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ABSTRACT 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry was used for 

off-line analysis of bioaerosols. The overall goal of the work is to develop methods and 

instrumentation to minimize sample treatment and maximize sensitivity and selectivity for 

bioaerosol analysis. This work is divided into three parts: sample preparation, test bioaerosol 

analysis, and instrument development. Untreated silicon wafer substrates were used as an alternate 

to conventional stainless steel targets and proved to be excellent substrates for large molecule 

analyses as well as small molecule analyses with excellent spot-to-spot and shot-to-shot 

reproducibility, which is useful for high-throughput and automated sample analysis. MALDI 

sample preparation was optimized by the L9 (33) orthogonal array of Taguchi’s systematic 

approach using the effects of various parameters such as matrices, solvents, and deposition 

methods. Test bioaerosol particles were generated from a nebulized bacterial suspension and were 

collected onto bare or matrix pre-coated MALDI targets placed in an impactor for off-line 

analysis. The MALDI matrices or solvents were added on the target afterward by pipette or 

spraying to obtain signals similar to the dried droplet method. Finally, two novel MALDI mass 

spectrometers were constructed to test new bioaerosol ionization approaches. A transmission 

geometry MALDI-MS, in which the laser irradiates samples from back side of the target, enabled 

a tight laser focusing by coupling a microscope objective lens outside of the vacuum. The 

instrument is applicable to the analysis of single deposited bioaerosol particles. A UV and IR 

MALDI ion mobility mass spectrometer was used for the analysis of complex bioaerosol mixtures 

by two-dimensional separation of ions according to their shapes and masses. The instrument 

separates the complex bioaerosol mixtures into different classes on trend lines that simplify the 

analysis. These trend lines include lipids, peptides/proteins, and oligonucleotides.  
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CHAPTER 1. INTRODUCTION 

 

1.1. Aerosols 

Aerosols are any particulate matter, solid or liquid particles suspended in a mixture of 

gases that has some stability against gravitational settling. Examples of aerosols include smoke, 

fog, dust, smog, and pollen. The aerodynamic diameter of aerosol particles ranges from 1 nm to 

100 µm but particles on either end of the distribution do not generally persist for long.1 Typically, 

ambient aerosol particles are divided into three modes by their sizes (see Figure 1-1).2 Particles 

less than approximately 0.1 µm belong to the nucleation mode and mainly consist of particles 

created from gas-to-particle conversion and direct emission. They may also be formed by the 

condensation of gases. These tiny particles do not generally persist for a long time because 

condensation and coagulation cause them to grow rapidly.  

Particles between about 0.1 and 2.5 µm are considered to be part of the accumulation 

mode, representing a region of particle growth mainly due to coagulation and condensation. 

These particles include sulfate, nitrate, ammonium, and carbon. Particles in the accumulation 

mode persist for much longer periods of time because they grow relatively slowly and are not 

rapidly removed by other means. Particles in both nucleation and accumulation modes pose great 

health risks to humans because of their innate ability to deposit deep in the lungs.  

Larger, coarse mode aerosols greater than 2.5 µm are mechanically generated, such as sea 

salt particles from the ocean, dust particles, or pollen particles. Atmospheric lifetimes of 

nucleation mode and coarse mode particles are relatively short due to dry deposition mechanisms 

of Brownian motion and gravitational settling, respectively. Figure 1-1 shows a common urban 

aerosol showing plots of number, surface, and volume distributions. This illustrates that the 

majority of particles are located in the nucleation mode and the greatest surface area occurs in 
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the accumulation mode while aerosol mass is divided between the accumulation and coarse 

modes. 

 

 

 
 

Figure 1-1. Common urban aerosol distribution presented in number, surface, and volume 
distributions. The three common aerosol modes (nucleation, accumulation, and coarse) along 
with their main processes of formation, common sources, and constituents are shown. 
(Reproduced with permission from © American Chemical Society from Ref 2.) 
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1.2. Bioaerosols 

Bioaerosols are airborne particles with the sizes ranging from 10 nm for viruses to 100 

µm for pollen grains that are living, contain biologically active compounds or were released from 

living organisms. The range from 300 nm to 10 µm is particularly dangerous for respiratory tract 

deposition.3 Examples of bioaerosols include bacteria, virus, fungal spores, pollen, animal dander, 

insect emanations, microbial endotoxins, and human skin scales. These particles are a public 

health concern because they can cause infection, allergic or toxic and pharmacological reactions 

in humans. Bioaerosols have also been implicated as a cause for sick building syndrome, which 

includes non-specific symptoms such as headache, fatigue, and throat irritation.4  

Many biological warfare agents such as anthrax, brucellosis, plague, tularemia, Q-fever, 

viral encephalomyelitis, botulinum toxin, and small pox are disseminated as bioaerosols.5 The 

Centers for Disease Control and Prevention (CDC) Category A bioterrorism agents and diseases 

are listed in Table 1-1.6 Biological warfare agents are living organisms or toxins derived from 

living organisms and are particularly dangerous weapons due to the following factors: they are 

simple and difficult to detect by the senses, easy to weaponize,7,8 relatively inexpensive to 

produce compared to conventional weapons, can be self replicating, exhibit targeted 

physiological effects, and the repercussions of their use may not be detected for days.3,8 They can 

be manufactured in small laboratories that can be concealed, transported, or disguised as 

pharmaceutical or food production facilities. Dispersal of biological agents is typically through 

an aerosol spray, but sabotage of food, water, or public spaces by dispersal of material is also 

possible. Biological agents are not detectable with the naked eye or by smell; hence, their effects 

are not observed for hours or days after exposure. They are psychologically threatening and thus 

particularly effective weapons of terror.  
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Biological agents consist of either pathogens or toxins. Pathogens are disease-causing 

organisms such as viruses, bacteria, or fungi. Toxins are poisons that are created by the 

biological reactions in organisms. Examples of toxins include botulinum, tetanus, ricin, and 

tetrodotoxin. These biological agents are especially difficult to detect from ambient particles due 

to their low infective doses: approximately 10,000 spores for bacterial agents and 1 to 100 

organisms for viral agents.5 The optimal size for aerosol delivery of biological agents is 1 to 5 

µm,3 because particles with this diameter will deposit in the lower respiratory tract and are not 

detected by the senses. Thus the threat of global health concerns and biological warfare agents 

associated with bioaerosol had led to an essential need for rapid bioaerosol detection methods.9-14 

 

Table 1-1. CDC Category A Bioterrorism Agents/Diseases. CDC Category A bioterrorism 
agents and diseases are believed to pose the greatest potential threat because of their ease of 
dissemination or transmission from person to person, high mortality rate and potential to cause 
panic and social disruption. 
 

Agents Incubation 
period Mortality Dissemination 

method 

Anthrax 
(Bacillus anthracis) 1-4 days 25-100% Aerosol 

Botulism 
(Clostridium botulinum toxin) 1-3 days 8-50% Aerosol 

Plague 
(Yersinia pestis) 

2-3 days 50-100% Aerosol 
Vector 

Smallpox  
(variola major) 

7-17 days 30-90% Aerosol 

Tularemia  
(Francisella tularensis) 

1-10 days 30-40% Aerosol 

Viral Hemorrhagic Fevers 
(Ebola, Marburg, Lass, etc.) 

4-21 days 40-90% Aerosol 
 
 

1.3. Detection Methods for Bioaerosols 

The development of techniques for the detection of biological agents is challenging. The 
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sensitivity of a biological agent detector must be high because of the high toxicity relative to the 

mass. In addition, the detector must be selective and able to discriminate against an ambient 

background that includes a high level of naturally occurring particulates. Development of 

analytical instrumentation for biological agent detection has followed two general paths:15 the 

adaptation of existing analytical instruments, and the development of affinity sensors that are 

based on biochemical selectivity.16,17 In both cases, particles are typically collected prior to 

analysis. Affinity based sensors are small, fast, inexpensive and highly specific, but this 

specificity limits their applicability to systems for which affinity targets have been developed.17  

Classical methods for bioaerosol detection involve collection of particles with later 

culturing and counting.18 The important consideration for bioaerosol analysis is that 

microorganisms in the bioaerosol are viable or non-viable. The non-viable microorganisms 

cannot be cultured in the lab; hence, the culturing method cannot be used. The major 

disadvantages to these methods are that they are time-consuming, expensive, and may require 

multiple tests for proper identification. Thus, there is a pressing need for the rapid detection and 

characterization of bioaerosols in the environment. Mass spectrometers are particularly 

promising analytical instruments for biological agent detection because they are sensitive, 

specific, and selective as with affinity methods, but at the same time they are generally 

applicable. The main challenge for biological agent detection by mass spectrometry is to ionize 

the relatively large molecules that are indicative of biological agents without excessive 

fragmentation. 

1.4. Mass Spectrometry 

 Mass spectrometry is an important analytical tool that determines the molecular weight 

and structural information of chemical or biological compounds by separating ions according to 

their mass-to-charge ratio (m/z).19 Mass spectrometry has become the primary analysis method in 
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proteomics because of its high throughput, sensitivity and high mass accuracy.20 Proteomics is an 

experimental approach to explain the information contained in genomic sequences in terms of 

the structure, function, and control of biological processes and pathways.20 Proteomics is the 

comprehensive study of biological processes by the systematic analysis of the proteins expressed 

in cells or tissues.  

A mass spectrometer consists of three fundamental parts: ion source, mass analyzer, and 

detector. A simplified schematic of a mass spectrometer is shown in Figure 1-2. Mass 

spectrometry involves the ionization of molecules using various ionization sources such as 

electrons or photons and the separation of the molecules based on their mass-to-charge ratio in a 

mass analyzer. The ions are generated by ionizing a neutral molecule through protonation, 

deprotonation, cationization, charge transfer, electron ejection, or electron capture from a gas or 

condensed sample phase ejected into the gas phase.19  

 

Ionization Mass Sorting (filtering) Detection

Forms ions
(charged molecules)

Mass Analyzer
Ion 

Detector

Detect ions
by current or voltage

Sort ions by mass (m/z)

Ion 
Source

Ionization Mass Sorting (filtering) Detection

Forms ions
(charged molecules)

Mass Analyzer
Ion 

Detector

Detect ions
by current or voltage

Sort ions by mass (m/z)

Ion 
Source

Figure 1-2. Simplified schematic of a mass spectrometer. 

 

Formation of gas phase ions is an essential prerequisite to the mass separation and 

detection processes that occur in a mass spectrometer. The gas phase ions are extracted and 

separated into the mass analyzer according to their mass-to-charge ratios (m/z). The separated 

ions are collected by a detector. In the detector, the ion flux is converted to an electrical current. 
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The current signal is amplified and sent to a data system where the magnitude of the electrical 

signal is recorded as a function of m/z, and this information is converted into a mass spectrum. 

The mass analyzer and detector (and sometimes the ion source) are maintained under high 

vacuum to allow ions to travel from one end to the other without any hindrance from air 

molecules.  

1.4.1. Ionization Sources 

A number of ionization techniques are available and each has its own advantages and 

disadvantages. These include electron ionization (EI), chemical ionization (CI), laser desorption 

ionization (LDI), fast-atom bombardment (FAB), electrospray ionization (ESI), and matrix-

assisted laser desorption/ionization (MALDI). Prior to the 1980s, EI was the primary ionization 

source for mass analysis.19 The EI plays an important role in the routine analysis of small, 

hydrophobic, thermally stable molecules and is still widely used. In the EI source, ions are 

generated by bombarding the gaseous sample molecules with a beam of energetic electrons. The 

EI usually generates numerous fragment ions; however, the fragmentation information is useful 

for a library searching in compound databases. The CI uses gas or spray samples but ionizes with 

less fragmentation.21 It also uses gas phase ion-molecule reactions with a reagent gas such as 

methane, isobutane, or ammonia within the vacuum of the mass spectrometer to produce ions 

from the sample molecules.21 The major limitations of EI and CI are their inability to handle 

nonvolatile compounds and restricted mass range below 1000 Da due to extensive 

fragmentation.21  

The FAB was introduced in 1981 by Barber and co-workers22 and was a major 

breakthrough in the analysis of condensed phase samples. The FAB ionization technique 

typically uses a high energy beam of Xe atoms, Cs+ ions, or massive glycerol-NH4
+ clusters to 

sputter the sample and a liquid matrix from the probe surface. The matrix is a nonvolatile solvent 
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in which a sample is dissolved. Two common FAB matrices are m-nitrobenzyl alcohol (NBA) 

and glycerol. Although the mass range as high as 35 kDa has been observed for CsI clusters, 

4,000 Da can be considered to be an upper mass limit for a routine operation of FAB.21  

Soft ionization methods such as MALDI and ESI are suitable for achieving the goal of 

identification and structural determination of peptides, proteins, oligonucleotides, lipids, and 

synthetic polymers. Until the introduction of soft ionization methods, mass spectrometric 

analysis of molecules was limited to volatile compounds with small molecular weights of a few 

thousand daltons (Da).21 Proteins are nonvolatile and have molecular weights that range from 

thousands to several hundred thousand Da. In the MALDI method, analyte molecules are 

imbedded in an excess solid matrix and irradiated with pulsed laser to form protonated molecules 

in positive mode23,24 or deprotonated molecules in negative mode.24,25 The ESI method involves 

the use of an electric field to create a fine spray of highly charged droplets containing the analyte 

molecules.26 Evaporation of the solvent results in highly charged analyte molecules. Both 

methods enable large biomolecules to be ionized with little or no fragmentation. 

1.4.2. Mass Analyzers 

The function of a mass analyzer is to separate the ions that are generated in the ion source 

according to their m/z. The first mass analyzers, made in the early 1900’s, used magnetic fields 

to separate ions according to their radius of curvature through the magnetic field.27 Modern mass 

analyzers, including variations of the early magnetic methods, offer high accuracy, high 

sensitivity, high mass range, and an ability to give structural information. The most widely used 

mass analyzers are magnetic sector, quadrupole, ion trap, time-of-flight (TOF), and Fourier-

transform ion cyclotron resonance (FT-ICR).19,21  

A magnetic sector separates ions according to their radii of curvature; therefore, only ions 

of a given m/z are able to reach a detector at any given magnetic field. Ions of larger m/z follow 
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larger radius paths than ions of smaller m/z, so ions of differing m/z are separated in space. The 

double-focusing magnetic sector has two distinct parts, a magnetic sector and an electrostatic 

sector for energy selection. It has the advantages of high mass range, high mass resolution (~ 

100,000), high mass accuracy, reasonable scan speed, and high dynamic range but has the 

disadvantages of high cost and low ion transmission efficiency.21  

The quadrupole mass analyzer is one of the most widely used21 and separates ions solely 

by electric fields. The quadrupoles function as a mass filter. As the field is imposed, ions moving 

into the field region oscillate depending on their m/z and on the radio frequency (RF) field, and 

thus, ions of particular m/z can pass through the filter. The m/z of an ion is therefore determined 

by correlating the field applied to the quadrupoles with the ion reaching the detector. The 

quadrupole mass analyzer has a mass resolving power of up to 4,000 and a mass limit of up to 

m/z of 4,000, which is useful because electrospray ionization of proteins and other biomolecules 

commonly produce charge distributions from m/z 1,000 to 3,500.19,21 The quadrupole mass 

analyzer has advantages of low cost, high scan speed, high transmission, increased sensitivity, 

mechanical simplicity, and linear mass range.21 However, in contrast to magnetic sector, it is 

inferior with respect to upper mass range, mass resolution, and mass accuracy.  

The ion trap mass analyzer stores and manipulates ions in time rather than in space with a 

radio frequency quadrupole field.21 The quadrupole ion trap consists of a ring electrode and two 

hyperbolic end-cap electrodes. The motion of the ions induced by the electric field on the 

electrodes allows ions to be trapped or ejected from the ion trap. A useful feature of ion traps is 

that it is possible to isolate one ion species by ejecting all others from the trap. The isolated ions 

can subsequently be fragmented by collisional activation and the fragment ions detected. The 

primary advantage of the quadrupole ion trap is that multiple collision induced dissociation 

(CID) experiments can be performed quickly without having multiple analyzers, thereby, 
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enabling a real-time LC-MS/MS routine. Other important advantages of the quadrupole ion trap 

is the compact size, ease of coupling with ESI and MALDI, and the ability to trap and 

accumulate ions to provide a better ion signal.  

The time-of-flight mass analyzer is the simplest mass analyzer and has the potential of 

unlimited mass range. Mass resolving power of the linear TOF-MS is usually less than 500 but 

increases to more than 20,000 coupled with delayed extraction28-,30 and reflectron ion mirror 

techniques.31,32 The TOF is commonly combined with MALDI and used for the analysis of 

macromolecules such as proteins, carbohydrates, oligonucleotides, and synthetic polymers with 

high sensitivity. The time-of-flight mass analyzer will be discussed in detail in Chapter 2.  

Lastly, the FT-ICR analyzer has the highest mass resolving power (> 105) as well as the 

highest mass accuracy (< 5 ppm) of the existing mass analyzers.19,21 FT-ICR is based on the 

principle of monitoring ion cyclotron motion in a magnetic field. In this technique, ionization, 

mass analysis, and detection take place in the same region, generally in a small cell that is placed 

in a strong (3 to 16T) magnetic field. Ions are typically formed outside of the cell and trapped in 

the cell by applying a few volts of electric potential. An excitation pulse is applied where ions 

whose cyclotron frequency matches the excitation pulse, absorb energy from the external pulse. 

Finally, the image current that is induced when ions are in close proximity of the receiving plates 

is detected. The image current generated by all of the ions can then be Fourier-transformed to 

obtain the component frequencies of the different ions, which correspond to their m/z. 

1.4.3. Ion Detectors 

After the ions are separated by the mass analyzer, they arrive at a detector, which 

generates a current signal from the incident ions. A commonly used detector is the electron 

multiplier (EM),19 which converts the kinetic energy of incident ions into secondary electrons. 

The electron multiplier is made up of a series of dynodes maintained at ever-increasing potentials. 
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The discrete and continuous dynodes are both in common use. Ions strike the dynode surface, 

resulting in the emission of electrons. The secondary electrons are then attracted to the next 

dynode where more secondary electrons are generated, ultimately resulting in a cascade 

amplification of electrons.  

Various designs of the particle multipliers include discrete, continuous, and channel 

electron multiplier. The channel electron multiplier (CEM) is constructed from a special type of 

glass, which has either heavily doped with lead or its inner surface coated with beryllium.21 The 

CEM is more compact and less expensive than a discrete EM, and provides gains as high as 108. 

Microchannel plates (MCP) is a multichannel version of CEM.33 It consists of small diameter (~ 

12 µm) channels with approximately 15 µm center-to-center channel spacing.34 The gain of each 

individual channel is much higher than the conventional CEM because of the significant increase 

in length to diameter ratio of the tube. Usually, two MCPs are arranged in a chevron 

configuration to provide a sufficiently large directional change so as to inhibit positive ions 

produced at the output of the rear plate from reaching the input of the front plate.34 The MCP 

detectors are typically used in a TOF-MS and were employed in all mass spectrometers used in 

this dissertation research. 

1.5. Matrix-Assisted Laser Desorption/Ionization 

MALDI mass spectrometry was first introduced in 1985 by Karas and Hillenkamp35 and 

thereafter has been widely used for mass spectrometric analysis of large, nonvolatile, and 

thermally labile compounds−such as peptides, proteins, oligonucleotides, and 

oligosaccharides−due to its inherent simplicity, low sample consumption, and high sensitivity. 

Karas and Hillenkamp discovered the highly efficient MALDI process using nicotinic acid as a 

solid organic matrix with a 266 nm UV laser to analyze proteins up to 67 kDa.36,37 Meanwhile, 

Tanaka et al. in 1988 found that it is possible to soft desorbs large molecules (proteins and 
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polymers up to m/z 100,000) mixed with a matrix of ultrafine cobalt powder, finely dispersed in 

glycerol by irradiation with a 337 nm nitrogen UV laser.38 Today, a typical MALDI mass 

spectrometer uses a 337 nm nitrogen laser and solid organic acid as the matrix. 

Matrix-assisted laser desorption/ionization is a modification of the laser 

desorption/ionization technique in which the samples of interest are dispersed in a chemical 

matrix consisting of a solid or liquid that is a strong absorber of the laser light.19 The matrix 

plays a key role in this technique by absorbing the laser energy and causing the matrix to 

vaporize into the gas phase with analyte. In early mass spectrometry using pulsed lasers, the 

sample was irradiated directly by the laser. This is termed laser desorption/ionization (LDI).39 In 

this case, the extent of energy transfer is difficult to control and often leads to excessive thermal 

degradation and fragmentation. Another problem is that not all compounds absorb radiation at 

the laser wavelength. As a consequence, LDI is applicable to a limited number of compounds, 

which absorb the laser wavelength and have a molecular mass of less than 1,000 Da.21 The 

incorporation of matrix overcomes these problems by several means. First, the laser energy is 

strongly absorbed by the matrix and transferred to the nonvolatile analyte molecules, enabling 

them to enter the gas phase without thermal degradation and fragmentation. Second, the matrix 

reduces analyte-analyte intermolecular contact thereby reducing the necessary desorption energy. 

Third, the matrix acts as a protonation (positive ion detection) or deprotonation (negative ion 

detection) agent, and is therefore essential in the ion formation process. Once the sample 

molecules are vaporized and ionized they are transferred electrostatically into a mass analyzer 

where they are separated by their mass-to-charge ratio. 

MALDI is a soft ionization technique, meaning that it can be used to create ions from 

large biomolecules without degradation or fragmentation. MALDI has significantly increased the 

upper mass limit for the mass spectrometric analysis of biomolecules to over 500,000 Da40,41 and 
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has enabled the analysis of large biomolecules easy, accurate, and sensitive. But the accuracy, 

sensitivity, and resolution typically drop in the mass region over 100 kDa.41,42 Furthermore, the 

MALDI process itself may have an upper mass limit conditional upon the nature of the analyte.41 

This limit can be affected by the chemistry and photochemistry of analytes, matrices, solvents 

and ionization reagents. MALDI has evolved over the past decade into a standard method of 

biomolecule analysis that competes successfully with gel electrophoresis for mass analysis of 

biomolecules.  

1.6. Mass Spectrometry of Bioaerosols 

Mass spectrometry has shown particular promise for the rapid analysis of biomolecules 

contained in microorganisms.9,10 One of the most widely used methods for microorganism 

identification is pyrolysis mass spectrometry in which the sample is heated and the resulting 

volatile molecules are ionized by electron impaction43 or chemical ionization.44 Pyrolysis MS has 

been used to identify mass spectral biomarkers associated with bacteria,43-45 fungi,46 and 

viruses.47 On-line pyrolysis MS has been used to analyze aerosol particles composed of single 

bacteria,48 and a field-portable instrument with in situ thermal hydrolysis and fatty acid 

methylation has been developed.49,50 This technique is limited to small molecule constituents that 

will not decompose prior to volatilization. A separation by gas chromatography can also be used 

in conjunction with pyrolysis mass spectrometry.51  

In the proteomics approaches to bacteria identification, experimentally determined 

protein molecular weights or sequence tags are compared directly to known protein sequences52 

and various databases.53 Although the proteomics approach does not require the development of 

fingerprint libraries, the identification of proteins from intact molecule mass spectra requires 

mass spectra with good mass resolution and signal-to-noise ratio. In a more general approach, the 

mass spectra can be used as a fingerprint to identify the bacteria. With this approach, a library of 
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specific biomarker peaks is obtained from mass spectra of test samples. Mass spectra of 

unknowns are compared to the fingerprint library using a comparison algorithm. These 

procedures have been developed for the creation of fingerprint libraries and the identification of 

bacteria in relatively complex mixtures.54 A drawback to the mass spectral fingerprinting 

approach is that it often requires bacterial incubation under controlled conditions in order to 

generate reproducible mass spectra that are not affected by growth stage or other conditions.  

In these proteomics approaches, the techniques of soft laser desorption, particularly 

MALDI, and ESI, has enabled the analysis of those large biomolecules and extended the scope 

of mass spectrometry into many new biological areas.55 Before the advent of these two 

techniques, mass spectrometric analysis of intact biomolecules was limited to species of at most 

several thousand daltons due to thermal degradation and could not be used to detect large 

biomolecules such as peptides, proteins, and nucleic acids contained in whole cells.21 Together 

with electrospray ionization, MALDI forms the basis for the systematic introduction of MS as an 

analytical tool in biological research. 

1.7. Research Objective 

The objective of the research presented in this dissertation is to develop methods and 

instruments for the analysis of bioaerosols based on MALDI and matrix-free soft laser 

desorption ionization. There are two main approaches of bioaerosol detection using laser 

desorption ionization methods. With on-line methods, particles are ionized without matrix or 

after matrix addition by condensation.56 With off-line methods, particles are collected, matrix is 

added, and ionization is accomplished in a standard MALDI mass spectrometer.12,57 In all cases, 

the key to detecting fingerprint biomolecules is the presence of a suitable matrix material, 

whether exogenous or endogenous. The focus of this research is on the optimization of off-line 
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analysis of collected bioaerosol particles and biological samples by sample preparation and 

instrumentation. 

This research work is divided into three parts: sample preparation, test bioaerosol 

analysis, and instrument development for off-line analysis of bioaerosols. In Chapters 3 and 4, 

MALDI substrates and sample preparation were characterized systematically, and the typical 

MALDI limitations were overcome. Test bioaerosol particles were generated from a nebulizer 

and collected on a MALDI target by an impactor to analyze the simulated bioaerosol particles by 

off-line mass spectrometry described in Chapter 5. A transmission geometry MALDI TOF-MS 

and an ion mobility (IM) MALDI orthogonal-TOF-MS were evaluated for the analysis of 

biological samples described in Chapters 6 and 7, respectively. 
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CHAPTER 2. EXPERIMENTAL 

 

2.1. Overview of Time-of-Flight Mass Spectrometry 

A time-of-flight mass spectrometer is one of the simplest mass analyzers and is 

commonly used with MALDI ionization. The recent successes of TOF-MS can be attributed to 

the development of MALDI, high-speed data processing devices, and microchannel plate 

detectors.21 Unlike other mass analyzers such as sectors, quadrupoles, and ion traps, an entire 

mass spectrum can be obtained at once. The acquisition speed is limited by storing the data and 

the time it takes for the ions to traverse the flight tube, typically within hundreds of 

microseconds.58 For MALDI, the TOF is also limited by the laser repetition rate. 

In a TOF instrument, the ions formed in the ion source are accelerated in an electric field 

and thereafter propagate through a field-free region where they are separated based on their 

mass-to-charge ratio before reaching the detector. When entering the field-free region, all ions of 

the same charge state have obtained approximately the same kinetic energy, which is defined by 

the acceleration voltage. Hence, low mass ions travel faster and hit the detector before heavier 

ions. The length of the flight tube is based on the desired ion separation resolution over a given 

mass range. The arrival time of ions at the detector is dependent upon their mass (m) through the 

equation, 

zeVmvEKE == 2

2
1  (1) 

 
where EKE is the kinetic energy, v is the velocity of the ion, z is the charge number of the ion, e is 

the charge of an electron, and V is the acceleration voltage. Since the velocity (v) of the ion is the 

field-free length of the flight tube (d) divided by the flight time (t), equation (1) can be 
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rearranged to solve for the flight time (t) as follows given a singly charged ion (neglecting time 

spent in the ion source and post-acceleration at the detector): 

d
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Mass resolving power (R) is the ability of a mass spectrometer to distinguish between 

ions of different mass-to-charge ratios and can be calculated by: 
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where m is mass of the peak and t is the flight time, Δm and Δt are mass and time at the full 

width at half maximum (FWHM) of the peak, respectively. The quantities of Δm and Δt can be 

estimated manually or computationally.  

 The mass accuracy is a measurement of a mass error involved in assigning a mass to a 

given ion signal. Mass accuracy can be expressed as a percent (%) or part per million (ppm). 
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where Mt is the theoretical mass and M0 is the observed mass.  

2.1.1. Linear Time-of-Flight Mass Spectrometer 

The linear TOF mass spectrometer operates on the principle described above and is the 

least complex mass spectrometer. A schematic of the linear time-of-flight mass spectrometer is 

shown in Figure 2-1. In a linear TOF-MS, ions are accelerated by the same applied electric field 

(typically 20-30 kV) and allowed to drift in a field-free region where they will traverse this 

region in a time that depends upon their m/z.59 The length of the acceleration region is usually 

less than a few cm.59 The accelerated ions enter a field-free flight tube and reach the detector at 

the end of the flight tube. The length of the flight tube is usually less than 2 m.59 Ions with 
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different m/z traverse the field-free region with different velocity and reach the detector at 

different times. The time that it takes for the ions to reach the detector at a known distance is 

measured, and depends on the m/z of the ions. From this time, m/z of the ions can be calculated 

by internal or external calibration. Typical flight times range from a few µs to several 100 µs.58 

The linear TOF can analyze ions without mass range limitation theoretically; however a 

resolution of up to 1,000 and a mass range up to 350 kDa are typical for linear TOF-MS.60 
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Figure 2-1. Diagram of a linear time-of-flight mass spectrometer. 
 

2.1.2. Reflectron Time-of-Flight Mass Spectrometer 

 One disadvantage of the linear time-of-flight mass spectrometer is its relatively low mass 

resolution and accuracy. In order to distinguish the isotopic peaks of ions, higher mass resolution 

and accuracy are required. During the ionization process, the initial velocities and positions of 

the ions in the acceleration field are not the same and the ions with the same m/z enter the field-

free drift tube at different times and velocities. This initial velocity distribution contributes 
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directly to broaden peak band width and decreases the mass resolving power of a single ion 

species.59  

Improved mass resolving power and accuracy in TOF-MS can be obtained using a 

reflectron ion mirror located at the end of the flight tube.31,32 The reflectron compensates for the 

difference in flight times of the same m/z ions with slightly different kinetic energies with an ion 

reflector shown in Figure 2-2. The reflectron uses an electrostatic field to reflect the ion beam 

toward the detector, which is located on the opposite side of the reflectron. The same m/z ions 

with higher initial kinetic energy have a higher velocity and therefore a shorter flight-time in the 

linear TOF-MS. This leads to a broadening of the peaks and thus decreased resolving power. In 

the reflectron TOF-MS, ions of the same m/z entering the field-free region with higher kinetic 

energy penetrate deeper into the reflectron and take a slightly longer path to the detector than 

ions with lower kinetic energy. Consequently the ions with lower initial kinetic energy catch up 

and hit the detector simultaneously with the ions with higher initial kinetic energy. The detector 

is placed at the focal point where the ions of different energies, focused by the reflectron, strike 

the detector at the same time. By adjusting the reflectron voltages it is possible to achieve a time-

focusing plane.  

In an ideal case, the resolving power of the peaks in the mass spectrum is dependent on 

the time-width of ion formation. In practical case, there are a number of time-broadening 

parameters that can degrade resolving power. These include spatial and initial-energy 

distributions and metastable ion formation during the desorption process.61-63 An additional 

advantage to the reflectron arrangement is that nearly twice the flight path is achieved in a given 

length of instrument. The maximum resolution achieved in the reflectron TOF-MS is up to 

35,000 and the mass range is up to 12 kDa.59,60 
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Figure 2-2. Diagram of a reflectron time-of-flight mass spectrometer. 
 

2.1.3. Orthogonal Extraction Time-of-Flight Mass Spectrometer 

Continuous ion sources such as ESI are generally interfaced to the TOF mass analyzer by 

orthogonal ion extraction in which the ions are introduced into the mass analyzer in a direction 

perpendicular to the ion source trajectory (Figure 2-3).64,65 Ions that are produced between each 

duty cycle of mass analysis are introduced to the accelerating field, and then, a short pulse of an 

orthogonal accelerating potential is applied to eject those ions into the flight tube. This improves 

duty cycle and sensitivity by analyzing a slice of ions instead of a packet of ions. The orthogonal 

acceleration also removes problems arising from the initial kinetic energy and spatial distribution 

in the axis perpendicular to the direction of ion flight. The ion beam entering the orthogonal 

extraction region is focused to a small diameter by ion guides and the reflectron to minimize the 

spatial distribution of the beam in the direction of ion flight. A minimal temporal dispersion is 

also achieved with a short accelerating pulse. The mass resolution and accuracy can be greatly 

enhanced for orthogonal TOF-MS, and a mass resolving power of up to 35,000 and a mass 

accuracy of ~20 ppm were reported.66,67  
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Figure 2-3. Diagram of an orthogonal extraction reflectron time-of-flight mass spectrometer. 
The ions from a continuous or discrete ionization source are accelerated into the field free region 
by a high voltage pulse. 
 

2.1.4. Delayed and Pulsed Ion Extraction 

 The primary contribution to low mass resolving power in conventional continuous ion 

extraction MALDI TOF-MS is due to the different initial velocities of identical m/z ions and 

metastable ion formation. Improvements in mass resolution can be achieved by utilizing delayed 

pulsed ion extraction (see Figure 2-4), which can compensate for the difference in the initial ion 

velocity distribution of the MALDI generated ion packet such that same m/z ions arrive 

simultaneously at a space focal plane located at the detector.68-70 When delayed pulsed ion 

extraction is applied, the acceleration voltage is switched on a few hundred nanoseconds after the 

laser pulse has irradiated the sample.71 The ions at the back of the desorption plume (lower 

velocity) are accelerated more and the ions at the front of the plume (higher velocity) are 

accelerated less, and they are spatially focused at the detector when properly adjusted.  

No compensation is made with continuous ion extraction linear TOF-MS for ions with 

the same m/z but different initial ion velocities. Broadening of the ion velocity distribution due to 
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collisional processes in the ion source can also be minimized by allowing the dense plume of 

MALDI generated ions packet to dissipate prior to ion acceleration from the ion source. This 

results in narrower ion arrival time distributions and provides better mass resolution when 

compared to continuous ion extraction. Utilization of the delayed pulsed ion extraction technique 

in conjunction with reflectron TOF-MS allows additional improvements in the obtainable mass 

resolution and accuracy by compensating the initial velocity distribution and the metastable ion 

fragmentation.72-75 Such improvements in mass resolving power and accuracy yield better 

sequence specific information for unknowns. 
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Figure 2-4. Diagram of a delayed and pulsed ion extraction MALDI time-of-flight mass 
spectrometer. The delay extraction voltage is supplied to the target a few hundreds ns time delay 
after irradiation. The solid (red color) arrow shows initial velocity strength, and the dotted (blue 
color) arrow shows delayed extraction strength. 
 

2.2. MALDI Mass Spectrometry 

2.2.1. Commercial MALDI Time-of-Flight Mass Spectrometry 

A commercial MALDI time-of-flight mass spectrometer (OmniFlex, Bruker Daltonics, 

Billerica, MA)57,76,77 shown in Figure 2-5 was used to evaluate MALDI substrates (Chapter 3), to 
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analyze pollens with a systematic approach (Chapter 4), and to analyze collected aerosol 

particles (Chapters 5). The mass spectrometer is equipped with a dual microchannel plate (MCP) 

detector for linear and reflectron mode with delayed ion extraction. A 337 nm UV nitrogen laser 

(pulse width: 3 ns, pulse energy: 150 μJ max.) at a repetition rate of 2 Hz was used for sample 

ionization. The laser pulse energy is controlled by rotating a graduated neutral density wheel in 

the path of the laser. An accelerating voltage of 19 kV was employed with delayed ion extraction. 

Focusing was accomplished using a set of three lenses configured as an adjustable 2:1 telescope 

with a final 25 cm focusing lens.  
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Figure 2-5. Diagram of a commercial MALDI time-of-flight mass spectrometer. The mass 
spectrometer is equipped with delayed ion extraction and linear and reflectron detectors. 

 

The laser energy was measured with a pyroelectric joulemeter, ED-104AX (Gentec, Inc., 

Palo Alto, CA), and the spot size was recorded. The UV laser spot size, estimated from 

photographic burn paper (Pacific Coast Photo, Santa Cruz, CA) adhered to the target surface, 

was approximately 250 x 800 µm2 for UV measured with a microscope. The laser energy versus 
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laser fluence conversion values for the stock 337 nm UV nitrogen laser used in Bruker Omniflex 

mass spectrometer are listed in Table 2-1. Signal suppression in a selected m/z range was 

accomplished using deflection plates. Mass spectra obtained in this research were typically 

summed an average of 50 laser shots to produce final spectra, otherwise, it is mentioned in the 

description. No baseline correction was performed on the mass spectra obtained.  

 

Table 2-1. Laser energy vs. laser fluence conversion chart for a 337 nm UV nitrogen laser used 
in the commercial MALDI time-of-flight mass spectrometer. 
 

Laser energy Laser fluence 

50% 

60% 

70% 

80% 

90% 

100% 

89.3 J/m2 

125.0 J/m2 

160.7 J/m2 

196.5 J/m2 

232.1 J/m2 

250.0 J/m2 

* Laser spot size was measured to 250 x 800 µm2. 

 

2.2.2. Transmission Geometry MALDI Mass Spectrometry 

The mass spectrometer used for the biological sample analysis in this research (Chapter 

6) was a home-built MALDI reflectron time-of-flight mass spectrometer shown in Figure 2-6. 

The mass spectrometer consists of an ion source chamber that is maintained at a pressure of 3.2 x 

10-6 torr by a 2400 L/s 6-inch diffusion pump (VHS-6, Varian, Palo Alto, CA) and a 1 m linear 

flight tube that is maintained at a pressure of 1.2 x 10-7 torr by a 1200 L/s 4-inch diffusion pump 

(VHS-4, Varian). The mass spectrometer was equipped with a 18 mm dual microchannel plate 

detector (R.M. Jordan, Grass Valley, CA) for linear mode detection and a two-stage 40 mm dual 

microchannel plate detector (R.M. Jordan) for reflectron mode detection. The reflector voltage 
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was maintained at the range of 105 - 115% of acceleration voltage with a home-built voltage 

divider. The voltage divider consisted of a series of high-power rated resistors, which were 

divided by 2:1 resistance ratio. Therefore, the supplied reflector voltage was maintained at 66.7% 

to the front ring and 100% to the back ring of the two-stage reflectron ion mirror. The reflector 

was made of a series of metal rings, which were connected with a series of resistors to gradually 

decrease voltages from the back to the front rings in order to repel ions. The deflection plates 

were home-made to guide the ion packet to the reflectron detector and were run at voltages 

ranging from 350 to 550 V. 

 

 

Figure 2-6. Diagram of a transmission geometry MALDI mass spectrometer with a microscope 
objective lens. The mass spectrometer is equipped with linear and reflectron detectors. 

 

Initially, the mass spectrometer was built in a conventional front-side laser irradiation 

configuration for the comparison of mass spectra obtained from back-side laser irradiation 

configuration (Transmission geometry). The ion source was later converted to transmission 

geometry and a microscope objective lens was used for laser focusing as shown in Figure 2-7. 
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The transmission geometry ion source consists of an insulator flange made of 8-inch diameter 

and 1-inch thick Delrin (acetyl resin) where the center of the flange is machined to accept the 3-

inch diameter stainless steel target holder flange. The target holder flange is electrically isolated 

by the Delrin flange and is held at high voltage during operation. The sample target is attached to 

the target holder flange and sealed with a thin Teflon tape as a gasket from outside of the ion 

chamber. The ion extraction grid is at a distance of 5 mm from the target flange and has 1 cm 

central hole, which is covered by 90% transmission grid (70 lpi). The ion extraction grid is held 

at ground potential for static acceleration. Samples are deposited on the vacuum side of a glass 

substrate, which is optically transparent to the laser wavelength used. The substrate can be 

accessed from back side at atmospheric pressure. The laser is introduced from the back side of 

the sample target in transmission geometry and irradiated sample through the glass slide to ionize. 

Microscope objective lenses were used for better spatial resolution at a different magnification: 

4X, 10X, and 40X. A 254 mm focusing lens was used for transmission geometry without a 

microscope objective lens. A 1.0 mm thick microscope glass slide was used for UV substrate and 

a 0.6 mm thick silicon wafer was used for the IR substrate. 

The ions were accelerated at a continuous potential of 10 kV (2000 V/mm) and were 

mass separated in a 1 m linear flight tube in linear mode as well as reflectron mode. The high 

mass detection limit for the reflectron mode was below m/z 3,000. Ions were post-accelerated 

with an additional 2 kV on both the linear and reflectron detectors. The detector signal was sent 

to the 50 Ω input of a 500 MHz digital oscilloscope (9350M; LeCroy, Chestnut Ridge, NY), 

which was triggered by a pulse delay generator (DG535; Stanford Research Systems, Sunnyvale, 

CA) that also synchronized the laser pulse. Mass spectra were averaged on the oscilloscope and 

transferred to a computer using a general purpose interface bus (GPIB) connection controlled by 

LabView software (National Instruments, Austin, TX).  
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Figure 2-7. Diagram of the ion source of the transmission geometry instrument. The laser beam 
is moved to focus on other spots by moving the mirror and microscope objective lens. 
 

UV and IR lasers were employed for sample ionization in a transmission geometry as 

well as a reflection geometry. First, a 337 nm nitrogen laser (VSL-337ND-S; LSI, Franklin, MA) 

was used as a UV laser and attenuated using a variable neutral density filter mounted on a 

rotating stage. The pulse temporal width of the UV laser was 4 ns and the maximum laser energy 

was 300 µJ. Focusing was achieved using a 254 mm focal length fused-silica lens and a spot size 

of 150 x 150 μm2 was recorded using laser burn paper. A 2.94 µm Er:YAG (Bioscope, Bioptic 

Laser Systems, Berlin, Germany) laser was used as an IR laser source. The IR laser has a 

maximum pulse energy of 15 mJ and a pulse width of 100 ns. The spot size of the IR laser on a 

laser burn paper was 200 x 200 μm2, measured with a microscope.  

2.2.3. MALDI Ion Mobility Mass Spectrometry 

Experiments in Chapter 7 were performed using an ion mobility orthogonal extraction 

time-of-flight mass spectrometer (IM-oTOF-MS) with a MALDI ion source. Figure 2-8 shows a 

schematic of the MALDI IM-oTOF-MS, which was developed by Ionwerks, Inc. (Houston, 

TX).78 Ions were created by a UV or IR laser and injected into an ion mobility drift tube held at a 
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pressure of 5 Torr helium gas. A Nd:YAG laser pumped mini-optical parametric oscillator 

(Opolette, OPOTEK, Carlsbad, CA) was used to perform IR-LDI and IR-MALDI analyses. The 

laser has a 400 nm continuous tuning from 2.6  to 3.45 µm wavelength ranges, 20 Hz pulse 

repetition rate, a pulse energy of 1 mJ across the tuning range, and a pulse temporal width of 5 ns. 

A 1 kHz repetition rate Nd:YLF diode pumped Q-switched UV laser (Crystalaser, Reno, NV) 

was used for the UV MALDI analyses. A 349 nm Nd:YLF (fourth harmonic) pulsed laser was 

irradiated on the sample spots at a rate of 200 Hz. The spot size of the laser was approximately 

200 µm. To prevent depletion of the sample, the plate was continuously moved to irradiate a 

fresh surface. Quartz and CaF2 lenses with focal lengths of 15 cm were used for the UV and IR 

irradiation, respectively. The IR laser provides vibrational activation via the O-H bond stretch 

mode. The IR laser with a short focal length lens provided sufficient energy to ionize most of the 

samples. The sample chamber was equipped with the sapphire window, and a CaF2 lens was 

mounted inside vacuum for IR laser focusing. The laser energy was attenuated by changing the 

pump laser flash lamp voltage, and beam focusing was performed. 

Ion mobility resolution up to 30 was achieved with the 5-inch long ion mobility drift tube 

with applied voltage of 1900 V. After IM separation, the ions exit the mobility cell where they 

pass through a differentially pumped region and then the ions are orthogonally accelerated into a 

40 cm reflectron TOF mass spectrometer, which achieves a resolution of 3,500 for ions with m/z 

1,000. The instrument has a sensitivity of 2 fmol for peptide standards. An X-Y sample stage 

provides 1 µm accuracy in beam positioning and sample scanning of a standard 96-well sample 

plate. The sample is at ground potential to ease sample introduction, which requires the 

application of high voltage bias in the ion mobility cell to pull the ions through the He gas. The 

mass spectrometer flight tube is floated at this bias voltage. This bias voltage can be switched so 

that either negative or positive ions can be analyzed. 
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Figure 2-8. Diagram of the UV and IR MALDI IM-oTOF-MS. The ultraviolet (UV) and infrared 
(IR) lasers are triggered by the delay generator (DG) and directed at the same target spot. The 
delay generator (DG) also triggers high voltage (HV) pulser and time-to-digital (TDC) converter. 
The ion signal from the reflectron detector is pre-amplifed, and then, the signal is transferred to 
TDC and computer (PC). 

 

In contrast to high vacuum MALDI, the ablation plume is collisionally cooled within 

microseconds by interaction with the He drift gas. After the laser pulse, the ions drift to the end 

of the mobility cell, which is biased by 1900 V applied to a resistive divider network connected 

between the sample plate and the exit of the mobility spectrometer. The mobility separated ions 

then pass through the skimmer into a differentially pumped orthogonal time-of-flight mass 

spectrometer where they are mass analyzed and the spectra recorded as a function of mobility 

drift time. The mobility drift times are typically several milliseconds while the flight times 

within the mass spectrometer are typically less than one hundred microseconds. Therefore, 

several hundred mass spectra are acquired after every laser pulse at intervals of every 30 to 150 

µs (depending on the mass range). Spectra are stored individually along with the associated 
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mobility times. This process is repeated for several hundred laser shots, until each of the mass 

spectra contains sufficient intensity to construct plots of the molecular ion mobility as a function 

of m/z. The data are presented as 2D false color contour plots of ion intensity as a function of ion 

mobility drift time and m/z.  

2.3. Samples and Reagents  

2.3.1. Analytes  

In Chapter 3, a wide mass range of analytes was investigated in order to compare the 

characteristics of different substrates from low mass region to high mass region. Riboflavin 

(Vitamin B2, C17H20N4O6, 376.4 Da), bovine serum albumin (BSA, 66,430.3 Da), and 

phosphorylase b from rabbit muscle (97 kDa) were purchased from Sigma-Aldrich (St. Louis, 

MO). Lyophilized bacteria samples of E. coli strain W (ATCC 9637), E. coli B strain (ATCC 

11303) B. subtilis (ATCC 6633), and Gramicidin D (G-5002) were also purchased from Sigma-

Aldrich and used without further purification. All of the pollen analytes used in Chapter 4, giant 

ragweed from grass (ambrosia trifida), black walnut (pollen from juglans nigra), and corn pollen 

(zea mays) were purchased from Sigma-Aldrich and stored in the freezer prior to use. A test 

bioaerosol suspension of gramicidin D in Chapter 5 was prepared in methanol at a concentration 

of 1 mg/mL to take SEM images. The bacteria suspension was prepared by dissolving 5 mg of E. 

coli in 1 mL of 4:1 (v/v) acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA) in deionized 

water. It was found that the TFA reduced particle clumping in the solution and produced higher 

particle counts from the nebulized solution.  

In Chapter 7, the standard peptides and proteins such as bradykinin at 6 mg/mL, bovine 

insulin at 10 mg/mL, and cytochrome c at 7 mg/mL were prepared by 1:1 (v/v) ACN/0.1% TFA. 

A mixture of potential bioaerosol interferants was simulated by mixing Arizona road dust 

(Powder Technology Inc., Burnsville, AZ) at 30 mg/mL, pollen at 15 mg/mL (5 mg each of giant 
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ragweed, black walnut, and corn pollen), carbon black at 10 mg/mL, and 60 mg/mL of salts (35 

mg/mL of ammonium sulfate and 25 mg/mL of sodium chloride). 

2.3.2. Calibration Standards  

External mass calibration was achieved with Bruker calibration standard kits: Peptide 

Standard Kit, Protein Standard Kit I and Protein Standard Kit II, purchased from Bruker 

Daltonics (Billerica, MA) for mass spectra obtained in Chapters 3, 4, and 5. The constituent 

information of the calibration standard kits is shown in Appendix A. The calibration standard kit 

containing dry peptides or proteins was dissolved in 125 µL of 0.1% TFA in deionized water, 

vortex mixed for 30 seconds, and then stored in a freezer prior to use. An aliquot of peptide and 

protein calibration standards was mixed with a saturated CHCA or SA matrix, which was 

dissolved in 1:1 (v/v) ACN:H2O. A 0.5 µL of the mixture was deposited on a target and allowed 

to air dry for mass analysis. The dried droplet method was used for calibration standard analysis. 

2.3.3. Matrices  

The MALDI matrices 　-cyano-4-hydroxy-cinnamic acid (CHCA, Sigma), 3,5-

dimethoxy-4-hydroxycinnamic acid (sinapinic acid, SA, Sigma), trans-hydroxy-3-

methoxycinnamic acid (ferulic acid, FA, Aldrich), 1,2-ethanedicarboxylic acid (succinic acid, 

Sigma), 3,4-dihydroxy-cinnamic acid (caffeic acid, CA, Sigma), and dihydroxybenzoic acid 

(DHB, Sigma) were used without further purification. Saturated matrix solutions were prepared 

by dissolving 20 mg of the matrix in 1 mL of 1:1 (v/v) acetonitrile and deionized water. Three 

MALDI matrices were chosen for the systematic sample preparation in Chapter 4 and were 

sinapinic acid, CHCA, and ferulic acid. The CHCA matrix was stored in the freezer prior to use.  

A number of UV and IR matrices (Chapter 7) were prepared by dissolving them in 1:1 

(v/v) ACN/ H2O. Most of the matrices were saturated: succinic acid at 70mg/mL, DHB at 100 

mg/mL, CHCA at 30 mg/mL, sinapinic acid at 30 mg/mL, and caffeic acid at 20 mg/mL. 
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Samples and matrices were deposited on 16-spot ion mobility targets using the dried droplet 

method with 1:2 (v/v) analyte/matrix ratio. 

2.3.4. Solvents  

Methanol, ethanol, acetonitrile (ACN), acetone, chloroform and dichloromethane (DCM) 

were purchased from Sigma-Aldrich (St. Louis, MO), and trifluoroacetic acid (TFA) was 

purchased from Fisher Scientific International (04902-100, Pittsburgh, PA). The solvent 

composition in Chapter 4 was acetonitrile with TFA in deionized water, and the TFA 

concentration was varied to 0.1%, 0.5% and 2.0%. 

 

    
 

a)      b) 
 
Figure 2-9. Photographs of 7x7 Omniflex MALDI targets; a) a stainless steel and b) a target 
modified to accommodate a silicon wafer. A 0.5 µL quantity of analyte mixed with 1 µL of 
matrix was deposited on both target substrates and allowed to air dry. First row: CHCA and SA; 
Second row: peptide calibration standard with CHCA; Third row: BSA with SA. 

 

2.4. Fabrication of Silicon Wafer Targets  

Commercially available 49-well (7x7) stainless steel targets (Bruker Daltonics, Billerica, 

MA) were used for MALDI substrates in Chapter 3. A piece of silicon wafer was placed directly 

onto a stainless steel target, which was milled to accommodate the thickness of the silicon wafer. 
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A target was milled out at approximately 1.6 mm on the center. A 0.6 mm thick antimony doped 

single crystal silicon (100) wafer77,79 purchased from Silicon Quest International (Santa Clara, 

CA) was attached on the center of the target with 1 mm thick carbon conductive double-sided 

tape (Electron Microscopy Sciences, Ft. Washington, PA) to make the surface height of the 

silicon the same as the stainless steel surface. Figure 2-9 shows photographs of a stainless steel 

target a) and a modified silicon wafer target b) with sample deposits.  

 

Table 2-2. L9 (33) orthogonal array of Taguchi experimental design (a set of nine experiments). The 
number of run is a combination of different levels of three factors. 
 

# of Run Matrix Solvent Deposition 

1 

2 

3 

4 

5 

6 

7 

8 

9 

M1 

M1 

M1 

M2 

M2 

M2 

M3 

M3 

M3 

S1 

S2 

S3 

S1 

S2 

S3 

S1 

S2 

S3 

D1 

D2 

D3 

D2 

D3 

D1 

D3 

D1 

D2 

 
 
2.5. Taguchi Experimental Design  

Taguchi experimental designs are based on orthogonal arrays, which are identified with a 

name such as L8 indicating an array with 8 runs. Classical experimental designs are also based on 

orthogonal arrays but are identified with a superscript to indicate the number of variables. Thus, 

a 23 classical experimental design also has 8 runs. In this research, A L9 (33) orthogonal array80,81 

Taguchi experimental design was carried out to evaluate the effects of the MALDI sample 
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preparation parameters because it was the most suitable for the conditions being investigated 

(three factors by three levels). The array is shown in Table 2-2. The three parameters (factors) 

were matrix, solvent composition, and deposition method. The subsidiary three levels for each 

factor are listed in Table 2-3. The L9 (33) orthogonal array of Taguchi experimental design 

requires only 9 experiments to obtain the same accuracy and to minimize the association of 

errors compared to the classical design that needs 27 experiments to represent the same 

information. A set of 9 experiments were carried out for each pollen analyte and the subsequent 

mass spectra were recorded for data analysis. 

 

Table 2-3. L9 (33) orthogonal array of Taguchi experimental design and the description of three 
different factors and their subsidiary levels. 
 

Factors 
Levels Matrix (M) Solvent (S) Deposition (D) 

1 

2 

3 

FA 

CHCA 

SA 

1:1 ACN/H2O (0.1% TFA) 

1:1 ACN/H2O (0.5% TFA) 

1:1 ACN/H2O (2.0% TFA) 

Dried droplet 

Seed layer 

Bottom layer 

 
 
2.6. Test Bioaerosol Generation 

A schematic of the particle collection system is shown in Figure 2-10. Test bioaerosol 

particles were generated using 10 mL of bacteria suspension that was placed in a Collison 

nebulizer (BGI, Waltham, MA) and nebulized using filtered house air at 30 psi pressure as the 

carrier gas. Particle size distributions for particles generated in this manner have been published 

previously and are approximately 1.5 µm in diameter at a concentration of 0.5 to 1 x 104 /cm3 

exiting the nebulizer.56,82 The bioaerosol particles were then directed through a 10 mm i.d. by 30 

cm length Tygon tube into an Andersen N6 single-stage bioaerosol impactor (Thermo Andersen, 

Smyrna, GA). Air is drawn into the impactor at a flow rate of 5 L/min with a vacuum pump. A 
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gap of approximately 2 mm between the Tygon tube and the impactor inlet compensates for a 

pressure difference between outgoing flow from the nebulizer and incoming flow to the impactor. 

The impactor was modified to accept the mass spectrometer sample target, which can be rotated 

with a clock motor during particle collection to disperse the sample on the target. In this work, 

the target was held stationary to produce a single “spot” for each of the 400 inlet holes in the 

impactor. The target protrudes approximately 3 mm above the floor of the impactor so that the 

MALDI target has the appropriate distance from the impactor nozzles. 

Bioaerosol particles were collected on bare or matrix pre-coated targets. Matrix coated 

targets were prepared by depositing 400 µL of saturated matrix solution over the entire surface of 

the target and allowing it to dry. After particle deposition, the target was removed from the 

impactor and inserted into the mass spectrometer for off-line analysis. In some cases, the matrix 

or solvent was added to the target prior to analysis. Aerosol particle collection time was 

approximately four and half minutes. For the dried droplet method, the bacteria solution and 

matrix solution were pre-mixed to 1:1 (v/v). A 1 µL of the mixture was deposited on the target 

and allowed to air dry.  

  
a)                                                             b) 

 
Figure 2-10. Diagram a) and a photograph b) of the test particle generator (Collison nebulizer) 
and modified Andersen N6 impactor particle collection devices. The bacteria suspension is 
nebulized, drawn to the impactor by a pump, and impacted on the target surface seated in the 
impactor. 
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2.7. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) images of samples were investigated in Chapters 3 

and 5. To further evaluate analyte/matrix co-crystallization characteristics of both targets in 

Chapter 3, SEM images were investigated with the samples spots shown in Figure 2-9. In 

Chapter 5, SEM was used to examine the surface of matrix precoated targets with impacted 

particles. Gramicidin D particles impacted on a sample target precoated with DHB matrix were 

investigated by SEM. Prior to SEM, targets were pre-coated with approximately 20 nm of 

gold/palladium (60/40) for 2 minutes in a sputter coater (S-150, Edwards, Fairfield, CA) at an 

argon gas pressure of 0.1 torr and an applied current of 10 mA. The samples deposited on both 

stainless steel and silicon wafer targets were investigated at 4 kV with a SEM (Stereoscan 260, 

Cambridge Instruments, Cambridge, UK) located in the Louisiana State University Socolofsky 

Microscopy Center. 
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CHAPTER 3. MALDI MASS SPECTROMETRY ON SILICON 

 

3.1. Introduction 

A number of MALDI substrates have been studied with the goal of improving sensitivity, 

enhancing ionization efficiency, concentrating samples, and increasing reproducibility. These 

approaches include porous silicon,83-85 graphite,86,87 silicon/graphite,88 gold,89,90 carbon 

nanotube,91-93 and teflon,94 surfaces. The hydrophobic MALDI substrates were used to 

concentrate samples resulting in improved sensitivity and enhanced detection limit.90,94-96 A 

hydrophobic target (with the commercial name Anchorchip) has been investigated with large 

volume dilute samples evaporated to a small spot on a MALDI target.94,95 The target consists of a 

hydrophobic polymeric surface around a perimeter of small hydrophilic spots, which are about 

200 to 800 µm in diameter. This allows the deposition of large volume solvent droplets that 

evaporate to the minimal surface area of the hydrophilic spots, resulting in concentrated analyte 

and matrix crystals. Due to higher concentration of the analyte in the small spot, the sensitivity 

can be increased up to ten times if the sample is sufficiently desalted. Gundry et al.96 have used a 

disposable hydrophobic surface, SILCLEAN 3700 (1-methoxy-2-propyl acetate), for the analysis 

of peptides. This process involves masking the hydrophilic sample spot prior to spraying 

SILCLEAN 3700 around the perimeter of the liquid masking agent. Hydrophobic targets are 

limited to the concentration of relatively low µL volumes of solvent.94-96  

Porous silicon substrates have been used in the past for small molecule analysis with a 

matrix-free soft ionization technique known as desorption/ionization on silicon (DIOS).97,98 It 

has been shown that peptides and small proteins can be ionized using a UV laser without matrix 

if the sample is deposited on a porous silicon surface. The DIOS approach has the advantages of 

high sensitivity, tolerance for impurities such as salts and detergents, and particularly lack of low 
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mass interference from matrix ions.98 DIOS has been demonstrated in proteomics83 and 

forensics84 applications and has been used for the direct detection of peptides from cells cultured 

on the silicon surface.99 Detailed studies suggest that residual solvent adsorbed on the porous 

silicon surface may be integral to the DIOS process.100 Efficient ion formation in DIOS is 

generally attributed to the special properties of porous silicon, including its high surface area, 

thermal conductivity, UV absorptivity, and its ability to trap solvent or residual gas molecules.101 

However, the DIOS approach is disadvantageous in that it requires an additional step for 

the photoelectrochemical etching of silicon wafer, involves the complex cleaning procedure with 

a possible residual signal effect, and degrades over time on the porous surface owing to exposure 

to air.76,100 Although it has been reported that proteins up to m/z 18,000 can be analyzed by DIOS 

with a UV laser,83 the matrix-free DIOS is typically used with small molecules such as 

pharmaceuticals, peptides, small proteins, synthetic polymers, and enzymes in the mass range up 

to m/z 700 that are difficult to observe with MALDI due to low mass interferences by matrix 

ions.76  

Non-porous silicon targets have been used for matrix-free analysis with infrared lasers for 

peptide and protein ionization (mass range up to m/z 17,000).76,77 The heterogeneous MALDI 

sample deposits on typical stainless steel targets require searching for “sweet spots” where the 

analytes of interest are locally dispersed on matrix crystals, producing widely varying ion 

signals.102,103 One of the greatest advantages of the untreated silicon substrate is that it leads to a 

homogeneous sample spot so that a search for a sweet spot is not necessary. Thus, it increases 

spot-to-spot and shot-to-shot reproducibility, which is useful for high-throughput and automated 

sample analysis. The untreated silicon wafer surface is hydrophobic, which allows large volume 

sample to be concentrated on a small spot after solvent evaporation. 

In this research, we demonstrated the benefits of using untreated silicon wafers compared 
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to conventional stainless steel targets for MALDI analysis of large as well as small molecules. 

Samples and matrices were deposited on silicon wafers and commercial stainless targets and 

irradiated with a 337 nm N2 laser. The resulting ions were accelerated and mass separated in a 

time-of-flight mass spectrometer. 

3.2. Experimental 

In this research, a commercial stainless target was modified to accommodate a silicon 

substrate, which is shown in Figure 2-9b. The performance of both targets was evaluated through 

a wide mass range by the analysis of proteins, bacteria, and calibration standard kits detailed in 

Appendix A. Laser energies were recorded for each mass spectrum to measure laser fluences. 

The laser spot size was measured at 250 x 800 µm2 using photographic burn paper. To 

investigate background signals in the low mass region (up to m/z 1,000) the stainless steel target 

was carefully cleaned to avoid a memory effect caused by the sample and matrix residues from 

previous use. The stainless steel target was first cleaned in an ultrasonic bath for 30 minutes in a 

biological grade detergent (Alconox, VWR International, West Chester, PA) dissolved in hot 

water. The target was washed then sonicated for an additional 30 minutes in dichloromethane. 

Finally, the target was washed and cleaned in an ultrasonic bath for 5 minutes in ethanol. The 

silicon wafer target was prepared as a new substrate for the low mass background signal analysis.  

3.3. Results and Discussion 

Photographs of the stainless steel and modified silicon target with sample deposits are 

shown in Figure 2-9 a and b, respectively. Dried droplet deposits of 1.5 µL of 1:2 (v/v) analyte 

and matrix were deposited on each spot for both target substrates and allowed to dry in air. The 

first row of both targets in Figure 2-9 is 1.5 µL of CHCA (left) and SA (right) matrices. Both 

spots in the second row are peptide standards mixed with CHCA matrix, and both spots in the 
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third row are BSA mixed with SA matrix. The sample spot sizes are somewhat smaller on the 

silicon surface compared to the stainless steel surface.  

3.3.1. SEM Images of MALDI Samples 

To further evaluate analyte and matrix co-crystallization characteristics for both 

substrates, scanning electron microscopy images were investigated for both target samples 

shown in Figure 2-9. The SEM images of samples deposited on stainless steel and silicon are 

shown in Figure 3-1 and Figure 3-2, respectively. From the first to last row of SEM images in 

Figure 3-1 and Figure 3-2 are CHCA (a and b), SA (c and d), peptide standard mixtures with 

CHCA (e and f), and BSA mixed with SA (g and h), respectively. The first column of both SEM 

images shows a full sample spot, and the second column shows a 400 times magnified image of 

the sample spot. The sample spot on silicon were generally 20% to 40% smaller in area 

compared to stainless steel. This suggests that the silicon surface is more hydrophobic than that 

of stainless steel. The CHCA matrix formed an approximately 30 µm flower shaped crystals, and 

the SA matrix formed approximately 40 µm parallelogram shaped crystals after drying. The 

peptide and protein analytes were embedded in the matrix crystals at approximately 1:1,000 to 

1:10,000 molar ratios so that they would not be expected to perturb the crystal structure. 

3.3.2. Background Signal Comparison in the Low Mass Region 

To investigate background signals in the low mass region up to m/z 1,000, freshly cleaned 

silicon and stainless steel targets were prepared and irradiated with the UV laser at different laser 

fluences. Figure 3-3 shows mass spectra obtained in this experiment with both MALDI 

substrates, a) silicon and b) stainless steel, up to m/z 1,000. The mass spectra shown are a 

summation of 50 laser shots in reflectron mode. The laser irradiation of the blank silicon 

substrate in Figure 3-3a produced no background signal through an entire mass region, even at 

maximum laser fluence. 
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Figure 3-1. SEM images of MALDI sample spots on a stainless steel target. 
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Figure 3-2. SEM images of MALDI sample spots on a silicon target. 
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Figure 3-3. Mass spectra obtained from blank target irradiation of a) silicon wafer and b) 
stainless steel target. The mass range up to m/z 1,000 was investigated. Each mass spectrum is a 
sum of 50 laser shots. See the Table 2-1 for laser energy to fluence conversion. 
 

On the other hand, the laser irradiation of the blank stainless steel substrate in Figure 3-3b 

produced significant background signals from the stainless steel surface, increasing with laser 

fluence above 160 J/m2 in the mass region up to m/z 600. This shows that the stainless steel 

target is less suitable for the analysis of small molecules if the laser energy penetrates the sample 

layer and ablates target materials.  

3.3.3. Small Molecule Analysis 

To investigate MALDI target substrate characteristics for small molecule analysis in the 

mass region up to m/z 1,000, riboflavin was used as a test analyte. The matrix-free laser 

desorption/ionization (LDI) mass spectra of riboflavin with silicon and stainless steel target are 

shown in Figure 3-4. The concentration of riboflavin was 3.1 pmol/μL dissolved in 1:1 (v/v) 
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ACN/deionized water. A 1 μL volume of analyte solution was loaded onto both substrates then 

allowed to dry at room temperature. The laser energy used to obtain each mass spectrum was 

65% for both substrates while the threshold laser energy was 55% for silicon and 62% for 

stainless steel. Both mass spectra were a summed average of 30 laser shots in reflectron mode. 

Peaks at 243.1 Da and 257.2 Da were assigned as fragment peaks labeled with asterisks (∗) in 

Figure 3-4 a and b. Peak resolution (3100 for Si and 2900 for SS) and signal-to-noise ratio (240 

for Si and 75 for SS) were not significantly affected by the substrates but were slightly better 

with the silicon wafer while the signal intensity (730 for Si and 180 for SS) of the peaks in the 

two mass spectra were comparable.  

An interesting result is that the stainless steel target produced some background signal 

from the ablation of substrate materials in the mass range from 0 to 100 Da and from 490 to 560 

Da, labeled with diamonds (♦) in Figure 3-4b. The stainless steel target produced weak analyte 

peaks even at higher laser energies where high background signals from substrate ablation were 

also observed. In contrast, the silicon substrate produced intense analyte peaks without 

background signal even at full laser energy.  

A notable observation in this research is that the peak intensity increased after several of 

laser shots for the silicon substrate, and thereafter, was steady. It has been reported that an 

abundant signal for intact noncovalent protein complexes (e.g., multiply charged ions, multimers, 

etc.) could be obtained for the first laser shot on a not-yet-irradiated sample spot exclusively.105-

110 Subsequent laser exposure of the same sample spot has predominately yielded signals of 

monomeric protein ions. This effect has been named to "first-shot phenomenon." 105-110 Rosinke 

et al.,105 first reported this effect and assumed that the noncovalent complex can only be 

observed for the first shot at a given sample position. 
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Figure 3-4. Matrix-free LDI mass spectra of riboflavin (376.4 Da, C17H20N4O6) on a) a silicon 
wafer and b) a stainless steel substrate. Peaks labeled with asterisks (∗) at 243.1 Da and 257.2 Da 
are assigned as fragments of riboflavin. Peaks labeled with diamonds (♦) at 42.1, 56.2, 70.3, 
495.6, 524.6 and 551.8 Da are assigned as backgrounds from the ablation of the stainless steel 
substrate. 
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Successive laser shots at the same position primarily produced monomer ions. In contrast to the 

first-shot phenomenon, no ion peak was generated during the first few laser shots on a fresh 

sample spot from the silicon substrate.  

3.3.4. Large Molecule Analysis 

Silicon can be used for large molecule analysis by MALDI mass spectrometry. BSA 

(66.5 kDa) and phosphorylase b (97 kDa) from rabbit muscle could be analyzed with the silicon 

substrate as well as the stainless steel substrate, and their mass spectra are shown in Figure 3-5. 

The concentration of BSA and phosphorylase b was 10 pmol/μL and 2.4 pmol/μL, respectively, 

dissolved in 1:1 (v/v) ACN/0.1% TFA in deionized water. A 1 μL of each analyte was mixed 

with 2 μL of SA matrix and deposited onto both substrates. The analyte to matrix molar ratio 

was approximately 1: 8,900 for BSA and 1: 32,600 for phosphorylase b. The laser energy used to 

obtain mass spectra for BSA and phosphorylase b was 90% and 95% for silicon and 70% and 

70% for stainless steel substrate while the threshold laser energy was 58% and 63% for silicon 

and 54% and 61% for stainless steel. The silicon required somewhat higher laser fluence than 

stainless steel substrate for large molecule analysis. Mass spectra shown in Figure 3-5 are a 

summed average of 100 laser shots in linear mode. Peak resolution (93 for Si and 87 for SS for 

BSA, 88 for Si and 92 for SS for phosphorylase b) and S/N (590 for Si and 390 for SS for BSA, 

130 for Si and 105 for SS for phosphorylase b) were not significantly affected by the substrate 

but were slightly better with the silicon. Monomer, dimmer, trimer, as well as multiply charged 

peaks were observed in the BSA and phosphorylase b mass spectra for both substrates, but the 

silicon substrate produced greater peak intensities.  
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Figure 3-5. Large molecule mass spectra for BSA on a) Si and b) SS, and phosphorylase b on c) 
Si and d) SS with SA matrix. Ion suppression was used below m/z 10,000. Peaks labeled with 
asterisks (∗) in BSA mass spectra from left to right are assigned as [M+3H]3+, [M+2H]2+, 
[2M+3H]3+, [M+H]+, [3M+2H]2+, [2M+H]+ and [3M+H]+. Peaks labeled with asterisks (∗) in 
phosphorylase b mass spectra from left to right are assigned as [M+3H]3+, [M+2H]2+, [M+H]+ 
and [2M+H]+. 
 

3.3.5. Bacteria Analysis 

Figure 3-6 shows mass spectra of a gram-negative bacterium, Escherichia coli, a 

lyophilized cell of strain W. A 5 µg/µL concentration of E. coli W strain in 1:1 (v/v) ACN/0.1% 

TFA was mixed with SA matrix at 1:2 (v/v) ratio. A 1 µL volume of the mixture was deposited 

onto both substrates. The laser energy was 65% for silicon and 60% for stainless steel, and the 

threshold laser energy was 55% for silicon and 50% for stainless steel. Mass spectra were a 

summed average of 50 laser shots in linear mode. Ion suppression was used below m/z 3,000. 

Some unique biomarker peaks at 15,602 Da and 35,128 Da could be obtained with both silicon 

and stainless steel substrates but could not be identified with database searching. Mass 
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fingerprinting can be used to find a unique pattern of peaks for bacteria that can be used for the 

identification of strain level of species.54,111 Overall the bacteria analysis for the silicon substrate 

gave similar performance to the stainless steel substrate.  

 
Figure 3-6. E. coli W strain mass spectra with SA matrix on a) silicon wafer and b) stainless 
steel target. Ion suppression was used below m/z 3,000, and the mass spectra were cut off below 
m/z 3,000. Mass peaks at 15,602 Da and 35,128 Da could be obtained with both substrates but 
could not be identified with database searching.  
 

3.3.6. Shot-to-Shot and Spot-to-Spot Reproducibility 

A remarkable difference between two substrates was the shot-to-shot and spot-to-spot 

reproducibility of the silicon target. The peptide standards, angiotensin II and ansgiotensin I, 
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were mixed with the saturated CHCA matrix and deposited onto both targets with the dried 

droplet method. To quantify these characteristics for both substrates, thirty mass spectra were 

recorded by irradiating a single spot for shot-to-shot reproducibility and by irradiating multiple 

spots for spot-to-spot reproducibility measurements. The average and the relative standard 

deviation (RSD) of peak height and area for the molecular ion peaks of the peptide standards, 

angiotensin II and ansgiotensin I are shown in Table 3-1. The shot-to-shot reproducibility of the 

silicon substrate is about one and a half times better than the stainless steel substrate while the 

spot-to-spot reproducibility is three to ten times better for the silicon substrate. The shot-to-shot 

reproducibility is worse than the spot-to-spot reproducibility for silicon substrate because the 

signal intensity decreased gradually with the laser shot increment due to the faster sample 

depletion on a single spot. On the other hand, the spot-to-spot reproducibility is worse than the 

shot-to-shot reproducibility for stainless steel substrate because the inhomogeneous matrix 

crystals produced sweet spots. It is reported that the relative standard deviation of the shot-to-

shot and spot-to-spot reproducibility for dried droplet sample preparation on stainless steel 

substrates is 20-90%.104  

 

Table 3-1. The shot-to-shot and spot-to-spot reproducibility measurements of peptide standards 
deposited on stainless steel (SS) and silicon (Si) substrates expressed as an average with relative 
standard deviation. Data were calculated from 30 mass spectra of a single laser shot. 
 

Shot-to-Shot Spot-to-Spot Substrates 

Analytes SS Si SS Si 

Height 144 ± 17% 166 ± 10% 112 ± 33% 234 ±  6% 
Angiotensin II 

Area 587 ± 23% 677 ± 17% 508 ± 39% 755 ± 14% 

Height 163 ± 14% 215 ±   9% 97   ± 33% 239 ±  3% 
Angiotensin I 

Area 951 ± 15% 815 ± 10% 538 ± 38% 1052 ±  7% 
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3.4. Summary 

In this chapter, silicon wafer targets were demonstrated for the analysis of riboflavin, 

BSA, phosphorylase b, and E. coli and compared to stainless steel targets. The surface 

characteristic of non-porous silicon substrate is hydrophobic, and thus it produces 20% to 40% 

more concentrated sample spots after solvent evaporation resulting in better ion signal. Silicon 

substrates produced less background signal in the low mass region even at maximum laser 

fluence. On the other hand, stainless steel substrates produced significant background signals in 

the mass region below m/z 600 due to surface ablation, which increases with laser fluence above 

160 J/m2. This implies that the stainless steel target is less suitable for small molecule analysis 

due to surface ablation.  

The silicon substrate required somewhat lower laser fluence for riboflavin analysis but 

required somewhat higher laser fluence for high mass molecule analyses than did stainless steel. 

The silicon produced intense and reproducible signals. Peak resolution and S/N were not 

significantly affected by the substrate, but detection limit was approximately ten times better 

with silicon substrate. A notable observation for the silicon substrate is that the ion signals 

increased after several laser shots, and thereafter were stable in contrast to some previous reports 

reporting a first-shot phenomenon.105-110  

The most notable observations on silicon substrate were shot-to-shot and spot-to-spot 

reproducibility. The RSD of peak height and area of angiotensin II and angiotensin I for the 

silicon substrate is approximately 1.5 times better for shot-to-shot and 3 to 10 times better for 

spot-to-spot reproducibility compared to the stainless steel substrate. The spot-to-spot and shot-

to-shot reproducibility for MALDI sample preparation are important figures of merit for 

applications needing quantification, high-throughput, and automated sample analysis. Overall the 
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silicon substrate showed excellent performance for the analysis of low mass molecules as well as 

high mass molecules.  

The off-line bioaerosol collection on MALDI substrates requires highly reproducible 

signals. Thus, the silicon substrate is a great substitute for the conventional stainless steel 

MALDI substrate. Little or no low mass background signals on the silicon substrate help 

bioaerosol identification by mass fingerprinting to find a unique pattern of bioaerosol peaks. 
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CHAPTER 4. TAGUCHI OPTIMIZATION OF MALDI 

 

4.1. Introduction 

Although MALDI-MS has been extensively studied, the technique suffers from some 

disadvantages, such as poor shot-to-shot reproducibility, matrix crystal inhomogeneity, short 

sample life time, and strong dependence on the sample preparation method.112,113 Analytes 

embedded in a matrix crystal are typically inhomogeneous and often gives irreproducible ion 

signals.96,102,103 Thus, it is often necessary to search for sweet spots to obtain adequate 

performance.114-116 It is important to obtain homogeneous MALDI spots that yield signals from 

the entire spot reproducibly for mass spectrometric analysis. A number of research groups have 

devoted significant effort to find best MALDI sample preparation methods related to 

matrix,57,117-120 solvent composition,121-123 and deposition method,120,124,125 but finding the best 

sample preparation for a variety of analytes is still empirical.126-132 To find the best combination 

of parameters is difficult not only because of the number of tests required but also because of the 

inter-parameter interaction effects. McComb et al.133 have investigated several parameters that 

influence MALDI sample preparation: choice of matrix, solution volume, solvent composition, 

solvent drying rates and matrix/analyte co-crystallization methods. Their results were notable, 

but the interaction effects among sample preparation parameters were ignored since they 

changed one parameter at a time while the other parameters were fixed. 

In the 1940’s Genichi Taguchi developed a technique, called “Taguchi's statistical 

approach” or “Taguchi experimental design.”134 Taguchi experimental design provides a 

systematic and efficient method for determining optimum parameters and getting maximum 

information with minimal experiments. In addition, it enables the determination of the complex 

interaction effects associated with parameters involved. Interactions are often important and may 
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be missed when investigations are carried out by changing one variable at a time. The objective 

is to select the best combination of controlled parameters so as to achieve the most robust 

process with respect to the signal-to-noise ratio. Taguchi experimental design has a number of 

advantages over conventional classical and factorial designs such as an efficient data analysis 

with a minimal number of experiments, the ability to study interaction effects between 

parameters, low source of errors, easy prediction of optimization results, step by step statistical 

controlling the conditions, low cost, and less time.135  

There are a number of sample preparation methods developed for MALDI applications. 

These include dried droplet,37,120,136, 137 vacuum drying,138 crushed crystals,136,139 slow crystal 

growing,137,140 active thin film,141-143 pneumatic spray,144,145 electrospray,26,146 fast solvent 

evaporation,136,147,148 sandwich,149,150 seed-layer (two-layer), 120,123,136 and bottom-layer.124 In this 

research, three of the most widely used sample deposition methods were used and are described 

in the experimental section. The Taguchi experimental design was used to optimize MALDI 

sample preparation for the analysis of three pollens: giant ragweed from grass (ambrosia trifida), 

black walnut (pollen from juglans nigra), and corn pollen (zea mays) since they are potential 

background for biological aerosol particle analysis.151 Interaction effects between parameters 

were also investigated. 

4.2. Experimental 

Pollen analytes were prepared by dissolving 1 mg of each pollen in 100 µL of solvent. 

Small amounts of pollen could be suspended in the 1:1 (v/v) acetonitrile and TFA in deionized 

water. A number of MALDI solvents were tested to suspend pollens such as acetonitrile, water, 

ethanol, methanol, acetone, dichloromethane and chloroform but none of them showed good 

results. Matrices were prepared in the same combination of solvents as analytes. Three sample 

deposition methods were chosen since they play an important role in a successful MALDI 



 54

analysis. A brief description of the sample preparation procedure is follows. 1) Dried droplet: A 

1 μL of analyte was mixed with a 2 μL of matrix and spotted on a target and allowed to air dry. 

2) Seed-layer: A 1 μL of matrix solution was spotted on a target and allowed to dry. Then, A 2 

μL of 1:1 (v/v) analyte/matrix mixture was spiked on top of the first matrix layer and allowed to 

air dry. 3) Bottom-layer: A 1 μL of analyte was spotted on a target and allowed to air dry. A 2 μL 

of matrix solution was then deposited on top of the analyte layer and allowed to air dry. All mass 

spectra were acquired using a commercial MALDI time-of-flight mass spectrometer. 

4.3. Results and Discussion 

Mass spectra were obtained by conducting the experiments shown in Table 2-2. It is 

impossible to directly compare the individual mass spectra because only one level of parameter 

in a mass spectrum is the same as another, while the other levels are different. A series of nine 

mass spectra were obtained for each pollen, and the results were compared by grouping three 

combinations of mass spectra, which have the same level of each factor. The criteria of the 

comparison are based on the figures of merit such as the number of peaks, signal-to-noise ratio, 

and mass resolving power.  

Three sets of nine mass spectra of black walnut (Figure 4-1), giant ragweed (Figure 4-2), 

and corn pollen (Figure 4-3) were obtained. External calibration was performed for all of mass 

spectra with calibration standard kits. The mass spectra in Figures 4-1, 4-2, and 4-3 were sorted 

in the order of experiment number from top to bottom. Pollen mass spectra were obtained in 

linear mode and were summed at an average of 50 laser shots to produce a final spectrum. No 

baseline correction was performed on the mass spectra shown in the figures. All of the mass 

spectra were obtained at the minimum laser fluence necessary to retrieve peaks equivalent to full 

laser fluence. 

 



 55

Table 4-1. Comparison of the average number of peaks in pollen mass spectra (corn pollen, giant 
ragweed, and black walnut) in the effect of different levels of matrix, solvent and deposition. 
 

Factors Levels Corn pollen Giant ragweed Black walnut 

FA 31.3 28.0 14.0 

CHCA 26.3 47.0 23.0 Matrix 

SA 24.7 47.0 23.0 

ACN/H2O (0.1% TFA) 28.7 36.3 20.0 

ACN/H2O (0.5% TFA) 26.7 42.0 17.7 Solvent 

ACN/H2O (2.0% TFA) 27.0 43.7 22.3 

Dried Droplet 31.3 44.3 28.0 

Seed Layer 23.7 33.0 22.7 Deposition 

Bottom layer 27.3 44.7 9.3 

* Bold numbers are the highest number of peaks for each factor in each pollen. 

 

Sample preparation parameters were found to significantly influence the mass spectra 

obtained. Some sample preparations showed mass spectra with abundant peaks and good 

resolution while some others showed no peak in the entire mass region. The number of peaks 

was determined on the basis of signal-to-noise ratio greater than 10 in the mass region over 1,000 

Da. Table 4-1 shows a comparison of the average number of peaks in the mass spectra of the 

three pollens with different parameter levels (matrix, solvent, and deposition). The main effects 

of sample preparation parameters for black walnut (a, b, and c), giant ragweed (d, e, and f), and 

corn pollen (g, h, and i) by figures of merit, the number of peaks, S/N, and resolution are shown 

in Figure 4-4. The magnitude of the significance among factors affecting the quality of mass 

spectra can be determined by measuring the range of data of the levels of factors in Figure 4-4. 

The wider range of data between the levels of a factor, the more significant the factor is. 
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4.3.1. Matrix Effect 

Three cinnamic acid derivatives of CHCA, SA, and FA were chosen for MALDI matrices 

since they were reported to be good matrices, especially in the detection of high mass proteins or 

peptides.152,153 CHCA and SA matrices produced more peaks than FA matrix for giant ragweed 

and black walnut pollens while FA matrix produced more peaks than CHCA and SA matrices for 

corn pollen. Generally, MALDI matrices are classified as hot, intermediate, and cold matrices on 

the basis of their internal energy, threshold laser fluence, and fragmentation pattern.117,118,154,155 

The hot matrices produce lower internal energy and require lower threshold laser fluence, thus, 

generate more fragmentation at the same laser fluence than the cold matrices do.118 It is reported 

that the CHCA and SA matrices are hot and the FA matrix is intermediate.154 CHCA matrix 

generally produces more peaks in the low mass region up to m/z 5,000 while SA matrix produces 

more peaks in the high mass region over m/z 5,000.156 Overall, the S/N and resolving power 

increased in the order of FA < CHCA < SA as shown in Figure 4-4 ( , solid line) for black 

walnut and giant ragweed pollens, but CHCA was slightly better than SA for corn pollen. 

Among these three factors, the choice of matrix was the most important factor influencing the 

quality of mass spectra. 

4.3.2. Solvent Effect 

It is reported that the pH of the solvent affects mass spectra by extracting peptides and 

proteins more efficiently from bacteria and cells.157 A 1:1 ACN/water solution containing 0.1%, 

0.5%, and 2.0% of TFA was chosen to evaluate the effects on the pollen mass spectra. The pH of 

these solvents was measured with a pH meter: 1:1 (v/v) acetonitrile with 0.1%, 0.5% and 2.0% 

TFA produced 1.84, 1.26 and 0.82 pH value, respectively. The number of peaks and the spectral 

signal intensity increased as the concentration of TFA increased up to 3%, suggesting its ability 

to solubilize peptides and proteins from cells.157 
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Figure 4-1. A set of nine mass spectra of black walnut pollen. Mass spectra were sorted by the 
experiment number from top to bottom. Mass spectra were obtained at the minimum laser 
fluence. Mass spectra were obtained in linear mode and were summed at an average of 50 laser 
shots. External calibration was performed, and no baseline correction was used.  
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Figure 4-2. A set of nine mass spectra of giant ragweed pollen. Mass spectra were sorted by the 
experiment number from top to bottom. Mass spectra were obtained at the minimum laser 
fluence. Mass spectra were obtained in linear mode and were summed at an average of 50 laser 
shots. External calibration was performed, and no baseline correction was used. 
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Figure 4-3. A set of nine mass spectra of corn pollen. Mass spectra are sorted by the experiment 
number from top to bottom. Mass spectra were obtained at the minimum laser fluence. Mass 
spectra were obtained in linear mode and were summed at an average of 50 laser shots. External 
calibration was performed, and no baseline correction was used. 
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Figure 4-4. The effects of sample preparation parameters, matrix ( , solid line), solvent ( , 
dotted line), and deposition ( , dashed line) on MALDI mass spectra for black walnut (a, b, and 
c), giant ragweed (d, e, and f), and corn pollen (g, h, and i) compared by figure of merit, number 
of peaks, S/N, and resolution. 
 

But the number of peaks and intensity dropped as the concentration greater than 3% TFA. In this 

experiment, the highest concentration of 2.0% TFA produced more peaks for black walnut and 

giant ragweed as shown in Figure 4-4 ( , dotted line). But the 0.1% TFA produced slightly more 

peaks than the 2.0% TFA in corn pollen (see Table 4-1). The S/N and mass resolving power 

were inversely proportional to the concentration of TFA. Of the three sample preparation 
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parameters, the solvent composition appeared to have the least effect on mass spectra in terms of 

number of peaks, S/N, and resolution. 

4.3.3. Deposition Effect 

The MALDI sample deposition method is also known to significantly affect mass spectral 

signal.120,124,125 Of the three deposition methods, the dried droplet method produced the best mass 

spectra for the three pollen analytes in terms of number of peaks, S/N, and resolution. With the 

exception of giant ragweed, the bottom-layer method produced slightly more peaks than the 

dried droplet method. The seed-layer and bottom-layer methods were the worst for corn pollen 

and back walnut, respectively, in terms of number of peaks, S/N, and mass resolving power. The 

giant ragweed pollen generated a unique polymeric peak pattern with a combination of CHCA 

and 0.5% TFA, and bottom-layer method. The mass spectrum of giant ragweed pollen is 

expanded in Figure 4-5. The unique polymeric peaks were generated in the mass region between 

5,000 Da and 9,000 Da, and were spaced by 132.1 Da from each other. The mass difference of 

two adjacent peaks in each series might correspond to the loss of xylose (C5H10O5, 132.1 Da),158-

160 which is an essential sugar saccharide of the pentose class and is vital to cellular 

communication. Xylose can be found in the embryos of most edible plants. Leonard et al.161 also 

found a similar mass spectrum from Art v 1, the major allergen of mugwort (Artemisia vulgaris) 

pollen, which contains galactose (Gal) and arabinose (Ara). There were a series of 132 Da 

different mass peaks in the mass region from 6,000 Da to 9,000 Da. They interpreted the set of 

mass with spacing of 132 Da as dansyl-(Ara-)Hyp-(Ara-)Hyp, which indicates the presence of 

contiguous β-Ara-Hyp pairs in Art v 1. 
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Figure 4-5. An expanded mass spectrum of giant ragweed pollen obtained from the combination 
of CHCA, 2.0% TFA, and bottom-layer. The mass spectrum corresponds to Taguchi experiment 
number 5 (M2S2D3) in Table 2-2. 
 

 

4.4. Summary 

A L9 (33) orthogonal array of Taguchi experimental design was used to optimize the 

MALDI sample preparation parameters: matrix, solvent composition, and deposition method. 

Experiments were carried out in a random sequence of the Taguchi experimental plan. The 

resulting three sets of nine mass spectra were compared by grouping three combinations of mass 

spectra, which have the same level of each parameter with the criteria of number of peaks, S/N, 

and mass resolving power. Sample preparation parameters were shown to significantly influence 

the mass spectra obtained. CHCA and SA matrices produced more peaks than FA matrix in giant 

ragweed and black walnut pollens, while FA matrix produced more peaks than CHCA and SA 

matrices in corn pollen. Overall, the average of S/N and resolving power increased in the order 
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of FA < CHCA < SA. The pH of solvents was varied from 0.1%, 0.5%, and 2.0% TFA in 1:1 

(v/v) acetonitrile/water solution to evaluate the effects on the mass spectra of pollens. Generally, 

the number of peaks in the mass spectra increased with TFA concentration, but S/N and mass 

resolving power decreased with TFA concentration. The dried droplet sample deposition method 

produced the best mass spectra for the three pollen analytes.  

With giant ragweed, a unique polymeric peak pattern was produced with a combination 

of CHCA and 0.5% TFA, and bottom-layer method in the mass region between 5,000 Da and 

9,000 Da. The peaks were spaced by 132.1 Da in the mass region and might be caused by the 

loss of xylose units (C5H10O5, 130.1 Da).158-160 Of the three sample preparation parameters, 

choice of matrix was the most important factor and solvent composition was the least important 

factor. 

Taguchi experimental design is also useful to optimize parameters associated with the 

bioaerosol collection procedure. These parameters include flow rate, collection time, MALDI 

matrix, solvent addition, etc. The interaction effects between parameters of off-line bioaerosol 

collection can also be easily determined by Taguchi experimental design with minimum number 

of experiment. 

 

 

 

 

 

 

 



 64

CHAPTER 5. BACTERIA DEPOSITION  

 
5.1. Introduction 

One of the chief issues in MALDI analysis of bioaerosols is the mixing of the matrix and 

the analyte.12,56,162,163 This can be done in several ways: collected particles (or extracted material) 

can be mixed with matrix and deposited on the target,52,164 particles can be collected on a matrix-

coated target,56 or matrix can be added to the particles by condensation.12,162,163 Analysis of 

collected particulate affords the most freedom in sample treatment prior to analysis but is 

complicated and requires multiple sample preparation steps. Addition of matrix by condensation 

has been demonstrated previously both with off line12 and on-line particle ionization.56,162,163 The 

condensation matrix addition approach allows the ionization of particulates without deposition 

but as currently implemented, is not sufficiently sensitive for practical applications. Deposition 

on a matrix-coated target is attractive because it has the potential for rapid analysis and the 

process requires few preparatory steps. Initial results indicate that the mixing of matrix and 

analyte after deposition on the target is critical to obtaining good signal and suppressing 

background interferences.165,166 

Recently, several research groups have demonstrated results showing that bacteria can be 

identified through their characteristic mass spectra using MALDI mass spectrometry with 

minimal fragmentation.52,162,164 MALDI mass spectrometry has also been used to identify capsid 

proteins of intact virus particles.167 For MALDI analysis of bacteria, lysed or whole bacteria are 

deposited on a metal surface along with matrix. These mass spectra are typically free of 

interferences from growth medium constituents or contaminants.168 One approach to this analysis 

is based on proteomic bacterial identification. Identification of microbes based on protein 
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database searching53 and MALDI spectrum fingerprinting54,111 has been actively developed for 

homeland and national security applications.  

In this study, collected bacteria-containing aerosol particles were analyzed by an off-line 

method using MALDI mass spectrometry. SEM images of collected gramicidin D particles were 

investigated to better understand the interaction between the matrix and the impacted bioaerosol 

particles. A variety of methods were explored to enhance the mass spectral signals of the 

collected bioaerosol particles comparable to a dried droplet of the bacteria suspension. 

5.2. Experimental 

Test bioaerosols containing bacteria were generated using a Collison nebulizer and 

collected on a MALDI target mounted in a modified Andersen N6 bioaerosol impactor.57 The 

target was removed from the impactor and analyzed using MALDI time-of-flight mass 

spectrometry. Three different configurations were used: 1) particles collected on a bare target 

with matrix added later by a pipette, 2) particles collected on a matrix pre-coated target with 

post-collection pipette addition of solvent and 3) particles collected on a pre-coated target with 

post-collection spray deposition of solvent. The bioaerosol deposition methods were compared to 

the standard dried droplet MALDI sample preparation. The relative merits of the different 

deposition methods are discussed in terms of bioaerosol detection with minimal sample treatment 

and manipulation for use in remote and unattended MALDI mass spectrometry based bioaerosol 

detection instruments. 

5.3. Results and Discussion 
 
5.3.1. SEM Images 

In order to better understand the interaction between the matrix and the impacted analyte, 

SEM images were taken of impacted particles produced by the Collison nebulizer on matrix 

precoated targets while the impaction stage was in static (non-rotating) mode. Figure 5-1 shows 
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SEM images of gramicidin D particles impacted on a sample target coated with 2,5-

dihydroxybenzoic acid (DHB, Sigma) matrix. In this sample, the target was coated with 400 μL 

of DHB, and the aerosol particles were generated by the Collison nebulizer and collected on the 

target for one minute in the Andersen impactor. Figure 5-1a is an SEM image of a single 

impaction area. This image shows that a less dense peripheral region surrounds a dense center, 

which is roughly 250 μm in diameter. The total impaction area including the center and 

perimeter region is approximately 750 μm in diameter. A close-up of the peripheral region is 

displayed in Figure 5-1b, in which gramicidin D particles are deposited on the DHB crystals. The 

perimeter of the impaction area is the region where the matrix and analyte are the most 

thoroughly mixed together. This would explain the results in which analyte signal was improved 

when the laser irradiated the perimeter of the impaction spot, but no analyte signal was observed 

when the laser irradiated the center of the impaction spot since the analyte and matrix were not 

mixed in a proper ratio for MALDI analysis. 

 

 
a)       b) 

 
Figure 5-1. SEM images of gramicidin D particles impacted on a sample target pre-coated with 
DHB matrix. a) 73X scale image of an impacted sample spot and b) 371X scale image of the 
perimeter of the impacted sample spot. 
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5.3.2. Collected Particle Concentration 

In this experiment, the Collison nebulizer was used to generate aerosol particles from a 

bacteria suspension. The nebulizer was operated at a flow rate of 5 L/min with filtered house air. 

At this flow rate, approximately 5,000 to 10,000 particles/cm3 with a mean diameter of 2 μm 

were generated.12 The aerosol particle impaction time was four and half minutes for this 

experiment. The number of particles collected on the target by the aerosol impactor can be 

estimated from the total concentration, volume, collection time, and flow rate, and was 100 to 

200 million particles. The Andersen N6 aerosol impactor has 400 holes. Thus, the number of 

particles on a single target spot is 300 to 600 thousand. The number of particles collected on a 

single spot is most likely overestimated because several sources of aerosol particle losses were 

not considered. For example, the bacteria suspension was extremely concentrated in the 

approximately 3 mL suspension remaining in the Collison nebulizer after four and half minutes 

of nebulization. There is also particle loss between the Collison nebulizer outlet and the 

Andersen impactor inlet tube where there is a gap of approximately 2 mm to compensate a 

pressure difference between outgoing flow from the nebulizer and incoming flow to the impactor. 

In addition, the loss of particles from condensation in the impactor nozzles was not considered. 

Finally, aerosol particles that did not stick to the target were not considered. We can estimate the 

number of particles collected on a single spot if it is assumed that: 1) 70% of the bacteria 

suspension remained in the 3 mL of residual suspension, 2) 10% of the nebulized aerosol 

particles were lost at the 2 mm gap because of the slight overflow from the nebulizer, 3) 20% of 

nebulized suspension condensed in the impactor nozzles, and 4) 50% of aerosol particles did not 

stick and were drawn into the pump. In this case the total number of particles deposited on each 

spot will be approximately one tenth of the above calculated value: 30,000 to 60,000 particles. 
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The volume of bacteria suspension deposited on a single spot can also be calculated from 

the volume of the nebulized bacteria suspension and the number of impactor holes and is 17.5 

µL/hole. If we consider the losses of the nebulized bacteria suspension estimated above, the 

actual volume of bacteria suspension deposited onto a single spot is 2 µL. This volume is close 

to the volume of bacteria solution deposited by the dried droplet method, which is 1 µL of 

bacteria solution. If so, the volume of deposited bacteria solution on a single spot is about similar 

to that of dried droplet, but the analytes were not mixed with the matrix well, resulting in lower 

ion signals. 

 

 
Figure 5-2. MALDI mass spectra of E. coli bacteria using a) CHCA and b) SA matrices.  
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5.3.3. Dried Droplet Deposition of Bacteria 

MALDI mass spectra of E. coli deposited using the dried droplet method are shown in 

Figure 5-2 and will be used for comparison with those obtained from the collected bacteria 

aerosol particles shown below. These mass spectra are similar to those reported previously that 

several dozen peaks are resolved in the m/z range above 1,000.169 The locations and relative 

intensities of the peaks depend on a number of factors including bacterial strain,170 growth 

stage,53,171 and the matrix used.53,111,170-172 In Figure 5-2, between 30 and 40 peaks were observed 

in the mass range between 1,000 and 13,000 with a signal-to-noise ratio up to 100 and an 

average mass resolving power of 600 and 1,100 for CHCA and SA, respectively. The CHCA 

matrix generally produced more peaks in the m/z range below 6,000 as compared to SA.156 Over 

95% of the peaks that have a signal-to-noise ratio higher than 3 were reproducibly obtained in 

mass spectra observed in this region.  

5.3.4. Rotating and Static Target 

The Andersen impactor was modified to accept a MALDI target that can be rotated by a 

clock motor, while the aerosol particles were impacted on the target in order to disperse particles 

over the surface of the target so that the particles and matrix can be mixed well for better 

MALDI performance. The target was seated approximately 3 mm higher than the surface of the 

base plate to achieve the proper distance between the impactor nozzle and the surface of target. 

The target was connected to the axle of an AC motor by a shaft extending through a hole in the 

base plate underneath the target. There was no distinctive difference in mass spectra between a 

rotating target and a static target (data not shown) as long as the spot near the perimeter of the 

impaction area was irradiated on the rotating or the static target. Thus the targets were used in 

static mode for further analysis. 
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Figure 5-3. Mass spectra of E. coli bacteria obtained by depositing 1µL of a) CHCA and b) SA 
matrix on the collected test bioaerosol particles. Ion suppression was used below m/z 3,000, 
resulting in some baseline discontinuity. 

 

5.3.5. Choice of Matrices 

In the initial bioaerosol MALDI experiment, test bioaerosols were generated from a 

solution of lyophilized E. coli and collected on a MALDI target for four and a half minutes in the 

modified Andersen impactor. After particle collection, the target was removed from the impactor, 

and 1 µL of saturated matrix solution was added to each collected spot on the target. Figure 5-3a 

shows the mass spectrum resulting from the addition of CHCA, and Figure 5-3b shows the mass 

spectrum obtained from SA addition. For MALDI analysis of collected bioaerosol particles, 
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approximately one-third higher laser fluence was required to obtain adequate signal in the higher 

m/z region (above 6,000) compared to the dried droplet sample preparation. Ion suppression was 

employed below m/z 3,000 to reduce the background signal and the baseline from fragment 

peaks, matrix peaks and other interferences caused by the increased laser fluence. The S/N is 

comparable between Figure 5-2 and Figure 5-3, but in Figure 5-3, there are approximately half as 

many resolved peaks, and there are few appearing above m/z 10,000. The observed mass 

resolving power is a factor of two lower for the particles collected on SA matrix in Figure 5-3b 

compared to those collected on CHCA matrix in Figure 5-3a. The mass resolving power in 

Figure 5-3a is approximately 800 for CHCA, which is slightly higher than that observed with the 

dried droplet method (Figure 5-2a). Overall, there are fewer peaks in Figure 5-3 as compared to 

Figure 5-2; however, all of peaks observed in Figure 5-3a and Figure5-3b match with 

corresponding peaks in Figure 5-2a and Figure 5-2b, respectively.  

5.3.6. Effects of Solvent Addition 

Mass spectra obtained by depositing bioaerosols on matrix-coated targets are shown in 

Figure 5-4. The matrix-coated target was prepared by depositing 400 µL of matrix solution on 

the target to cover the entire surface and allowed to dry before the target was placed in the 

impactor. The target was removed from the impactor after bioaerosol deposition and inserted 

directly into the mass spectrometer for analysis without further treatment; the mass spectrum 

Figure 5-4a was obtained as a result. The jump in signal at m/z 3,000 reflects the ion suppression 

pulse and resulting shift in baseline. No signal was observed above 3,000, and only unresolved 

low m/z signal was recorded. However, signal could be recovered if solvent was added to the 

target after the bioaerosol was collected on the matrix pre-coated target. Figure 5-4b and 5-4c 

show the result of adding 200 µL of a 1:1 (v/v) mixture of acetonitrile and water on the spot of 

collected particulate deposited on CHCA and SA matrix-coated targets, respectively. The SA 
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target mass spectrum in Figure 5-4c is similar in terms of number of peaks, S/N and mass 

resolving power (greater than 800) compared with Figure 5-2b, the SA dried droplet mass 

spectrum. The CHCA target mass spectrum in Figure 5-4b is somewhat lower in quality with 

fewer peaks and poor mass resolving power (approximately 200) at one-third higher laser 

fluence compared to the dried droplet mass spectrum in Figure 5-2a. 

 

 
Figure 5-4. MALDI mass spectra of test bioaerosols deposited on a target pre-coated with a) SA 
matrix and no additional treatment, b) CHCA plus 200 µL of solvent, and c) SA plus 200 µL of 
1:1 (v/v) acetonitrile/water solvent. Ion suppression was used below m/z 3,000, resulting in some 
baseline discontinuity.  
 



 73

 
Figure 5-5. MALDI mass spectra of test bioaerosols deposited on a target pre-coated with a) 
CHCA and b) SA matrix with 1:1 (v/v) acetonitrile/water solvent added afterward by spray 
deposition. 
 

5.3.7. Solvent Addition Methods 

As a final test of the impaction on the matrix approach, test bioaerosols were deposited 

on matrix-coated targets followed by spray deposition of solvent. These results are shown in 

Figure 5-5. Matrix-coated targets were inserted into the impactor and test bioaerosol particles 

were deposited on the target. Solvent was deposited on the target in the form of aerosol particles 

delivered to the throat of the impactor. The solution of 1:1 (v/v) acetonitrile/water was nebulized 

using the Collison nebulizer and collected on the target for four and a half minutes. It is possible 
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that some of the solvent was deposited by vapor condensation due to evaporation from the 

particles; however, sufficient solvent was added to the sample deposit to partially recover the 

high-mass signal. Several peaks are observed in the mass spectra, but they are relatively few in 

number and broad with a mass resolving power of 75 and 100 for CHCA and SA respectively. A 

possible method for field applications to recover the signal efficiently is that a matrix can be 

mixed with analyte by continuous spraying of matrix solutions during and following the 

bioaerosol deposition through the impactor. 

5.4. Summary 

Test bioaerosol particles formed by nebulizing a solution of lyophilized E. coli bacteria 

and impacted on a target by a modified impactor were tested with several methods of particle 

collection and subsequent matrix or solvent addition for off-line analysis. The number of 

particles collected on the target by the aerosol impactor was estimated from the total 

concentration, volume, impaction time, and flow rate. The number of particles calculated 

theoretically was most likely overestimated because several sources of aerosol particle losses 

were not considered. Considering the aerosol particle losses, it was estimated that 30,000 to 

60,000 particles were deposited per spot. The volume of bacteria solution deposited on a spot 

was estimated at approximately 2 µL and was close to the volume of bacteria solution deposited 

with the dried droplet method (1 µL). The test bioaerosol particles collected on a spot was double 

of dried droplet deposition, but the collected particles were not mixed with matrix well, resulting 

in lower ion signals. 

Of these methods, particles collected on a matrix pre-coated target with post-collection 

solvent addition gave the best results, which were nearly identical to those obtained using the 

standard dried droplet approach. The number of peaks and the mass resolution, however, were 

lower. Deposition on a matrix pre-coated target without later solvent addition did not result in 
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mass spectra:  some types of post-collection reagent addition (either solvent or matrix solution) 

was necessary to obtain mass spectra. The fact that solvent or matrix addition is necessary to 

obtain MALDI mass spectra of collected bioaerosol particles has important implications for 

portable and transportable instrumentation for bioaerosol detection. A remote automated data 

collection system based on a MALDI MS approach must have a solvent reservoir and a 

mechanism for the addition of the solvent to the matrix target prior to analysis. Simple deposition 

onto matrix pre-coated targets will most likely not be sufficient. This will add to the size and 

complexity of such an instrument and require periodic reagent replenishment. The mechanical 

complexity of such a system might be reduced if the liquid reagents are sprayed into the impactor 

after (or potentially during) particle deposition, but operation in this mode will result in lower 

performance. 
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CHAPTER 6. TRANSMISSION GEOMETRY MALDI 

 

6.1. Introduction 

Matrix-assisted laser desorption/ionization is one of the most versatile techniques for the 

ionization of large and nonvolatile biologically relevant molecules such as peptides, proteins, and 

nucleotides. However, nearly all MALDI analyses use a front-side laser irradiation for desorption 

and ionization where the laser irradiation and the ion extraction take place on the same side of 

the sample. Due to the laser focusing limitations, front-side geometry MALDI is limited to a 

spatial resolution of typically greater than 30 µm.173-175 While this is insufficient to obtain the 

spatial distribution of the molecules within a cell since the diameter of an average cell is much 

smaller, it has allowed the spatial distribution of relatively large structures such as proteins in a 

tissue to be recorded.176 Several approaches have been taken to achieve improved spatial 

resolution. A Schwarzschild microscope objective mounted outside of the vacuum chamber was 

used for focusing the laser beam to achieve 1 µm resolution with LDI for the analysis of 

Rhodamine 6G.177 A spatial resolution of 4 µm was achieved for UV MALDI with an ultrahigh 

vacuum (UHV) compatible microscope objective with a focal length of 40 mm.178 This was 

mounted on a telescopic and a maneuverable UHV flange for use with a nitrogen laser. A 

modified objective lens in front-side geometry was used to obtain a spatial resolution of 1 µm for 

laterally resolved mass spectrometric surface analysis.179  

An alternative method of laser irradiation for MALDI analysis is irradiating the sample 

from the back-side of a transparent substrate in transmission geometry, with a directly focused 

laser beam,180-182 a laser beam focused through an optical fiber,183-185 or a microscope objective 

lens, which allows for a tight laser focusing without compromising either the laser or ion optics. 

Vertes et al.181 were the first to demonstrate MALDI of neuropeptides (substance P and 
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bombesin) in transmission geometry using a LAMMA 500 instrument at 266 nm wavelength 

with nicotinic acid as a matrix. Ehring et al.182 introduced transmission geometry to identify the 

contribution of photochemical and thermal effects in the formation and ejection of biomolecule 

ions in the MALDI process. Samples were irradiated from the back side as well as the front side 

through specially fabricated quartz holders with a 200 nm gold layer, which is optically non-

transparent, resulting in that only thermal effects can contribute to the back side irradiation. 

Schűrenberg et al.183 compared UV-MALDI of peptides and proteins in transmission geometry 

and reflection geometry and found that there were distinct differences in the respective plume 

dynamics. The mean velocity of the ions in the plume becomes zero in transmission geometry, 

while the jet-like plume expansion was generated in conventional reflection geometry. Lennon 

and Glish184 introduced a 335 nm Nd:YAG laser from a fiber optic to irradiate the back side of a 

sample through a small piece of quartz in a quadrupole ion trap mass spectrometer. In their study, 

the sample lifetime over 2500 laser shots could be achieved in transmission geometry. Perez et 

al.185 first introduced laser desorption in transmission geometry in a Fourier-transform ion 

cyclotron resonance mass spectrometer (FT-ICR). They found that ions desorbed in transmission 

geometry have less translational energy than those desorbed in reflection geometry, and therefore, 

the transmission mode irradiation improves the trapping efficiency of ions desorbed by MALDI 

in FT-ICR. Galicia et al.180 used transmission geometry laser illumination with atmospheric 

pressure matrix-assisted laser desorption/ionization (AP MALDI) to eliminate the need for a 

metallic sample holder. The transmission geometry allows the analysis of samples on their native 

transparent surfaces, such as cells or tissue sections on slides. Due to the coincidence of the 

sampling orifice axis with the direction of the plume expansion in transmission geometry, there 

is also a potential benefit in terms of improved ion collection efficiency and sensitivity.  
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To achieve ion generation from the back side of a sample target in transmission geometry, 

several laser ionization techniques can be used. Figure 6-1 shows a diagram of possible 

approaches of UV and IR laser irradiation in transmission geometry MALDI mass spectrometry: 

1) UV MALDI ionization, 2) IR matrix-free LDI ionization, and 3) IR LDI with UV laser post-

ablation ionization. Figure 6-1a shows a commonly used method in transmission geometry 

MALDI analysis.181,182 Analyte and matrix are deposited on the front side of a quartz substrate (a 

UV wavelength transparent target) where the sample side is exposed to a vacuum. A UV laser 

irradiates the sample from the back side of the substrate to ionize. A microscope objective lens is 

positioned between the laser and sample substrate to achieve a tight lateral focusing. Second, 

Figure 6-1b shows that an IR laser is used instead of a UV laser to achieve matrix-free ionization 

of the analyte since IR lasers have some advantages compared to UV lasers, which include a soft 

ionization, large amount of material ablation (in-depth ablation), liquid matrix availability (such 

as glycerol), and less fragmentation.76,82,186 It is reported that the ionization efficiency of an IR 

laser (λ = 2.94 µm) is 10 times less than that of a UV laser (λ = 337 nm).187-189 Third, Figure 6-1c 

shows a combination of IR and UV laser ionization. IR LDI with UV laser post-ablation 

ionization approach has a great potential of better sample desorption by IR laser and ionization 

with a UV laser.186 In this setup, the sample is irradiated with the minimal IR laser fluence to 

desorb analyte particles into the gas phase and then those particles are ionized by post-ablation 

with a UV laser perpendicular to the IR laser. This has the potential to not only improve the 

ionization efficiency but also enable matrix-free soft ionization. 

In this research, we have constructed a MALDI mass spectrometer that uses a microscope 

objective to focus the laser onto a sample that is supported on a transparent target from the back 

side in transmission geometry. 
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a) 
 
 

 
 

b) 
 
 

 
 

c) 
 
Figure 6-1. Diagram showing possible approaches of UV and IR laser introduction in 
transmission geometry MALDI mass microscope: a) UV MALDI ionization, b) IR matrix-free 
LDI ionization, and c) IR LDI with UV laser post-ablation ionization. 
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In this mode, the spatial resolution of the image is limited by the microscope magnifying optics 

with an ultimate goal of a single cell analysis and precise MALDI imaging. In transmission 

geometry, the restrictions for guiding the laser beam through the ion optics can be overcome, 

eliminating problems associated with complex optical systems. Our ultimate application for this 

instrument is the analysis of single deposited bioaerosol particles, but the system is equally 

applicable for the analysis of single cell or a micrometer resolution imaging of thin tissue 

sections. 

6.2. Experimental 

In this work, the UV MALDI ionization approach shown in Figure 6-1a was employed in 

transmission geometry. An aliquot of peptide and matrix was deposited on a thin glass substrate 

and allowed to air dry. The sample target was then mounted on the vacuum flange so that the 

sample side was exposed to vacuum while the back of the substrate could be accessed at 

atmospheric pressure. A 337 nm nitrogen laser was used for UV MALDI analysis. The laser 

beam was moved across the sample in the x and y dimensions by adjusting a mirror and 

objective lens while mass spectra were acquired in a linear or a reflectron time-of-flight mass 

spectrometer. Figure 6-2 shows a photograph of the transmission geometry MALDI mass 

spectrometer.  

For the initial studies, matrix and peptide standards such as angiotensin II, bradykinin, 

angiotensin I, substance P, bombesin, ACTH (1-17), and ACTH (18-39), were prepared in sub-

picomole concentration for both reflection geometry and transmission geometry MALDI analysis. 

Saturated matrix solutions of CHCA, sinapinic acid, and DHB were prepared in 1:1 (v/v) 

acetonitrile/H2O. A 1 µL of analyte mixed with 2 µL matrix solutions were spotted on a target 

with the dried droplet method and allowed to air dry at room temperature. 
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Figure 6-2. Photograph of a transmission geometry MALDI mass spectrometer with microscope 
objective lens. The inset image shows a magnified area of the stainless steel target holder and 
glass target substrate with sample deposits. The white thin film behind the glass substrate is a 
teflon tape gasket. 
 
 

6.3. Results and Discussion 

A conventional front side irradiation (reflection geometry) MALDI mass spectrometer 

was constructed and tested for performance with common MALDI matrices and peptides for the 

comparison with data obtained from transmission geometry. Figure 6-3 shows a MALDI mass 

spectrum of CHCA matrix obtained from the reflection geometry in the reflectron mode of 

operation. Isotopic resolution for the molecular ion peak of CHCA matrix could be obtained with 
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the reflection geometry; mass resolving power of 800 could be achieved for the molecular ion 

peaks. After the successful demonstration of front side geometry, the ion source was converted to 

the transmission geometry in which a laser irradiates samples from the back side of the target. 

Transmission geometry MALDI mass spectra were obtained using the peptide mass 

standards, bradykinin and angiotensin I, mixed with CHCA matrix on a glass microscope slide 

target. A 337 nm nitrogen laser was focused on the back side of the sample through a 25 cm 

CaF2 focusing lens. First, the same focusing lens and optics used for the front side configuration 

were used to compare the performance of the two geometry configurations. The experiments 

with both geometry configurations were carried out in a static acceleration mode with a linear or 

reflectron TOF mass spectrometer.  

 
Figure 6-3. MALDI mass spectrum of CHCA matrix obtained from reflectron mode in 
reflection geometry. 
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The effects of instrumental parameters such as substrate material, laser power, 

acceleration voltage, ion mirror voltage, and deflector voltage were investigated to find optimal 

conditions for the detection of the analyte ions. In transmission geometry, approximately ten 

times the laser energy was required to obtain mass spectra compared to the reflection 

geometry.180 In this study, a 1.0 mm thick microscope glass slide, which has a transmittance of 

approximately 95% at 337 nm,190 was used for UV irradiation. It is reported that the substrate 

conductivity, substrate surface, and composition do not affect the ion yield generated in 

transmission geometry.180 Therefore, no significant difference was expected in the mass spectra 

from the various surfaces and substrate materials. But laser transmission efficiency is affected by 

the absorption coefficient of the substrate used.180 Therefore, a higher laser fluence is required 

for a lower transparent substrate of the laser wavelength used in transmission geometry.  

6.3.1. Transmission Geometry vs. Reflection Geometry 

The following two figures show the comparison of MALDI mass spectra of bradykinin 

(Figure 6-4) and angiotensin I (Figure 6-5) with a) 4X microscope objective lens in transmission 

geometry, b) transmission geometry, and c) reflection geometry. Mass spectra obtained by 

reflection geometry and transmission geometry are 10 shot and 5 shot averages, respectively. 

Samples were completely depleted within tens of laser shots in the transmission geometry. Thus, 

the laser beam was shifted to irradiate a fresh sample spot during the mass spectra acquisition by 

adjusting the reflecting mirror and the objective lens. The transmission geometry configuration 

yielded a ten times lower intensity signal180 and required a higher laser fluence182,183 compared to 

reflection geometry. The mass resolving power of both peptides was significantly decreased with 

the transmission geometry not only because the mass spectra of a) and b) were obtained in linear 

mode while c) was obtained in reflectron but also because the transmission geometry was not 

fully optimized at the time. The mass resolving power of mass spectra a), b), and c) in both 
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Figure 6-4 and 6-5 was approximately 40, 150, and 350, respectively.  

A dried droplet sample preparation with 1:1 ACN/H2O solvents typically produces large 

matrix crystals in nonuniform distributions on a glass microscope slide and generated a thick 

layer of sample spot, which is approximately 10 µm thick.183 Since the ion emission in 

transmission geometry occurs from the bottom of the sample by the back side laser irradiation, a 

thin sample layer is required for efficient ion plume generation.183 The sample thickness along 

with the absorption length calculated by the absorption coefficient of the matrix, greatly affects 

the plume distribution in transmission geometry. If the sample thickness is less than the 

absorption length, the laser is able to penetrate the entire sample layer and allows the plume to 

expand. On the other hand, if the sample thickness is greater than the absorption length, the 

plume is formed but its expansion is inhibited by a barrier of solid sample, decreasing the ion 

transport efficiency.  

In the case of the CHCA matrix, the absorption coefficient of solid samples at 337 nm of 

the nitrogen laser wavelength is ~2.2 x 105 cm-1.191 Thus, the corresponding sample layers must 

be less than 45 nm for CHCA for the undisturbed ion plume to occur. Since the thickness of the 

dried droplet deposited layer is much greater than the absorption length for CHCA, it is probable 

that the plume expansion for the CHCA samples was hindered by the thick layer of matrix. In 

this case, the laser introduction approach described in Figure 6-1c may avoid the problem of a 

thick layer of sample by combining the efficient sample removal of the IR laser and the efficient 

ionization of the UV laser.186 It has been reported that the threshold for particle formation is 

approximately ten times larger for IR than UV.14,82 An additional analytical application of IR 

LDI with UV post-ablation ionization in transmission geometry includes systems in which 

analytes are deeply embedded in a supporting material such as proteins separated in one- and 

two-dimensional gels, whole cells, and tissues.  
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Figure 6-4. MALDI mass spectra of bradykinin in a) transmission geometry with 4X 
microscope objective lens, b) transmission geometry, and c) reflection geometry. Note that a) 
and b) were obtained in linear mode of detection, while c) was obtained in reflectron mode of 
detection. 
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Figure 6-5. MALDI mass spectra of angiotensin I in a) transmission geometry with 4X 
microscope objective lens, b) transmission geometry, and c) reflection geometry. Note that a) 
and b) were obtained in linear mode of detection, while c) was obtained in reflectron mode of 
detection. 
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6.4. Summary 

In this research, a transmission geometry MALDI mass spectrometer was coupled with a 

microscope objective lens to focus the laser onto a sample from the back side of a microscope 

glass slide for UV ionization. In this geometry, the spatial resolution of the image is limited by 

the microscope objective lens, resulting in a potential possibility of a single cell analysis and 

precise MALDI imagings without compromising either the laser or ion optics. In this experiment, 

the laser beam was moved across the sample spot in the x and y dimensions while mass spectra 

were acquired in linear or reflectron mode of operation. The instrument was demonstrated for 

bradykinin and angiotensin I prepared in sub-picomole concentrations for both reflection 

geometry and transmission geometry with or without a microscope objective lens.  

In this study, the UV MALDI ionization was explored. The transmission geometry 

configuration yielded one order of magnitude lower intensity signal180 and required ten times 

higher laser fluence182,183 than the reflection geometry. The mass resolving power of both 

peptides was significantly decreased in transmission geometry because the mass spectra were 

obtained in the linear mode and the transmission geometry was not fully optimized at the time. 

Samples were completely depleted within tens laser shots in transmission geometry. Samples 

must be thin in transmission geometry to generate an ion plume efficiently toward ion source.  

The IR LDI or IR MALDI transmission geometry on a silicon wafer target configuration 

maybe useful for spatially-resolved analysis of deposited bioaerosol particles or imaging of 

tissues since the silicon wafer is transparent to IR wavelengths. An atmospheric pressure (AP) 

transmission geometry MALDI may be useful to analyze the bioaerosol particles deposited on a 

target placed outside of vacuum for easier sample introduction.180 
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CHAPTER 7. MALDI ION MOBILITY MASS SPECTROMETRY  

 

7.1. Introduction 

The principal challenge to mass spectrometry development for biological agent detection 

is in making the instrument small while maintaining requisite speed, sensitivity, selectivity and 

specificity. One approach to solve the problem is coupling ion mobility separation to a miniature 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometer.192-194 MALDI 

coupled with ion mobility mass spectrometry (IM-MS) provides a rapid means for the two-

dimensional separation and identification of complex biological samples that are found in 

bioaerosols.  

Recent developments in instrumentation for ion mobility spectrometry (IMS), a gas-

phase separation method coupled with mass spectrometry, reveals potential applications of this 

relatively new technique for rapid, high resolution separations of analytes based on structure (ion 

conformation) and mass-to-charge (m/z) ratio. Ion mobility has been applied to the analysis of 

biomolecules using electrospray ionization (ESI)195-198 and matrix-assisted laser 

desorption/ionization (MALDI) sources.199,200 These techniques, combined with mass 

spectrometry, create a powerful tool in the analysis of proteins and peptides.  

Ion mobility is a method for gas phase separation of ions based on their collision cross 

section.201 In an ion mobility experiment, ions are brought into a drift tube that is held at a few 

torr pressure. In the drift tube, the ions move under the influence of a constant electric field while 

they experience collisions with the buffer gas. At the end of the drift cell, the ions can be 

detected, or sent into a mass spectrometer.202 Ion mobility adds a dimension of orthogonal 

separation to mass spectrometry due to the ion’s interaction with a neutral buffer gas. Ions 

having similar conformational forms display a “trend line” with respect to mass-to-charge ratio, 
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making it easy to isolate peptides and proteins on these trend lines. Although IM-MS separations 

can be achieved at resolutions comparable to high performance liquid chromatography (HPLC) 

and capillary electrophoresis (CE), most IM-MS instruments are operated at relatively low IM 

resolution (up to 200) to reduce analysis time, maximize sample throughput, and reduce the 

complexity of interfacing IM with MS.203-205 Ion mobility coupled with orthogonal TOF-MS can 

increase throughput even further with a 1 to 10 ms gas phase separation and reduce the need for 

sample cleanup by more traditional time consuming separation methods such as HPLC coupled 

with MS.206,207  

While ion mobility mass spectrometry has been demonstrated with a number of 

ionization methods, MALDI combined with ion mobility-orthogonal time-of-flight mass 

spectrometry (IM-oTOF MS) has been a viable technique for fast separation and analysis of 

biomolecules in complex mixtures.207 MALDI IM-oTOF MS provides an advantage by initially 

separating different classes of biomolecules such as lipids, peptides, and nucleotides by their IM 

drift times prior to mass analysis.208,209 It allows fast two-dimensional separation of ions 

according to their shapes and masses, minimizes mass spectral congestion, requires a minimum 

sample pre-treatment, and thus, has a great potential for complex mixture analysis. MALDI IM-

oTOF-MS has great advantages over conventional MALDI for bacteria identification for both 

fingerprinting and proteomic approaches by separating the different components of the cell prior 

to separation by m/z in the mass spectrometer.195,207-211 This IM pre-separation is particularly 

useful in the congested mass range below 2,000 Da. The addition of ion mobility information to 

bioaerosol analysis by MALDI mass spectrometry has the potential to significantly improve the 

selectivity and specificity while maintaining the inherent speed and sensitivity of MALDI.208,211 

This can lead to a more efficient technique for bacteria detection and recognition for military 

homeland security and other applications.  
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Figure 7-1. A photograph of UV and IR MALDI ion mobility orthogonal time-of-flight mass 
spectrometer constructed by Ionwerks. Copyright in Ionwerks, Inc. (Houston, TX). 

 

7.2. Experimental 

A photograph of the UV and IR MALDI ion mobility orthogonal time-of-flight mass 

spectrometry78 (Ionwerks Inc. Houston, TX) is shown in Figure 7-1. Samples were analyzed by 

MALDI IM o-TOF MS in Houston. Bacteria samples of B. subtilis at 30 mg/mL, E. coli B strain 

at 40 mg/mL, and E. coli W strain at 40 mg/mL were dissolved in 1:1 (v/v) ACN/0.1% TFA, 

respectively and prepared by the dried droplet method. The samples of bradykinin at 6 mg/mL, 

bovine Insulin at 10 mg/mL, and cytochrome c at 7 mg/mL were prepared by 1:1 (v/v) 

ACN/0.1% TFA. A mixture of potential bioaerosol interferants was simulated by mixing Arizona 

road dust at 30 mg/mL, pollens at 15 mg/mL (5 mg each of giant ragweed, black walnut, and 

corn pollen), carbon black at 10 mg/mL, and 60 mg/mL of salts (35 mg/mL of ammonium sulfate 

and 25 mg/mL of sodium chloride). 
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UV and IR matrices were prepared by dissolving them in 1:1 (v/v) ACN/ H2O. In most 

cases, the matrices were saturated and consisted of succinic acid at 70 mg/mL, DHB at 100 

mg/mL, CHCA at 30 mg/mL, sinapinic acid at 30 mg/mL, and caffeic acid at 20 mg/mL. The 

samples and matrices were deposited on 16-spot ion mobility targets using the dried droplet 

method at a 1:2 (v/v) analyte/matrix volume ratio. 

7.3. Results and Discussion 

7.3.1. UV MALDI Ion Mobility of Bacteria 

Ion mobility mass spectra were obtained using a MALDI ion source coupled to an ion mobility 

orthogonal extraction time-of-flight mass spectrometer at Ionwerks. MALDI ion mobility 

analysis of lyophilized bacteria was performed in order to determine whether the spectra with 

unique biomarkers could be produced. Figure 7-2 shows UV MALDI ion mobility mass spectra 

of bacillus subtilis obtained from a dried droplet sample preparation with CHCA (top) and SA 

(bottom) matrix. The y-axis of the plots represents the drift time of ions in the mobility cell in 

microseconds. The x-axis is the mass-to-charge ratio (m/z) of ions. The m/z range below 3,000 is 

particularly important since this is where the interferences between different types of molecular 

components are maximized. The m/z range greater than 3,000 was dominated by protein peaks. 

A 349 nm (third harmonic) Nd:YLF diode pumped Q-switched UV laser at 200 Hz repetition 

rate was used for the bacteria analysis. The ion mobility mass spectra in Figure 7-2 were 

expanded to zoom in on the region up to m/z 3,500 and shown in Figure 7-3. The mass spectra at 

the top of ion mobility spectra in Figure 7-3 were obtained by integrating the IM-MS data, which 

are resulted in good MALDI mass spectra with a mass range up to 3,500 Da. A distinct double 

trend lines could be observed up to m/z 3,000. The top trend line is due to bacterial lipids and the 

bottom trend line is peptides and proteins in both ion mobility mass spectra with CHCA and SA 

matrix.  
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Bacillus subtilis
Matrix: CHCA
WL: 349 nm
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Matrix: CHCA
WL: 349 nm

 

Bacillus subtilis
Matrix: SA
WL: 349 nm

Bacillus subtilis
Matrix: SA
WL: 349 nm

 
 
Figure 7-2. UV MALDI ion mobility mass spectra of Bacillus subtilis with CHCA (top) and SA 
(bottom) matrix. 
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Bacillus subtilis
Matrix: CHCA
WL: 349 nm

Bacillus subtilis
Matrix: CHCA
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Bacillus subtilis
Matrix: SA
WL: 349 nm
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Matrix: SA
WL: 349 nm

 
 
Figure 7-3. UV MALDI ion mobility mass spectra of Bacillus subtilis with CHCA (top) and SA 
(bottom) matrix. Ion mobility mass spectra in Figure 7-2 were expanded in the mass region up to 
m/z 3,500. The top trend line is bacterial lipids, and the bottom trend line is peptides and 
proteins. 
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7.3.2. IR MALDI Ion Mobility of Bacteria 

Samples of E. coli strain B and bacillus subtilis were prepared with the dried droplet sample 

preparation method using DHB matrix. The IR laser energy was maintained slightly higher than 

the ionization threshold. At this level, the sample was consumed after a few laser shots, therefore, 

the laser beam was continuously scanned across the spot. Only a few seconds was necessary to 

obtain mass spectra. Figure 7-4 demonstrates IR MALDI ion mobility of different bacterial 

species, E. coli B strain and bacillus subtilis with DHB as a matrix. The MALDI ion mobility 

mass spectra for both bacteria fall into three trend lines with a roughly constant ratio of mass to 

drift time. This behavior suggests that three different classes of compounds are desorbed and 

ionized from the bacteria. The top trend line, which has the steepest slope, is thought to be 

lipids.208 There are a few distinct peaks in this line in both mass spectra. An expanded view of 

the characteristic mass region is shown in Figure 7-5. 

The computer processing of the spectra allowed re-ploting of mass spectra for the ions 

that belong to the lipid trend line. The differences between two bacterial species were obvious. 

While there were a few peaks in the 700-1,000 Da range in the E. coli spectrum, they were 

absent in that of bacillus subtilis. Instead, there were a few prominent peaks between 1,050 Da 

and 1,080 Da, which could be assigned to C15-surfactin212,213 (MW: 1,036.34 Da), a lipopeptide 

that can be extracted from bacillus subtilis, shown in Figure 7-6. In fact, the two most intense 

peaks corresponded to the attachments of Na+ (1,058.8 Da) and K+ (1,074.8 Da) to the parent 

molecular ion, although the [M+H+] ion peak could not be seen. These peaks were previously 

reported by Madonna et al.,212 and Koumoutsi et al.213 and were identified as alkali metal 

adducts of surfactin. Although the peptide component of the surfactin (see Figure 7-6) is much 

larger than the lipid chain, its mobility drift time is significantly longer than the average peptide 

drift time. 
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E. Coli B strain
Matrix: DHB
WL: 2975 nm

 

 
 
Figure 7-4. IR MALDI ion mobility mass spectra of E. coli B strain (top) and bacillus subtilis 
(bottom). The top trend line is lipids, the middle trend line is peptides/proteins, and the bottom 
trend line is oligonucleotides from bacteria. 
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Bacillus subtilis
Matrix: DHB
WL: 2975 nm
ZOOM, lipid line

 

E. Coli B strain
Matrix: DHB
WL: 2975 nm
ZOOM, lipid line

 
Figure 7-5. Expanded 2D spectra of bacillus subtilis (top) and E. coli strain B (bottom). Only the 
lipid trend line is shown. The 1D mass spectra also represent the fraction of ions aligned with the 
lipid trend line. 
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This fact allows easy identification in the 2D mass-mobility spectrum. There is another 

interesting obervation in the mass region between 2,000 and 2,500 Da belonging to the slow 

mobility trend line that could be attributed to larger molecular ions with fatty acid chains. The 

peaks were separated by 14 Da, which corresponds to carbons in alkane chains (see Figure 7-4, 

bacillus subtilis mass spectrum). 

The ions in the mass region above 5,000 m/z (data not shown) fall on the intermediate trend line. 

The ions giving rise to this trend line are most likely peptides and proteins. There was also a 

weak trend line below the peptide trend line that could not be observed with UV MALDI. The 

trend line of lowest slope corresponds to ions with faster drift velocity than the peptide/protein 

trend line and with masses below 2,500 Da. The ions giving rise to the lowest slope line are 

possibly oligonucleotides. 
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Figure 7-6. Structure of surfactin - a lipopeptide from bacillus subtilis. 
 

7.3.3 Comparison of UV and IR MALDI Ion Mobility MS 

Comparative tests of the system operation were performed using both UV and IR lasers. 

A direct ion mobility mass spectra comparison was possible since some of the matrices such as 

DHB work at both wavelengths. Both lasers irradiated the same spot of the sample. The MALDI 
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ion mobility mass spectra of a standard peptide mixture using both lasers are shown in Figure 7-7. 

The mobility resolution on the 2D plot corresponding to the IR MALDI is slightly lower than the 

UV MALDI. This degradation of the ion mobility resolution is due to jitter in the electronic 

triggering specific to the IR laser. The mass spectra of peptides were similar for both UV and IR 

wavelengths; however, much fewer laser shots were required for the IR MALDI to achieve SN 

ratios similar to the UV MALDI. In addition, there were a few peaks that were only present in 

the IR MALDI spectrum. They were revealed as a certain degree of contamination from C60 and 

C70 ions from previous sample residue at m/z 720 and 840, respectively. There were also a few 

other unidentified peaks off the peptide trend line in the IR MALDI spectrum. The observed 

differences revealed apparent higher sensitivity of the IR MALDI in these particular conditions. 

Only a few laser shots were necessary to produce complete mass spectra by IR MALDI. This is 

due to the large rate of material removal by an IR laser compared to a UV laser at the laser 

fluences just above the ionization threshold.14,82 This particular characteristic of the process 

requires detection of multiple ions of the same m/z in one TOF extraction as opposed to the 

standard operation of the UV MALDI ion mobility TOF-MS where lower number of ions per 

pulse can be easily handled by the pulse counting techniques.  

A well known feature of the IR laser ionization of analytes as opposed to the UV consists in the 

fact that often no matrix is necessary. In fact, even if no external matrix is added during the 

sample preparation, its role is taken by the trace water present in the analyte. Even though an 

analyte itself acts as its own matrix, intact analyte signals can be obtained due to the lower 

photon energy of the infrared radiation. Matrix-free operation or at least some kind of simplified 

matrix preparation technique would be useful for such applications as tissue imaging and 

bioaerosol detection.  
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Figure 7-7. UV (top) and IR (bottom) MALDI ion mobility mass spectra of a peptide mixture: 1) 
angiotensin II, 2) angiotensin I, 3) substance P, 4) bombesin, 5) ACTH clip 1-17, 6) ACTH clip 
18-39 with 100 µg/µL DHB matrix in 1:1 (v/v) acetonitrile/water. C60 and C70 ions at m/z 720 
and 840 are contaminants from previous sample residue. 
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lipids

ARD + Pollen + E-Coli + CHCA (1:1:2:4)

lipidslipids

ARD + Pollen + E-Coli + CHCA (1:1:2:4)

 

ARD + Pollen + Carbon + Salts + CHCA (1:1:1:4)ARD + Pollen + Carbon + Salts + CHCA (1:1:1:4)

 
  

Figure 7-8. UV MALDI ion mobility mass spectra of potential bioaerosol interferant mixtures. 
The mixture of interferants contains Arizona road dust, pollens, and/or carbon black and salts 
(ammonium sulfate and sodium chloride). 
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7.3.4. Mixtures of Potential Bioaerosol Interferants 

A mixture of potential bioaerosol interferants was simulated by mixing Arizona road dust, pollen, 

carbon black, and salts. Figure 7-8 shows the UV MALDI ion mobility mass spectra of the 

bioaerosol interferents with CHCA matrix mixed with E. coli strain W (top) and without bacteria 

(bottom). At least two trend lines could be observed from these complex mixtures. Although the 

integrated mass spectrum does not give rise to distinguishable peaks, it is likely that a data 

masking procedure that selects ions by ion mobility will improve the ability to resolve the 

various components. Overall, the MALDI IM-MS approach is an excellent way to separate 

complex biological mixtures and complex compound mixtures that may be found in atmospheric 

aerosol particles. The MALDI IM-MS data shows the potential of a two-dimensional separation, 

speed, and ease of IM-MS in particular. 

7.4. Summary 

A UV and IR MALDI ion mobility orthogonal time-of-flight mass spectrometer was 

evaluated for the analysis of bacteria, peptide standards, and simulated bioaerosol interferant 

mixtures. The ion mobility mass spectrometer has a mass resolving power of up to 3,500 and a 

sensitivity of 2 fmol for peptide standards. MALDI ion mobility mass spectra of B. subtilis and E. 

coli were obtained from the dried droplet sample preparations with mass peaks up to 10 kDa with 

CHCA and sinapinic acid using UV irradiation and with succinic acid and DHB using an IR 

irradiation. UV MALDI ion mobility mass spectra of bacillus subtilis with CHCA and SA 

matrices generated distinct double trend lines up to m/z 3,000. The upper trend line was assigned 

to bacterial lipids, and the bottom trend line was assigned to peptides and proteins. The mass 

range above 3,000 Da was dominated by protein peaks.  

IR MALDI ion mobility MS was also demonstrated using bacterial species E. coli B 

strain and bacillus subtilis with DHB as a matrix. The MALDI ion mobility data for both 
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bacteria produced three distinct trend lines with a roughly constant ratio of mass to drift time, 

indicating that three different classes of compounds were desorbed and ionized. The top trend 

line was assigned to lipids, and the intermediate trend line was assigned to peptides and proteins. 

The weak bottom trend line that could not be observed with UV MALDI was most likely 

oligonucleotides, indicating that the IR MALDI ion mobility is more sensitive to this class of 

materials than UV MALDI ion mobility. There were a few distinct peaks belonging to lipid trend 

line in both mass spectra. Specifically, bacillus subtilis showed a few prominent peaks between 

1,050 Da and 1,080 Da, which could be assigned to the alkali metal adducts of C15-surfactin 

(lipopeptide). 

The performance test of UV and IR lasers was carried out using a common DHB matrix 

that functions at both wavelengths. The mobility resolution of IR MALDI was slightly lower 

than the UV MALDI due to jitter in the electronic triggering of the IR laser. The IR laser is more 

sensitive and requires only a few laser shots due to the high rate of material removal compared to 

the UV laser.14,82 The IR laser depletes sample quickly and requires frequent shifting of the laser 

spot. The IR laser can be used for matrix-free ionization, which is useful for bioaerosol detection. 

A mixture of potential aerosol interferants were analyzed by UV MALDI ion mobility 

MS with a CHCA matrix. Although the integrated spectrum does not give rise to distinguishable 

peaks, it improves the ability to separate complex biological mixtures. The compact orthogonal 

TOF-MS needs to be improved in sensitivity, resolution, and detection limit to obtain better mass 

spectral information. However, the addition of ion mobility information to MALDI mass spectra 

has significantly improved the selectivity and specificity while maintaining the inherent speed of 

MALDI MS. This can lead to a more efficient technique for bacteria detection and recognition 

for military homeland security and other applications.  
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CHAPTER 8. CONCLUSIONS AND FUTURE DIRECTIONS  

 

The objective of the research presented in this dissertation is to develop methods and 

instrumentation for fast off-line analysis of bioaerosols in complex mixtures based on MALDI 

mass spectrometry. Test bioaerosol particles were generated from a nebulized bacterial solution 

and collected onto MALDI targets for off-line analysis. Bioaerosol particles collected on a 

matrix pre-coated target with post-collection solvent addition gave the most promise for off-line 

bioaerosol analysis, which were nearly identical to those obtained using the dried droplet method. 

However, signal could not be recovered efficiently if the bioaerosol particles were not properly 

mixed with matrix crystals without a proper post-treatment. The fact that solvent or matrix 

addition is necessary to obtain MALDI mass spectra of collected bioaerosol particles has 

important implications for portable and transportable instrumentation for bioaerosol detection. It 

will not only add complexity to the instrumentation but the added matrix will also increase a low 

mass spectral congestion.  

A possible method for the field applications for off-line bioaerosol collection analysis is 

that the solvent is continuously sprayed on matrix pre-coated target during the bioaerosol particle 

collection. It will enhance mixing the bioaerosol particles to the matrix crystals more 

homogeneously, resulting improved mass spectra. By employing Taguchi experimental design, 

the complex experimental parameters, such as matrix, solvent, flow rate, and collection time, 

involved in the bioaerosol collection on bare or matrix pre-coated targets can be optimized 

systematically. With this technique, the sample preparation parameters and their interaction 

effects can be easily determined with the minimal experiments. It can also be used to find the 

best parameters for mass spectrometric analyses such as laser fluence, acceleration and 

extraction voltage, delay time, and reflectron voltage.  
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In this dissertation research, the silicon substrates were investigated compared to 

conventional stainless steel MADLI substrates for bioaerosol analysis. The silicon substrate 

decreases low mass background ion interferences and increases signal sensitivity, signal-to-noise 

ratio, and detection limit. The most promising result of the silicon targets is that the silicon 

targets perform up to ten times better shot-to-shot and spot-to-spot reproducibility than the 

stainless steel targets. These characteristics are important figures of merit for the applications of 

high-throughput and automated sample analysis as well as off-line bioaerosol analysis.  

The principal challenge to mass spectrometry development in bioaerosol detection is in 

making the instrument portable while maintaining requisite speed, sensitivity, selectivity and 

specificity as well as eliminating complicated background signals. In transmission geometry 

MALDI mass spectrometry, a tight laser focus onto a sample from the back side of transparent 

target through a microscope objective lens is possible with UV or IR irradiation. The silicon 

wafer substrate developed in Chapter 3 is an excellent substrate for transmission geometry IR 

matrix-free LDI or IR MALDI for deposited bioaerosol particles analysis because the silicon 

wafer is transparent to IR wavelengths. In addition, the matrix-free IR LDI with UV laser post-

ablation ionization approach will have a great potential for the bioaerosol particle analysis. The 

IR laser can ablate large amounts of material14,82 while UV laser can ionize those desorbed 

particles efficiently,186 eliminating complicated low mass interferences. This will enable a 

matrix-free soft ionization of deposited bioaerosol particles or biological tissues or cells by 

enhancing the ionization efficiency selectively.  

MALDI ion mobility o-TOF MS was demonstrated for the identification of bacteria and 

complex bioaerosol mixtures by two-dimensional separation of ions according to their shapes 

and masses. The most promising aspect of the instrument is that the ion mobility can pre-separate 

the complex mixtures into the different classes of trend lines before the mass analysis to simplify 
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the resulting mass spectra. The instrument produced the separation of mobility trend lines for 

lipids, peptides and proteins, and nucleotides from bacterial species. A mixture of potential 

bioaerosol interferants was also separated into different trend lines although the integrated ion 

mobility mass spectra did not give rise to distinguishable peaks. In IM-MS, protein identification 

information is complemented by structural characterization data, which is difficult to obtain 

using conventional proteomic techniques. The addition of ion mobility information to bacteria 

and bioaerosol analysis by MALDI mass spectrometry will significantly improved the selectivity 

and specificity while maintaining the inherent speed and sensitivity of mass spectrometry. This 

can potentially lead to more efficient technique for bacteria and bioaerosol detection and 

recognition for homeland security applications. 

The matrix-free IR LDI will be the basis for the future developments of the bioaerosol 

analysis. The matrix-free technique will have great advantages since it can eliminate low mass 

congestion by matrix ions. IR MALDI IM MS system is comparable in sensitivity and spectra 

quality to the UV based setup, while some additional information can be seen in two-

dimensional ion mobility mass spectra obtained by IR laser. The compact orthogonal TOF mass 

analyzer of the MALDI ion mobility mass spectrometer needs to be optimized in order to further 

increase throughput, sensitivity, and resolution required for bioaerosol analysis. A direct aerosol 

inlet interface with ion mobility MALDI o-TOF MS will be investigated for real-time bioaerosol 

analysis. 

The transmission geometry configuration enables a tight laser focusing without ion optic 

geometry restrictions, and the ion mobility can pre-separate the complex mixtures into different 

trend lines. By combining the two instrumental techniques, the off-line deposited bioaerosol 

particle analysis or on-line direct bioaerosol inlet analysis can be achieved from complex 

samples without sacrificing the performance of MALDI mass spectrometry. In addition, IR LDI 
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with UV laser post-ablation ionization approach can enable a soft ionization while minimizing 

low mass interferences for bioaerosol analysis. The compact orthogonal reflectron time-of-flight 

mass spectrometer can reduce the size of instrument but increases the accuracy and resolution of 

the ion signals. The ultimate goal of minimizing sample pre-treatment and maximizing 

sensitivity and selectivity for the bioaerosol analysis can be realized. Our primary application for 

this instrument is the off-line analysis of deposited bioaerosol particles, but the system is equally 

applicable to the analysis of single cells or micrometer resolution imaging of thin tissue sections. 
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APPENDIX A. CALIBRATION STANDARD KITS 

The peptides and proteins mass information in the calibration standard kits purchased from Bruker 

Daltonics, Inc. These kits were used for an external calibration for all mass spectra obtained in this 

research, otherwise, it is noted in the description. 

Peptide calibration standard [M+H]+ Mono isotopic [M+H]+ Average 

Angiotensin II 

Angiotensin I 

Substance P 

Bombesin 

ACTH clip 1-17 

ACTH clip 18-39 

Somatostatin 28 

1,046.5418 

1,296.6848 

1,347.7354 

1,619.8223 

2,093.0862 

2,465.1983 

3,147.4710 

1,047.19 

1,297.49 

1,348.64 

1,620.86 

2,094.43 

2,466.68 

3,149.57 

Protein calibration standard I [M+2H]2+ Average [M+H]+ Average 

Insulin 

Ubiquitin I 

Cytochrome c 

Myoglobin 

 

 

6,180.99 

8,476.65 

5,734.51 

8,565.76 

12,360.97 

16,952.30 

Protein calibration standard II [M+2H]2+ Average [M+H]+ Average 

Trypsinogen 

Protein A 

Albumin-Bovine (BSA) 

 

22,307 

approx. 33.3 kDa 

23,982 

44,613 

approx. 66.5 kDa 
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APPENDIX B. LETTERS OF PERMISSION 
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