 

analysis. Novel techniques can also be used for imaging MS analysis of tissue samples, 

whereby healthy and diseased morphologies can be probed for specific biomarkers by 

irradiating either single or multiple cells simultaneously.  This type of experiment is 

analogous to an on-line laser-capture microdissection imaging experiment. The effect of 

changing the spatial MALDI sampling position in imaging MS applications optically, 

rather than mechanically introduces an improvement in spatial resolution and provides 

reduced analysis times.   

 

Sample Preparation Strategies and Methodologies 

 The sample preparation strategy incorporating both intact protein and peptide 

mass fingerprinting information for imaging MS experiments allows for high 

confidence-level analyte assignments. In addition, the ability to obtain multiple peptide 

mass fingerprinting data sets (owing to the ability to digest analytes using multiple 

different proteases) allows higher amino acid sequence coverage to be acquired. 

Combining both high amino acid sequence coverage with fragmentation data improves 

the confidence level of protein assignments.  

The imaging mass spectrometry lipid bilayer studies demonstrate the ability to 

perform mass spectrometry imaging of species that are electrophoretically separated in a 

lipid bilayer. Sample methodologies are characterized using a fluorescently labeled 

membrane bound species, however further work showed the ability to image migrated 

receptors and peptides in solid-supported lipid bilayers. This technique offers both label-
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free and multiple analyte detection in single experiments, which is extremely important 

when it is imperative that the integrity of the membrane component is conserved (i.e., no 

label). The ability to use a lipid bilayer as a separation medium followed by mass 

spectrometry imaging will have an impact on the analysis of cell membranes. 

Specifically, it is now possible to monitor cell membranes for important biological 

processes such as the formation and chemical composition of lipid rafts or whole cell 

membranes without the addition of extrinsic molecules. 

  Laser desorption/ionization using silver nanoparticles is shown to selectively 

ionize olefinic compounds from complex mixtures without additional washing or 

extraction procedures. Specifically, both cholesterol and POPC are selectively ionized 

using AgNPs in a complex mixture composed of ten peptides, cholesterol and POPC. 

The observed differences in relative abundance of cholesterol and POPC signal can be 

explained by the Dewar model, which describes the Ag+-olefin interaction. Briefly, the 

rigid double bond in cholesterol is likely more accessible than the double bond in POPC, 

which is surrounded by freely rotating hydrocarbon chains, therefore a higher signal-to-

noise value is observed for cholesterol ion signal. A carotenoid and carotenoid precursor 

is also selectively ionized using AgNPs from freshly squeezed carrot juice. The ability to 

selectively ionize specific chemical species using a simple sample preparation is 

especially relevant to biomarker detection, imaging MS or drug candidate research. For 

example, AgNP imaging MS can be used to study potential drug-protein interactions 

using microarrays.  
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Multi-anode Detection 

 A new data acquisition strategy incorporating a multi-anode detector is 

integrated into a 6.6-m time of flight mass spectrometer to increase both resolution and 

sensitivity. The prototype 8-anode detector allows for an increase in sensitivity by 

increasing the maximum measurable signal amplitude from 1 (single anode detectors) to 

8, owing to the ability to obtain a single count for each anode. The multi-anode detector 

also provides spatial information based on the ability to determine where the ions are 

striking the detector (anode 1-8). Time shift corrections correlating anodes 2-8 to 

channel 1 results in an increase in resolution (from 10,000 to 13,000). The utility of this 

technique can be applied to lipid bilayer studies, where this multi-anode detection 

scheme is optimized in both mass spectral resolution and sensitivity for low abundant 

analytes.
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APPENDIX B 

 
 
 

VOYAGER XL ELITE RESOLUTION CALCULATIONS 
 

 

da 2.16 mm⋅:= va 7750 V⋅:= δvo 500
m
s

⋅:=

d0 7.2 mm⋅:= v 25000V⋅:= vn 27758
m
s

⋅:=

dR 857.25mm⋅:=
y

v
va

:= δx .1mm:=
D 3357.46mm⋅:=

y 3.226=

da - length of 1st accelerating region
d0 - length of 2nd region
dR - lengh of reflectron
D - length of field free drift region

va - voltage applied across 1st region
v - total voltage
y - voltage ratio
δvo - width of initial velocity distribution
vn - nominal velocity (calculated using

KE=1/2mv2) know, KE ("v") and mass
(5000 Da molecule)
δx - change in initial ion position 

F values - dimensionless coefficients and explicit expressions for specific instrument geometry
take into account instrument geometry and operating voltages  
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f0 1
4 dR( )⋅

D
+

2 da⋅ y

1

2
⋅

D
+

2d0
D

y
y 1−

⋅ 1
1

y

1

2

⎛⎜
⎜
⎜⎝

⎞⎟
⎟
⎟⎠

−⎡⎢
⎢
⎢⎣

⎤⎥
⎥
⎥⎦

⋅+:= f0 2.026=

f1

1
4 dR⋅

D
−

y

2da y

1

2
⋅

D
−

2d0
D

⎛
⎜
⎝

⎞
⎟
⎠

y
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⎠

⋅
1
y
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⎠

1

y

1

2

⎛⎜
⎜
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⎞⎟
⎟
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−⎡⎢
⎢
⎢⎣

⎤⎥
⎥
⎥⎦

−

2
:= f1 3.691− 10 3−

×=

f2

3
4 dR⋅

D
−

y2

2da y

1

2
⋅

D

⎛⎜
⎜
⎜
⎝

⎞⎟
⎟
⎟
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2d0
D
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:= f2 0.024=
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D
−
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2 da⋅ y

1
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⋅

D
−

2 d0⋅

D

⎛
⎜
⎝

⎞
⎟
⎠

y
y 1−

⎛⎜
⎝

⎞⎟
⎠

⋅
1

y3
⎛
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⎞
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1

y

1
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⎛⎜
⎜
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⎞⎟
⎟
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−⎡⎢
⎢
⎢⎣

⎤⎥
⎥
⎥⎦

⋅−

16
:= f3 7.468 10 3−

×=
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Rs3 = spatial resolution limit 
 
Rv2 = velocity resolution limit 
 

Rs3 2
f3
f0

⎛
⎜
⎝

⎞
⎟
⎠

⋅
δx
da

⎛
⎜
⎝

⎞
⎟
⎠

3
⋅:=

Rs3 7.314 10 7−
×= Rs3

1− 1.367 106
×=

Rv2

2
δvo
vn

⎛
⎜
⎝

⎞
⎟
⎠

2

f2
2da y⋅

f1 D⋅

⎛
⎜
⎝

⎞
⎟
⎠

2

⋅ f1 y⋅−
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

⋅

f0
:=

Rv2 1.347 10 5−
×= Rv2

1− 7.426 104
×=

 
 
 
Res = Resolution limit based on both spatial and velocity spread 

Res Rs3
2 Rv2

2
+⎛

⎝
⎞
⎠

1

2
:= Res 1.349 10 5−

×= Res
1− 7.416 104

×=

Res2
1

Rs3
2 Rv2

2
+⎛

⎝
⎞
⎠

1

2

:=

Res2 7.416 104
×=
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APPENDIX C 
 
 
 

CURRENT VOYAGER ELITE XL INSTRUMENT CONFIGURATION 
 

 
DRAWING Page 
 
MALDI Plate  ..........................................................................................................  137 

Source Region Ion Optics .........................................................................................  138 

Ion Steering Lens Assembly .....................................................................................  139 

Einzel Lens Assembly...............................................................................................  140 

Time-Of-Flight .........................................................................................................  141 

Reflectron....... ...........................................................................................................  145 

Reflectron Detector Grid Plate ..................................................................................  147 

2” eV part (Kimball Physics) ....................................................................................  148 

Reflectron Detector Mount Plate...............................................................................  149 

Assembled Instrument...............................................................................................  150 
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