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Abstract 

Methods for the accomplishment of small molecule imaging by mass spectrometry are 

challenged by the need for sample pre-treatment steps such as cryo-sectioning, dehydration, 

chemical fixation, or application of a matrix or solvent, that must be performed to obtain 

interpretable spatial distribution data. Furthermore, these steps along with requirements of the 

mass analyzer such as high vacuum, can severely limit the range of sample types that can be 

analyzed by this powerful method. Here, we report the development of a laser ablation-direct 

analysis in real time imaging-mass spectrometry (LADI-MS) approach which couples a 213 nm 

Nd:YAG solid state UV laser to a direct analysis in real time (DART) ion source and high-resolution 

time-of-flight mass spectrometer. This platform enables facile determination of the spatial 

distribution of small molecules spanning a range of polarities in a diversity of sample types, and 

requires no matrix, vacuum, solvent, or complicated sample pre-treatment steps. It furnishes 

high-resolution data, can be performed under ambient conditions on samples in their native 

form, and results in little to no fragmentation of analytes. 

In this work, we demonstrate the applicability of LADI-MS to a variety of sample types to 

investigate questions of relevance to plant chemical ecology and forensic science. For example, 

the demonstration of the compartmentalization of small molecules can inform practices for the 

more efficient extraction of clinically relevant alkaloids from seed tissue or removal of potentially 

carcinogenic molecules in coffee beans. Additionally, the approach permits the analysis of large 

and irregularly shaped samples, like wood slices, and can permit the mapping of the locales of 

biologically active small molecules in endangered trees for the potential forensic identification of 
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their geographical origin, or assessment of the climactic and/or environmental conditions to 

which the tree was exposed over its lifetime. Additionally, the technique permits the collection 

of optical images and chemical information simultaneously, which can be helpful in those 

instances in which the amount of sample is limited (as may be the case in crime scene 

investigation applications). 
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and HMF in transverse cross-sections of unroasted (top) and roasted 

(bottom) coffee beans. 

Figure 5.1. A diagram depicting the morphology and anatomy of a tree trunk. 89 
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Chapter 1: Introduction to Small Molecule Analysis in Complex 

Matrices by Mass Spectrometry 

1.1. Small Molecules—Bulk Analysis 

1.1.1. Mass spectrometry (MS) 

Mass spectrometry is an analytical technique used to determine the molecular weight of 

a molecule. It is one of the most sensitive chemical characterization methods available for the 

determination of molecular composition and structure. Mass spectrometers are typically 

comprised of three major components: 1) the ion source which converts analytes to charged 

particles; 2) the mass analyzer which separates the combination of ions generated by the ion 

source; and 3) the detector which detects and registers the number of ions as they reach it. 

A mass spectrometer is used to measure the mass-to-charge ratio (m/z) of charged 

molecular species, and results in a mass spectrum (Figure 1.1).1 The mass-to-charge ratio appears 

on the x-axis. Detected molecules appear as “peaks” in the mass spectrum and are defined by 

their position on the x-axis (i.e. their m/z). For 

example, for a molecule of mass 100 Daltons with a 

charge of +1, the m/z is 100/1 = 100, and it would be 

positioned on the x-axis at m/z 100 (Figure 1.1). 

Figure 1.1. Depiction of a mass spectrum 
in which two charged species are 
detected. 

Figure 1.1 also shows a peak at m/z 50, which 

represents the presence of a second charged species 
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with a molecular mass of 50 Daltons (assuming the charge of +1). Thus, for molecules with a 

charge of ±1, the observed m/z value represents its nominal mass/molecular weight. 

A second attribute of peaks detected in a mass spectrum is the peak height, which is 

registered on the y-axis either as “ion counts” or “relative intensity”. Ion counts refer to how 

many ions of the same m/z value are detected at the same time. Typically, in a mass spectrometer 

detector, the ions themselves are not counted; the electrons which are emitted from the 

interaction of the ions in an electric field will be registered, and this is correlated to an ion current. 

The ion current is directly proportional to the number of ions that reach the detector. Relative 

intensity is an arbitrary depiction of the ion current of every detected ion, compared to the most 

intense (tallest) peak. The tallest peak in a mass spectrum, which by convention represents 100% 

“relative intensity” (m/z 100 in Figure 1.1) is known as the “base peak” and the intensities of all 

of the other observed ions will be described relative to this 100% value. For example, in Figure 

1.1, the peak at m/z 50 has a 50% relative intensity because it is half as tall/intense as the base 

peak (i.e. it is half as abundant as the charged molecule at m/z 100). 

Instruments that utilize a high-resolution mass analyzer can provide the chemical formula 

of a detected ion based on its exact mass and the presence of isotope peaks and their relative 

intensities, as these are correlated to the combination and number of atoms in the molecule.1 

Additionally, mass spectrometry experiments resulting in molecule fragmentation can reveal a 

tremendous amount of structural information because molecule fragmentation in the gas phase 

follows well understood mechanisms. 
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To be detected by a mass spectrometer, a molecule or atom must be charged. Therefore, 

an essential part of the MS platform is the component that converts the sample into charged 

particles (i.e. the ion source). There are various types of sources that can be used in MS. These 

can be categorized as hard or soft depending on the extent to which the molecules detected are 

subjected to fragmentation. Soft ionization mass spectrometric analysis of a mixture of two 

compounds would result in a mass spectrum similar to that depicted in Figure 1.1. The only 

masses detected are those of the intact charged molecules (if the charges on the molecules are 

±1). In comparison, a hard ionization technique 

would result in a mass spectrum like that depicted 

in Figure 1.2 for the analysis of a single compound. 

Multiple peaks at different m/z values are detected 

at various relative intensities. The green star 

indicates the charged unfragmented molecule, and 

the additional peaks are those corresponding to 

fragment ions that are derived from it. 

Different ionization sources have their own advantages and disadvantages that are 

dependent on the class of compound. Major ionization types utilized in mass spectrometry 

include (but are not limited to) electron ionization, chemical ionization, and ambient ionization, 

and are described in more detail below. 

Figure 1.2. A depiction of a mass spectrum 
derived from an EI-MS experiment. The 
green star denotes the charged 
unfragmented molecule detected by the MS, 
and the other peaks are fragment ions 
derived from it. 
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Electron ionization (EI) 

EI is a hard ionization technique that involves subjection of a sample in the gas phase to 

bombardment by high-energy electrons (~70 eV). The sample molecules thus exposed eject an 

electron, yielding a cation radical termed the “molecular ion”, and denoted by M+· . In addition, 

because the energy of the bombarding electrons usually far exceeds the ionization potential of 

the sample molecules, the excess energy within the newly created M+· results in fragmentation 

of the chemical species.1 Any fragments that are formed will be registered in the mass spectrum 

(Figure 1.2), and the composite of these with their relative intensities is referred to as the 

“fragmentation pattern” of the molecule. The fragmentation patterns that are obtained in EI-MS 

experiments are considered to be a unique “fingerprint” for the compound analyzed. This is 

because fragmentation occurs following a set of pathways that can be predicted depending on 

the structural features of the analyzed compound, and thus multiple EI analyses of the same 

compound generally result in identical spectra. These pathways include sigma-bond cleavage, 

homolytic cleavage, heterolytic cleavage, and rearrangements.1 Massive databases of the EI 

fragmentation patterns of small molecules have been compiled and are used as structure 

identification tools. For example, to identify an analyte, its EI mass spectral fragmentation 

pattern can be screened against the EI spectra in a library to find a match. Potential matches are 

often reported with a percent certainty, with high matches revealing the identity of the 

compound. 

It is extremely common to couple mass spectrometers with a type of chromatographic 

instrument which results in the so called “hyphenated” MS techniques such as gas 
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chromatography (GC)-MS and liquid chromatography (LC)-MS. In such cases, the 

chromatographic interface precedes the mass spectrometer, such that samples to be analyzed 

are first introduced to the chromatograph where they are separated into purified components 

which are transferred sequentially to the mass spectrometer as they are eluted from the 

chromatography column. This approach to analyzing samples is particularly important for 

mixtures and enables two techniques to be combined to yield results in a single experiment. This, 

in addition to the exquisite reproducibility of EI fragmentation patterns for small molecules, 

regardless of instrument brand, makes GC-MS in particular the workhorse of many laboratories, 

including crime labs. 

Although EI-MS can provide diagnostic fragmentation patterns for different chemical 

classes and specific compounds, one of its disadvantages is that the molecular ion is sometimes 

absent in the collected mass spectrum, making identification of an unknown difficult.1 

Additionally, some molecule types undergo such extensive fragmentation2-3 that structurally 

similar compounds can result in identical fragmentation patterns, making their definitive 

identification by MS alone difficult. 

Chemical ionization (CI) 

CI was developed by Munson and Field in 19664 as a supplementary ionization approach 

in an EI-MS instrument.1 It is a soft ionization technique that is sometimes employed when the 

molecular ion is not observed by EI. Although some fragmentation of analytes occurs, more 

fragments tend to be observed at higher intensities compared to EI, because much less energy is 
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applied to induce ionization. The ionization mechanism involves gas-phase reactions between 

analytes and atoms or small molecules, rather than ionization via loss or gain of electrons to yield 

molecular ions. The reactions occurring can be referred to as molecule/ion reactions, meaning 

that the gas-phase molecule of interest is reacted with a gas-phase reagent ion, which is used to 

transfer a proton or adduct to the analyte.1 The gas-phase reactions occurring within the 

instrument are dependent on the reagent gas (a source of reagent ions) being used.1 The most 

commonly used reagent gases include helium, hydrogen, methane, water, isobutane, methanol, 

and ammonia. The reagent gas molecules are subjected to EI to produce the reagent gas ions 

needed for the ionization of the sample. Most involve the transfer of a proton to the analytes 

(resulting in (M+H)+), providing that the proton affinity of the analyte exceeds that of the reagent 

ion. Some reagent gases result in adducts rather than protonation of the molecule. For example, 

tetramethylsilane can be used as a reagent gas and typically results in charged adducts of the 

form (M+Si(CH3)3)+.1 

With the multitude of reagent gases and resulting reactant ions of varying proton 

affinities, different gases can be used for the optimal detection of small molecules in a complex 

matrix. The reagent gas can be chosen to avoid potential interferences from the sample matrix 

and for this reason, CI-MS can be made to achieve lower limits of detection than EI-MS. 

Additionally, the extent to which the molecules of interest are fragmented (if at all) can be 

optimized by choosing a reagent gas with a particular proton affinity. The use of reactant gas ions 

with much lower proton affinities relative to those of the analytes, will result in greater analyte 

fragmentation.1 
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Although EI- and CI-MS were some of the earliest mass spectrometric techniques 

developed, they still remain two of the most commonly used MS approaches today. 

Nevertheless, there are several challenges that plague their routine use for small molecule 

analysis, especially when complex matrices are involved. First, to be ionized and detected, 

molecules must be in the gas phase. This condition is most often accomplished by using a high 

vacuum to reduce the boiling point temperature of the molecule, but even so, it is sometimes 

not possible to achieve low enough vacuums to vaporize all molecules. Additionally, the sample 

preparation steps that are often required prior to analysis in order to accommodate the 

chromatographic separation step can be quite elaborate, and time and resource intensive, 

particularly for complex sample types, such as plant materials. For the analysis of unknowns in 

mixtures, the tedious method development and sample pretreatment steps required to achieve 

molecule identity confirmation can preclude the rapid analysis of samples. 

Ambient ionization 

One of the major developments that is responsive to the challenges of MS analysis of 

molecules that are not amenable to detection by GC/EI-MS by virtue of the difficulties inherent 

in ionizing them, or the problematic sample preparation steps required, is atmospheric pressure 

ionization.5-8 The vast number of these techniques and related derivatives that have been 

developed,5-11 are split between those based on electrospray ionization (ESI) and atmospheric 

pressure chemical ionization (APCI) approaches. The advantage of these techniques is that they 

enable the analysis of samples in their native state without pretreatment steps. These ionization 
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sources use solvent, heat, or gas streams to desorb small amounts of material from the native 

sample for introduction to the mass analyzer. Since there is no high-vacuum requirement, the 

samples often do not have to undergo sample pretreatment steps such as solubilization, for 

introduction into a high-vacuum system. The two most commonly used ambient ionization 

sources are desorption electrospray ionization (DESI)- and direct analysis in real time (DART)-MS. 

DESI-MS, described by Takáts et al. in 2004,11 utilizes a charged solvent spray for the ionization 

of molecules from a sample surface.5-7, 11 DART, first introduced by Cody, Laramée, and Durst in 

2005,9 is a plasma-based ionization source. The work presented here demonstrates novel 

applications of DART, and thus a more detailed description of this APCI technique is described 

below. 

 

Direct analysis in real time—high-resolution mass spectrometry (DART-HRMS) 

First described in 2005, DART is a relatively new soft ionization source that can be coupled 

to any mass analyzer equipped with an ambient pressure interface.9 The source and its 

component parts are described in detail by Cody et al., and a schematic of it is shown in Figure 

1.3.9, 12 DART can be used with helium, nitrogen, or argon as the carrier gas, with helium-DART 

Figure 1.3. A schematic of the DART ion source.9,12  
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being the most common. It also can be operated in positive or negative ion modes. The ionization 

mechanisms of DART using helium gas are described in Schemes 1.1 and 1.2. Briefly, the 

ionization mechanism in positive ion mode involves the creation of metastable helium atoms that 

interact with atmospheric water to generate protonated water clusters. These then interact with 

the analytes in the open-air sampling gap where proton transfer from the protonated water 

clusters to the sample can occur depending on 

the proton affinity of the molecules in the 

sample. This interaction results in the detection 

of the intact protonated molecule [M+H]+ 

(labelled in red in Scheme 1.1).9  

Since DART ionization is heavily dependent on the proton affinity of the analytes, the 

relative intensities of peaks in the resulting mass spectrum do not necessarily represent the 

relative amounts of the molecules in a mixture. Coffee can be used as a case in point. A coffee 

brew contains both caffeine and chlorogenic acid. Caffeine, an amine, has a relatively high proton 

affinity of ~218 kcal mol-1, while chlorogenic acid has a proton affinity of only ~30 kcal mol-1 in 

water.13-14 Thus, even if the caffeine content is much lower than that of chlorogenic acid, the 

DART mass spectrum of coffee will most likely still be dominated by a peak for caffeine due to its 

much higher proton affinity, because it is protonated more readily than chlorogenic acid. As such, 

the limits of detection and sensitivity of DART-MS are analyte-dependent. 

In negative ion mode, electrons interact with a neutral (denoted as “N”), such as the exit 

grid electrode, resulting in the formation of electrons through Penning ionization.9 These 

electrons will then react and thermalize by collisions with atmospheric gases (G), which then 

Scheme 1.1. The ionization mechanism of the 
DART ion source operated in positive ion 
mode. 9,12 
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interact with atmospheric oxygen. This results in the 

creation of ionized oxygen which subsequently abstracts 

protons from the compounds in the sample. Typically, 

DART-MS experiments conducted in negative ion mode 

will result in a deprotonated analyte [M-H]- (shown in 

red in Scheme 1.2).9 Changing the carrier gas to argon or nitrogen has an effect on the dominant 

ionization mechanism and has been described previously.15-17  

The development of the DART ion source permits 

the direct analysis of various sample types in their native 

form.10 Sampling occurs in the open-air gap between the 

ion source and MS inlet, thus permitting the analysis of 

large solid objects such as plant parts, animal tissues or 

food, in addition to powders and liquids.10 Figure 1.4 

shows the analysis of a plant leaf; sampling occurs by 

holding the intact leaf between the DART ion source 

(encased in the blue cylinder) and the MS inlet. As a soft 

ionization technique, the analysis of complex matrices 

results in mass spectra that contain peaks for all components in a mixture. This is illustrated in 

Figure 1.5. Each peak is representative of an intact molecule, denoted by a different colored star, 

and not a fragment ion. Thus, DART ion sources are typically coupled with high-resolution mass 

analyzers that can provide exact masses and detection of isotope peaks. The high-resolution 

masses permit the determination of candidate molecular formulas and can result in tentative 

Scheme 1.2. The ionization mechanism 
of the DART ion source operated in 
negative ion mode. 9,12   

Figure 1.4. A picture of DART-MS 
analysis of whole plant material. The 
leaf is placed directly between the ion 
source and MS inlet in the open-air 
sampling gap. 
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identifications of the analytes in a mixture. As such, the technique has been utilized in a variety 

of studies of the small molecule composition of very 

complex matrices such as plant materials, food stuffs, 

human urine and saliva, condom lubricants, and 

rhinoceros’ horn, among many others.10, 18-30 Often, 

even when the identities of the detected compounds 

are not known, the entire mass spectral profile for these 

sample types can be used as “chemical fingerprints” for 

identification of whole materials.18-26, 28, 30  

 

1.2. Small Molecules—Imaging Analysis 

One of the most powerful recent developments in mass spectrometry is its use in imaging 

the spatial distributions of detected molecules within a sample. Imaging mass spectrometry 

(IMS), as it is commonly called, provides a means whereby spatial distribution maps of molecules 

within plant, animal and human tissues can be accomplished. The ability to achieve this has 

profound implications for advancements in numerous fields including medicinal chemistry, point 

of care diagnostics, forensic science, plant biochemistry, and food science, among many others.31-

35 In 2D IMS experiments, mass spectra are collected at every x,y-coordinate within a selected 

area of the surface of a sample. Once these are compiled, the relative intensity over the entire 

area of the scanned sample of an m/z value of interest can then be assessed. This interrogation 

furnishes a visual representation of the spatially resolved distribution of that ion over the entire 

Figure 1.5. A mass spectrum derived 
from a soft ionization technique like 
DART-MS. Each peak represented by a 
colored star corresponds to an intact 
molecule. 
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area. This is illustrated in Figure 1.6. A sample, in this case a plant leaf, is surveyed at every x,y-

coordinate over the entire surface. This results in a mass spectrum at each of those x,y-

coordinates (center image). If a soft ionization source is utilized, the mass spectrum will detect 

the presence of multiple molecules in the sample, each denoted by a different colored star. The 

user can then choose any analyte of interest and view its spatial distribution in the plant leaf. In 

Figure 1.6, each analyte detected in the mass spectrum is differentially distributed within the 

plant leaf. Any analyte detected during the experiment can be mapped in this way. 

There are a variety of IMS techniques that are described in the literature,31-56 including 

matrix-assisted laser desorption ionization (MALDI)-IMS, DESI-IMS, secondary ion-MS (SIMS), 

laser ablation electrospray ionization (LAESI)-IMS, and their derivatives (i.e. nano-DESI), among 

others. The techniques vary in terms of ionization mechanisms, sample preparation steps, high-

vacuum requirements, and the need for solvents. Until recently, many of the IMS approaches 

were optimized for the detection and mapping of large molecules or polymeric materials such as 

proteins in biological samples. However, there have been an increasing number of developments 

Figure 1.6. A schematic describing IMS. A sample (plant leaf) is analyzed at every x,y-coordinate on its 
surface. This results in mass spectra being collected at each of those discrete areas. The user can then 
choose an analyte of interest, such as those denoted by the different colored stars, and map their 
spatial distributions in the plant leaf. In this illustration, each of the four different analytes are localized 
to different areas of the leaf (as indicated in the color-coded spatial distribution maps). 
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directed towards small molecule imaging analysis.57 Brief descriptions of some of the most 

commonly utilized IMS techniques are presented below. 

 

1.2.1. High-vacuum instrumentation 

Laser desorption ionization (LDI)-IMS 

As suggested by the name, LDI-MS utilizes a laser for the desorption and ionization of the 

analytes in the sample. This technique has been applied to the imaging of pheromones and other 

compounds localized within different insect parts.43, 58 However, the utilization of the laser alone 

for the desorption and ionization of molecules results in low signal intensities and limited ability 

to analyze some classes of molecules.1 To improve upon LDI-MS, multiple derivatives of the 

approach were developed. These include matrix-assisted LDI and surface-assisted LDI, which 

utilize small organic molecules, inorganic substrates, and other compounds for ionization 

enhancement.59-61  

 

Matrix-assisted LDI (MALDI)-IMS 

The most common of the mainstream IMS approaches uses matrix-assisted LDI as the 

ionization source. MALDI-MS, first developed by Tanaka in 1988,61 utilizes a matrix to facilitate 

ionization upon the firing of a laser at the sample.59 MALDI-IMS is a soft ionization technique.  

The addition of the matrix permits reduction of the laser energy needed for ionization in LDI-MS 

experiments. This results in less fragmentation of analytes and promotes higher signal 
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intensities.50 MALDI is especially useful for high mass range measurements (~100,000 Daltons), 

because multiply-charged ions are possible. The technique has been fully optimized for the 

detection of large biomolecules such as proteins, oligosaccharides, and polymers in biological 

sample types. Its application to the detection of lower masses is complicated by the presence of 

the matrix which can interfere with detection of ions and interpretation of the data in the low 

mass region of the spectrum. However, with recent advancements in high-resolution mass 

analyzer technology, this issue is not as problematic.  

In MALDI-IMS, a matrix is applied to the entire surface of the sample to be analyzed.  It is 

most often a small organic molecule, whose purpose is to absorb the laser’s energy while 

facilitating ionization of the compounds.1  The analytes within a sample desorb into the matrix 

crystals.  When the laser beam hits the surface of the matrix-covered sample, the matrix ionizes 

the desorbed compounds which are subsequently detected by the mass spectrometer.1 Another 

role of the matrix is to dilute the analyte, thereby reducing the potential for the occurrence of 

analyte-analyte molecular interactions when the laser is fired.1 The matrix crystal’s properties, 

particularly its size, are dependent on a number of factors including the solvent used and the 

manner of its application. The more homogenous the layer of matrix that is applied to the surface 

of the sample, the more uniform its crystal formation, resulting in more intense signals and better 

imaging results. The spatial resolutions attainable with MALDI-IMS instruments are now at ~20 

µm, although currently, values of 50-250 µm are more typical.31   

MALDI imaging has been applied to a variety of samples including hair strands, latent 

fingerprints, and plant, human and animal tissue.46, 51, 53, 56, 62-64 In most cases, the most critical 

aspect of the MALDI-MS experiment is sample preparation which, in addition to matrix 
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application, may have special sample dependent requirements.49, 65  For example, in the case of 

detecting arginine in plant seeds, there was careful consideration given to the matrix used in 

order to prevent adverse effects on the tissue.56  In the case of tissue analysis, cross-sections 

often have to be flash frozen and sliced with a cryostat.46, 51  Furthermore, samples need to be 

completely flat in order to achieve uniform matrix deposition and sampling. 

 

Surface-assisted LDI (SALDI)-IMS 

Unlike MALDI-MS, SALDI-MS does not use a small organic molecule matrix. In its place, an 

“active surface” is utilized to assist in the ionization of the molecules of interest.60 Derivatives of 

SALDI-MS that include nanoparticle-assisted LDI (nano-PALDI) and silver-nanoparticle (AgNP)-

assisted LDI, employ nanoparticles as the active surface.60 The nanoparticles can be comprised 

of silver, gold, silicon or other metal oxides.55 Although the nanoparticles assist in the ionization 

of the molecules within the samples, the mechanism by which this occurs is not well 

understood.60 The use of inorganic materials, instead of a small organic molecule, eliminates the 

low molecular weight interferences that occur with the utilization of MALDI-MS.60  

In nano-PALDI experiments, the nanoparticles must first be prepared.55 The development 

of nanoparticles for application to the surface of the sample requires many steps that vary 

depending on the nanoparticles used.55 Once prepared, they must be applied to the sample 

surface. In this regard, SALDI-MS is similar to MALDI-MS.55 However, since the nanoparticles are 

already of a fixed size and shape, the spatial resolution is less affected than in MALDI-MS 

experiments in which the resolution is dependent on the size of the matrix crystals formed.60 
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Since SALDI-MS does not require a small molecule be used as the matrix, the detection and 

mapping of small molecules is not typically hindered.  

 

Secondary ion mass spectrometry (SIMS) 

SIMS is a mass spectrometric technique that utilizes the collision of energetic primary ions 

on a sample’s surface to create secondary ions.66 A major advantage of this approach is that 

nanometer level spatial resolution can routinely be achieved.32, 47, 67  It can also be used to 

observe both organic and inorganic ions.  In imaging SIMS, the primary ion beam is rastered 

across the surface of the sample to create a 2D image based on its constituents.66  SIMS is not a 

soft ionization technique and it induces significant fragmentation. However, with the 

development of new ion beams, it has been successfully applied to the imaging of small 

molecules. Applications have included determination of alterations made to artwork,54 mapping 

of exogenous and endogenous compounds in latent fingermarks,63, 68 and detection of dyes in 

hair samples.44  

 

1.2.2. Ambient ionization imaging instrumentation 

Use of high-vacuum techniques can preclude the ability to detect volatile small molecules, 

as they can evaporate or sublime under these conditions. Additionally, some sample types are 

not amenable to sampling by high-vacuum approaches, such as living tissues, or porous samples 

that may require prolonged instrument depressurization time. In response to these difficulties, 
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ambient ionization imaging techniques were developed more recently.52 These approaches 

permit the analysis of living tissues and other samples that are not as readily analyzed by high-

vacuum methods.52 Some of these approaches are described below. 

 

Desorption electrospray ionization (DESI)-IMS 

DESI-MS is an ambient and soft ionization technique that utilizes an electrospray emitter 

to cause charging of solvent droplets as they are sprayed from the source.11 The charged droplets 

then come into contact with the sample to be ionized. Analytes are desorbed into the charged 

solvent droplets deposited onto the surface.11 As more solvent is sprayed onto the surface, it 

collides with the solvent containing the desorbed analytes to create secondary ion droplets which 

are then forced into the mass spectrometer inlet.11 Like MALDI-MS, DESI-MS is a soft ionization 

technique that causes little to no fragmentation of the molecules within the sample. A variety of 

solvents can be used to form the electrospray that desorbs analytes from the sample’s surface.   

In imaging DESI-MS, the solvent spray is directed at the sample’s surface as it is scanned 

beneath the ion source.45 The technique usually achieves a spatial resolution of ~100-200 µm.52 

DESI-MS requires that the geometry and orientation of the ion source and the mass spectrometer 

inlet be exact in order to allow ions to reach the inlet successfully. This geometry must be 

maintained throughout the movement of the sample stage during imaging. The DESI-IMS method 

has also been used for indirect sampling, as was done for the imaging of the anti-cancer alkaloid 

rohitukine in Dysoxylum binectariferum seeds during their development.50 Instead of sampling 

the seeds directly, cross-sections were hand pressed against TLC plates to acquire an imprint of 
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the compounds within the seed. A spatial resolution of 250 x 250 µm2 was attained in these 

experiments.50 DESI-MS imaging can be accomplished with few sample pre-treatment steps, 

although the choice in solvent can limit the range of ions detected in an untargeted analysis. The 

advantage of using solvent for targeted applications is the potential to optimize solvent selection 

for the particular analyte of interest. The spatial distribution maps of chlorogenic acids in a coffee 

bean were observed using imaging DESI-MS with a spatial resolution of 100 µm.48  Although the 

coffee bean samples used in these experiments were sliced using a microtome, the sample 

surface was not uniform.48 This caused irregular sampling of ions, leading to variations in ion 

intensities across an image.48  This was also observed in the analysis of grapevine stems; the 

variations to the surface of the sample distorted the ion images compared to those obtained by 

MALDI-IMS.69 

 

nano-DESI-IMS 

To improve upon the poor spatial resolution observed in typical DESI-IMS experiments, 

nano-DESI-IMS was developed.70 The principle of the technique is the same, with improvements 

being made to the probes used to emit the spray of solvent to the surface of the sample. In nano-

DESI-IMS experiments, the probes are much narrower and are placed directly above the sample. 

One probe is used to introduce a solvent droplet to the sample’s surface, and a second is used to 

absorb the droplet containing the desorbed analytes and transfer the solvent to the mass 

spectrometer’s inlet.70 This results in improved spatial resolutions, averaging 50-100 µm.52, 70 
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Desorption electro-flow focusing ionization (DEFFI)-IMS 

DEFFI-MS was developed as an improvement to DESI-MS and works in a similar manner. 

First characterized and described by Forbes et al. in 2013,71 DEFFI-MS has shown improved signal-

to-noise ratios in both positive and negative ion mode for detection of narcotics and explosives 

when compared to DESI-MS.71 The approach involves the use of a carrier gas to focus the flow of 

the liquid emanating from a small capillary to produce a steady stream of fluid.71 This flow of 

liquid is charged by an electric field which produces a high-velocity spray of droplets that interact 

with the surface of the sample.71 The development of DEFFI-MS has resulted in an ion source 

with improved signal compared to DESI-MS and also requires less gas pressure and lower applied 

potentials, leading to other possible benefits.71 Imaging experiments can also be performed while 

maintaining the correct positioning of the ion source in relation to the moving stage and have 

been applied to mapping of the spatial distributions of explosives and narcotics in artificial 

fingerprints.36-37  

 

Laser ablation electrospray ionization (LAESI)-IMS 

LAESI-MS is an example of laser ablation being coupled to a soft ionization source used 

for post-ablation ionization. In LAESI-MS experiments, the laser is used to ablate small areas that 

are on the surface of the sample, followed by ionization using an ESI source.41 In this regard, the 

laser ablation aspect is only used to supply the spatial distribution information by indicating the 

discrete areas of the sample surface that were interrogated. Typically, the laser utilized operates 

in the mid-IR range41 and it can be limited in its ability to ablate hard surfaces. However, LAESI is 
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particularly useful in the analysis of biological tissues because their high water content permits 

absorption of the laser energy resulting in ablation of analytes.38, 40-42 This approach can result in 

multiply charged ions, permitting the analysis of large biomolecules.34 Typical spatial resolutions 

are limited by the size of the laser beam, and range from 300-350 µm.34, 40 

 

Laser desorption low-temperature plasma (LD-LTP)-IMS 

One of the most recent developments in the area of ambient ionization IMS is a technique 

known as LD-LTP-MS.39 Similar to LAESI, the approach involves a two-step process with ionization 

occurring after a laser is used for ablation. In this case, a continuous wave UV laser was coupled 

to a LTP ion source for detection of metabolites in different plant tissues including cacti and 

seeds.39 The use of a UV laser provides more energy at the surface of a sample than an IR laser 

can permit. Additionally, UV light can be absorbed by a broader range of plant metabolites and 

pigments, whereas IR lasers are limited to samples that contain a high water content for the 

vaporization of molecules in the matrix.39 A spatial resolution range of 50-300 µm was reported.39  

 

1.3. Statement of the Problem 

Although a number of recent advancements have been reported for the application of 

IMS techniques to the detection of small molecules, each of the aforementioned approaches 

presents challenges, particularly when it comes to the routine analysis of small molecules in 

complex matrices. The requirement of operating under high vacuum can preclude the ability to 
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map the spatial distributions of some volatile small molecules. Additionally, it can cause 

evaporation of the matrix over the long analysis times of MALDI-MS imaging experiments, 

resulting in gradually reduced ionization and a correspondingly reduced signal over the course of 

the analysis. Another challenge associated with high-vacuum techniques is their inability to image 

some sample types because of their physical properties. For example, wood and other plant 

materials like seeds can be quite porous. Hard, porous samples may crack under high-vacuum 

conditions, and often require hours of depressurization time to reach the requisite operating 

parameters while the sample chamber is evacuated. In addition to its operation under high-

vacuum conditions, SIMS induces fragmentation of the analytes detected and is thus better 

suited for the analysis of large biomolecules. Since this technique induces extensive 

fragmentation, the detection of small molecules and interpretation of the experimental results 

can be complicated by the difficulty in distinguishing between the sources of fragment ions.  

Techniques that incorporate ESI, such as DESI-IMS and LAESI-IMS, have limitations 

associated with the requirement to use a solvent. Depending on the solvent used for the 

desorption of ions, the range of the molecules detected will be limited based on their polarity 

and compatibility with the solvent chosen for the experiment. Also, the requirement in DESI-IMS 

for solvent to be applied to the surface of the sample can result in surface wetting, which can 

distort the spatial distributions of the molecules present in the sample.72  

To circumvent some of these challenges, we propose to develop a new ambient ionization 

IMS technique to permit the types of analyses that are difficult or impossible to conduct by the 

techniques currently commercially available. Possible applications include mapping small 

molecules in biosynthetic cascades to help elucidate the steps and potential trafficking of 
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molecules in different tissue areas, determining the outer boundaries of diseased biological 

tissues by distinguishing between healthy and unhealthy areas based on their small molecule 

profiles, and mapping the distribution of banned pesticides or herbicides in crops, among many 

other uses. Our goal is to develop a technique that permits the analysis of such samples under 

ambient conditions. Without the requirement of high vacuum, the approach would permit the 

detection of small volatile compounds that would otherwise evaporate or sublime. Additionally, 

the technique would provide a means to investigate, without tedious sample preparation steps, 

the spatial distributions of small molecules in large and irregularly shaped sample types that 

remain unamenable to sampling under high-vacuum conditions due to their porosity. These 

sample types can include woody seeds or wood pieces that are not easily sectioned using a 

cryostat or microtome and thus are difficult to image. The technique would ideally operate 

without the use of solvent, thereby permitting untargeted analyses that would result in the 

detection of a wide range of molecules with varying polarities. The absence of a matrix 

requirement would allow for the collection of high-resolution images without the prerequisite 

method development of matrix selection and application, reducing some of the tedious sample 

pretreatment steps required for typical IMS analyses.   

Presented here is the progress that has been made to date in the development of such a 

system, and the ways in which it was applied to answer important questions of relevance to 

several sub-disciplines of forensic science. The technique also has applications to food science, 

plant natural products, environmental chemistry, and other areas. The approach to creating an 

IMS instrument optimized for the routine detection of the spatial distribution of small molecules 

was to combine a laser ablation platform and a DART ion source that was interfaced with a high-
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resolution mass analyzer. A detailed description of how this was done to create a new technique 

termed laser ablation direct analysis in real time imaging-mass spectrometry (LADI-MS) is 

described in Chapter 2. The chapter discusses each component part of the new system and 

provides an overview of its capabilities and functions. In the subsequent chapters, the application 

of LADI-MS to a wide variety of sample types including food products, plant seeds, wood tissues, 

and samples of forensics relevance is illustrated. Specifically, compartmentalization of small 

molecules related to one another by their involvement in the biosynthetic cascade leading to the 

synthesis of the clinically relevant drugs atropine and scopolamine in different areas of a Datura 

sp. seed is demonstrated in Chapter 3.73 Chapter 4 shows the advantages of working under 

ambient conditions by demonstrating the localizations of two potentially carcinogenic volatile 

molecules in coffee beans before and after roasting, to help inform approaches for their 

removal.74 Chapter 5 focuses on the application of the technique to the determination of the 

spatial distributions of small biologically active molecules in wood tissue and discusses its 

potential utility in helping track the illegal trade in endangered timber. Finally, Chapters 6 and 7 

show the application of the technique to samples of high forensics relevance, including latent 

fingermarks,75 inks on paper, and fired ammunition.  

Our findings establish LADI-MS as a useful new IMS technique optimized for the analysis 

of small molecules in complex matrices, and which holds promise as a tool that can be directed 

towards answering questions of import in several disciplines including food chemistry, medicinal 

chemistry, forensic science, and plant biochemistry.  
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Chapter 2: Development and Optimization of Laser Ablation Direct 

Analysis in Real Time Imaging-Mass Spectrometry (LADI-MS) 

2.1. Introduction 

As described in the previous chapter, recent significant advancements in imaging mass 

spectrometry (IMS) have provided a means whereby spatial distribution mapping of molecules 

within plant, animal and human tissues can be accomplished.31 In this regard, much of the 

progress has been made in detecting macromolecules such as proteins, nucleic acids and other 

polymers, rather than small-molecules. The most well-established methods utilize a MALDI 

source, although others such as SIMS, DESI, nano-DESI, LAESI,76 and their derivatives have also 

been used for IMS. In these approaches, successful experiments usually involve significant and 

often time-consuming methods development, and this in turn defines the sample types that can 

be analyzed.77  

Until recently, the mapping of small molecule distributions in biological matrices was not 

amenable to accomplishment by these methods for a variety of reasons.78 Imaging by MALDI was 

initially challenged by high background contributions from the matrix. In DESI analysis, the size 

of the charged droplet beam was too large relative to the area analyzed, and the data were poorly 

resolved. Some of these deficiencies have been overcome through advances in matrix deposition 

methods, mass analyzer enhancements, and charged droplet beam size reductions, among other 

developments.78 Nevertheless, significant concerns remain, including the continued need for 

high vacuum (SIMS, MALDI), the requirement of a matrix (MALDI), the need for a solvent (DESI, 
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LAESI) which can be problematic in cases where the sample is sensitive to surface wetting, the 

optimization of multiple experimental parameters associated with ion source operation, ion 

suppression effects, limitations in the dielectric constant range for the compounds detected in a 

single experiment, and the requirement for sophisticated sample preparation steps such as 

dehydration, chemical fixation and cryo-sectioning, among others. Even in cases such as matrix-

free LDI or SIMS, the significant fragmentation of the analytes that occurs limits their 

application.76, 79  

Given the aforementioned issues, a technique that permits the following abilities would 

be advantageous and extend the scope of sample types that could be more readily and routinely 

analyzed: (1) analysis of samples under ambient conditions with minimal to no sample 

pretreatment or need for solvent; (2) imaging of irregular surfaces; (3) obtaining high spatial 

resolution; (4) routinely detecting a range of molecules of varying polarities in a single 

experiment; and (5) ease of setup. In the case of certain types of materials such as plant tissue, 

the ability of the technique to penetrate barriers such as the cell wall and cuticle or waxy surfaces, 

as well as to analyze both fresh and dried samples, would also be highly desirable. Furthermore, 

many mass spectrometric techniques permit the routine detection of organic molecules or 

metallic species but not necessarily both. Thus, another desirable feature would be the ability to 

use the same platform to detect both.  

In this chapter, we describe combining an ambient ionization direct analysis in real time  

(DART) source coupled to a high-resolution mass spectrometer (JEOL AccuTOF) with a laser 

ablation system (NWR213) to create a new technique termed “laser ablation direct analysis in 

real time imaging-mass spectrometry” (LADI-MS). Some features of the developed system are 
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demonstrated through the imaging of the small molecules detected in a blow fly wing, and testing 

of the spot-size limit of detection, the concentration of analyte limit of detection, and laser 

ablation depth.  

 

2.2. Results 

LADI-MS was developed by combining three components: (1) a laser ablation system; (2) 

an ambient ionization source; and (3) a high-resolution time-of-flight mass spectrometer (HR-

TOF-MS) with an atmospheric pressure interface (API). The individual components are described 

below. 

 

2.2.1. Laser ablation system 

The laser ablation system used is an Elemental 

Scientific Lasers NWR213 unit (ESL, Bozeman, MT) (Figure 

2.1) which utilizes a UV 213 nm neodymium-doped yttrium 

aluminum garnet (Nd:YAG) laser with a maximum repetition 

rate of 20 Hz. The maximum fluence, or energy density of the 

laser, is 30 J cm-2. Nd:YAG lasers typically have a wavelength 

of 1064 nm and must pass through a 2nd, 3rd and 5th harmonic 

to reach a final wavelength of 213 nm. The laser beam is 

aperture imaged, using an IVA or XYR device, which permits 

Figure 2.1. A photograph of the 

NWR213 laser ablation system.  
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ablation craters of both circular and rectangular shapes, respectively. The IVA device will make 

circular spots from 4 to 110 µm in diameter in 1 µm increments. With the XYR device, rectangles 

can be made at 1 µm increments with a maximum diagonal of 110 µm, and they can be rotated 

in 1° increments.  

The sample chamber of the ablation 

system rests upon an x,y-moveable stage 

which allows the sample to be rastered 

beneath the stationary laser as it fires at the 

surface, creating an ablation plume. 

Although the sample chamber itself has a 

volume of 800 mL, within the chamber is a 

small 1 mL volume cup that is suspended 

directly above the ablated area. This 

provides a smaller volume within which the created ablation plume is contained. The unique 

sample drawer can accommodate samples of up to 10 cm in length and width, and up to 2 cm in 

depth, permitting the analysis of irregularly shaped and large samples. Figure 2.2 shows the 

sample drawer with an insert for analysis of scanning electron microscopy (SEM) stubs or glass 

slides (Panel A) and with a plexiglass plate for samples of irregular shape (Panel B).  

 

 

 

Figure 2.2. Photographs of the NWR213 sample 

drawer. Panel A shows the sample drawer with an 

insert that can accommodate SEM stubs or glass 

slides. Panel B show the drawer with a plexiglass 

insert that can accommodate samples of irregular 

shape and thickness.   
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Laser parameters 

The laser ablation system parameters that can be varied include the laser fluence, laser 

frequency, spot size and shape, helium flow rate, scan speed, and warm-up and washout delay 

times. All laser parameters can be set using the ActiveView software that accompanies the 

system and can be changed to accommodate variations in the MS signal strength and sample 

type. Each of these is described below. 

Laser frequency 

 The maximum laser frequency for the NWR213 laser ablation system is 20 Hz. All of the 

samples imaged required the maximum frequency. This allowed the laser to fire as rapidly as 

possible as the sample was rastered beneath it.  

Fluence 

 The maximum laser fluence, or energy density, is 30 J cm-2. This parameter must be varied 

as a function of sample type. Fragile tissues require a lower fluence in order to prevent 

destruction of areas that extend beyond the specified spot size. Other samples require a higher 

fluence in order to permeate the sample surface and obtain an optimal MS signal. This was 

especially true for detection of inorganic species. 

Laser spot size 

 The laser spot shape can be set to square or circular, and the spot size can be varied from 

4-250 µm2 or 110 µm in diameter. This setting plays a crucial role in the calculation of the spatial 

resolution of an experiment. Although smaller spot sizes result in higher spatial resolution, larger 
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spot sizes provide higher MS signal, because of the greater volume of ablated sample that 

reaches the mass analyzer. 

Laser scan speed 

 Along with spot size, the scan speed is used to define the amount of sample to be ablated, 

which is a function of how long the laser is held on one area before moving to the next position 

along the line scan (described below). The scan speed must be optimized so that the laser does 

not remain at the same spot for too long, causing oversampling of one area on the one hand, or 

move too quickly to the next spot, preventing sufficient ablation on the other. 

Line scans 

 The laser ablation system is equipped with an integrated ActiveView software-controlled 

microscope by which the surface being ablated can be viewed. The width of the line scans is 

determined by the spot size, as each horizontal line is created through the firing of a series of 

successive square- or circle-shaped laser beams as the sample is rastered. When the line scans 

are created with no overlap between them, there is a gap that appears between the line scans 

where no data was collected. This appears as a white line in the resulting ion images. It was 

determined that by overlapping the line scans by 5-15 µm, this gap can be eliminated.  

Helium flow rate 

 The flow rate of helium into the sample chamber can be varied from 0-1 L min-1. The rate 

is modified from sample to sample in order to attain the best signal, although it usually remains 

in the range of 500-700 mL min-1. When a glass tee (discussed below) is used in the open-air gap 
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between the ion source and MS inlet, the helium flow rate required is significantly lower than 

without it. 

Warm-up and washout delays 

 At the beginning of each line scan the laser takes 5-10 s to warm-up to the desired user 

defined fluence. This warm-up delay can be longer if the laser does not reach the set fluence 

within the specified time frame, which can occur when operating at higher fluences. At the end 

of each line scan, the laser turns off and does not move to the next line for another few s. This 

time frame is known as a “washout delay”, and it prevents carry over of ions from one line scan 

to the next. The time it takes for an ablation plume to be cleared from the sample chamber (as 

defined by the manufacturer) is 0.7 s. Thus, the washout delay time set by the user is arbitrary, 

as it far exceeds the time needed to evacuate the ablation plume from the sample chamber. 

 

2.2.2. Ambient ionization mass spectrometry approach 

The ambient ionization mass spectrometry technique utilized here is DART-HRMS, and 

involves the coupling of an ambient ionization DART source to a high-resolution TOF mass 

spectrometer. The individual components are discussed in more detail below.  

 

Ion source 

The ionization source utilized is a DART-standardized voltage and pressure (SVP) ion 

source, pictured as the blue cylinder in Figure 2.3. Typical DART-HRMS analyses are completed 
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by suspending the sample in the 

open-air gap between the ion 

source and MS inlet. The DART ion 

source operates in positive and 

negative ion modes thus 

permitting the detection of a 

number of different classes of 

molecules, and can be operated 

with helium, nitrogen, or argon 

gases, each resulting in different ionization mechanisms. A detailed description of its component 

parts and the mechanisms of ionization is provided by Cody, Laramée, and Durst.9 Briefly, in the 

case of positive mode helium DART, which is used most frequently, the flow of metastable helium 

exiting the ion source will interact with and ionize the sample plume via proton transfer from 

protonated water clusters (described in Chapter 1).  

 

High-resolution time-of-flight mass spectrometer  

The high-resolution mass spectrometer used in all experiments was either a JEOL AccuTOF 

LC-plus JMS-T100LP HRMS, or a JEOL AccuTOF-LP 4G HRMS (JEOL USA, Inc., Peabody, MA, USA). 

The TOF mass analyzer, depicted in Figure 2.4, is comprised of an API, ion guide, mass analyzer, 

and detector.80  

 

Figure 2.3. A photograph of the DART-SVP ion source, which is 

contained within the blue cylinder. The MS inlet is shown at the 

left of the image. The space between the ion source and MS 

inlet is the open-air sampling gap. 
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Atmospheric pressure interface (API) 

The ions generated by the ion source 

are directed into the mass spectrometer by 

way of an API with ion transport guide and 

focusing lenses. There are two off-axis 

skimmers, or orifices, with a ring lens 

between them leading to the ion guide, as 

depicted in Figure 2.4.80 The orifices are 

misaligned intentionally to allow the neutral 

particles and droplets to be diverted from 

entering the ion guide, thereby permitting only the charged ions. The voltages of the two orifices 

and ring lens can be changed to function under soft conditions (orifice 1 at 20 V) or conditions 

that induce fragmentation (e.g. orifice 1 at 90 V). 

Ion guide 

The high frequency ion guide is a quadrupole and is represented by the two bent 

horizontal lines in the ion transport section of Figure 2.4.80 The quadrupole is used to focus the 

ions entering orifice 2 to the central axis for transportation to the TOF analyzer. It is evacuated 

by a single split flow turbo molecular pump (TMP). The TMP allows for successive pumping for 

transport from the high-pressure region to the TOF high-vacuum region.80 High frequency and 

DC voltages are applied to all electrodes of the quadrupole for focusing of the ions. The ions pass 

through another orifice after which a focusing lens, represented by the six rectangles within the 

Figure 2.4. A schematic diagram of the AccuTOF-

mass spectrometer that is utilized in LADI-MS. The 

system is comprised of an atmospheric pressure 

interface, ion transport, mass analyzer, and 

detector.80 
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mass analyzer section of Figure 2.4,80 directs the ion beam into the orthogonal-extraction 

reflectron time-of-flight mass analyzer. 

Analyzer 

The mass spectrometer incorporates a single stage reflectron mass analyzer flight tube 

with a vacuum system. The orthogonal ion extraction allows for efficient analysis of a continuous 

ion beam. The TOF-MS uses a 2-stage acceleration and single-stage reflectron (five horizontal 

lines in the mass analyzer section of Figure 2.4). The advantages of using a reflectron TOF mass 

spectrometer are its ability to collect spectra rapidly with good peak definition, high resolving 

power with accurate mass determinations, and good sensitivity which is important for imaging 

experiments. The resolving power of the two mass spectrometers utilized in the applications 

described in the subsequent chapters are 6,000 and 10,000 (FWHM definition) with accurate 

mass determinations within 5 mmu.  

Detector 

The detector is comprised of a “Chevron” dual-microchannel plate (MCP) and an anode.80 

The “Chevron” dual-MCP is comprised of two MCPs arranged in the shape of a V.  

 

2.2.3. Integration of the laser ablation and DART-HRMS platforms 

The laser ablation system was coupled to the DART-HRMS by way of a transfer line 

extending from the NWR213 unit to the open-air sampling gap (Figure 2.3). A diagram depicting 

the LADI-MS instrumentation is shown in Figure 2.5. The black box represents the sample 
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chamber that rests on the x,y-moveable stage. The stage rasters beneath the UV laser from left 

to right allowing the laser to ablate the surface of the sample (embedded on silicone putty), from 

right to left. The ablation plume is contained in the ablation cup after its formation. High-purity 

helium is constantly flowing into the back of the laser ablation system, indicated by “Helium flow 

(in)” (in Figure 2.5), and forces the ablation plume, by positive pressure, out of the laser ablation 

system through the transfer line. The transfer line was comprised of tygon or stainless-steel 

tubing and could be heated to facilitate transfer of the ablated material to the MS inlet. A 

photograph of the LADI-MS system set-up with a heated stainless-steel transfer line is shown in 

Figure 2.5. LADI mass spectrometry set-up. A sample suspended in silicone putty is placed within the 
sample chamber of an ESL NWR213 laser imaging platform. The chamber rests on an automated 
computer-controlled x,y-stage. Rastering the sample at constant speed beneath the laser pulse results 
in an ablation plume which is transported via helium gas through tubing, and directed to the open air 
space between the DART ion source and the inlet of the mass spectrometer. Adapted with permission 
from: Fowble, K. L., Teramoto, K., Cody, R. B., Edwards, D., Guarrera, D., and Musah, R. A. Development 
of “laser ablation direct analysis in real time imaging” mass spectrometry (LADI-MS): Application to 
spatial distribution mapping of metabolites along the biosynthetic cascade leading to synthesis of 
atropine and scopolamine in plant tissue. Anal Chem. 89, 3421-3429 (2017), Copyright 2017 American 
Chemical Society.73 
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Figure 2.6 Panel A. The transfer line originates at the ablation cup, extends out the right side of 

the sample chamber (Panel A), and terminates at the open-air gap between the DART ion source 

and MS inlet (Panel B). A glass tee can be utilized at the DART-MS interface to help direct the flow 

of the ablation plume from the transfer line to the MS inlet after ionization by the DART ion 

source. An image of the interface between the transfer line, DART ion source, and MS inlet is 

shown in Figure 2.6 Panel B. 

During an imaging experiment, the laser beam is stationary as the sample is rastered 

beneath, causing ablation of the surface of the sample. The depth of ablation can vary depending 

on the sample type being analyzed and the fluence of the laser. Harder surfaces such as metals, 

will have a shallower ablation depth than samples such as animal or plant tissues. Since LADI-MS 

utilizes DART-HRMS, the experiments are completed under ambient conditions with no need for 

high-vacuum, solvent, matrix, or tedious sample preparation steps.   

Figure 2.6. The LADI-MS system and the interface at the DART-MS sampling gap. In Panel A, a photograph 

of the laser ablation system (left) connected to the DART-HRMS (right) by a heated stainless-steel 

transfer line is shown. The transfer line originates from the right side of the laser and ends at the glass-

tee (Panel B) between the ion source and MS inlet. 
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2.2.4. Proof-of-principle imaging experiment-Blow fly wing 

To determine if the coupling of an ambient ionization mass spectrometry technique 

(DART-HRMS) to a laser ablation imaging system (NWR213) would permit the detection and 

mapping of small molecule spatial distributions in different sample types, a proof-of-concept 

imaging experiment was completed.  The sample used was that of a blow fly wing (Family: 

Calliphoridae), which was placed within the sample chamber after being affixed to double-sided 

adhesive carbon tape. The entire surface of the fly wing was ablated by the NWR213 unit, while 

coupled to a DART-HRMS instrument. During the experiment, the MS signal was monitored in 

real time, and the appearance of the signal confirmed that ions derived from the blow fly wing 

were being detected.  A representative mass spectrum obtained from this experiment is 

displayed in Figure 2.7 Panel A. It features prominent peaks at nominal m/z 194 and m/z 371, and 

a peak of lower intensity at m/z 204. The ion at m/z 371 corresponds to a plasticizer that 

originated from the tygon tubing and/or capillary used in the open-air sampling gap. The 

compositions of the compounds detected at m/z values 194.0771 and 204.0872 are unknown, 

but m/z 204.0872 could correspond to protonated N-acetylglucosamine-H2O, which is a 

monomer unit of chitin, an important polymeric component of blow fly wings.81 The ability to 

observe a mass spectrum indicated that it might be possible to map the spatial distributions of 

detected ions in the entire wing. To obtain information about possible localization of ions of 

interest in the blow fly wing, the following data processing steps were performed.  
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Data processing for imaging analyses 

At the conclusion of an imaging analysis, the NWR213 laser ablation system produces an 

excel file that contains pertinent experimental information including a log of laser on/off times 

that are correlated to laser fluence and position. This information is coupled to the mass 

spectrometer’s output files. Reconstructed ion currents (RICs) are created for each of the ions of 

interest in TssPro 3.0, TssUnity, or msAxel data processing software. These RICs are then exported 

to excel files. The headings of the exported files are modified to correspond to the Agilent file 

format. Specifically, the scan numbers are 

removed and the time labels are converted 

from min to s. The updated excel files are 

then imported into Iolite imaging software. 

This software permits the coupling of the 

data file from the mass spectrometer to the 

text file created by the NWR213 based on the 

time stamps, to create ion images for each of 

the analytes. The Iolite software creates the 

ion images based on the raw counts of each 

selected analyte. In Figure 2.7, the ion 

images for the m/z values 204.0872 and 

194.0771 are shown in Panels B and C, 

respectively. The relative intensities of the 

analytes are represented visually by the 

Figure 2.7. A LADI-MS-derived mass spectrum 

(Panel A) and ion images of a blow fly wing. In 

Panels B and C, the ion images of two unknown 

compounds (m/z 204 and m/z 194, respectively) 

detected within a blow fly wing are shown.  The 

compounds are confined mainly to the veins of 

the fly wing.     
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variations in the color in these images.  In the color scheme used here, yellow indicates a very 

high intensity and black a very low or zero intensity. Both ions mapped in Figure 2.7 are localized 

with high intensity in the veins of the fly wing. This experiment in particular shows the potential 

use of the technique for analysis of delicate tissue types.  

 

2.2.5. System assessment 

The successful detection and imaging of the spatial distributions of compounds localized 

to the veins in a blow fly wing (Figure 2.7) established that LADI-MS could be utilized as an IMS 

technique optimized for the detection of small molecules. The proof-of-concept experiment 

demonstrated that the imaging of small molecules in a complex matrix could be accomplished 

without many of the challenges associated with other IMS techniques (discussed in Chapter 1), 

and their required sample preparation steps, including the application of a matrix, solvent or use 

of high-vacuum conditions. To further investigate the scope and capabilities of the LADI-MS 

technique, such as analyte sensitivity, spot size limit of detection, and ablation depth, a number 

of additional experiments were performed.  

 

Spot size signal testing 

To investigate the limit of detection associated with a representative laser spot size, a 

series of line scans were acquired across the surface of a 5 µL deposit of 1000 ppm quinine in 

methanol on chromatography paper. The corresponding extracted RICs are shown in Figure 2.8. 
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The first RIC (Panel A) covers circular spot sizes 

with diameters of 110, 100, 90, 80, 70, 60, 50, 

40, and 30 µm. Panel B includes the laser spot 

sizes, 50, 20, 10, 5, and 4 µm. The quinine spot 

was ablated twice at the 4 µm spot size. Panel 

C shows the RIC resulting from ablation with 

the following spot sizes: 30, 25, 20, 15, 10, and 

5 µm. The results show that for all laser spot 

sizes, quinine was readily observed, and that 

detection occurs at spot sizes as low as 4 µm, 

the smallest spot size achievable with the 

NWR213 system.  

 

Sensitivity testing 

A preliminary assessment of the sensitivity of the LADI-MS technique was conducted 

using 5 µL aliquots of varying concentrations of quinine in methanol that were deposited on 

chromatography paper. Ablation in the form of a single line scan, at a laser spot size of 110 µm, 

was performed on samples representing each of the concentrations used (i.e. 100 ppb, 1 ppm, 

10 ppm, 100 ppm, and 1000 pm) to determine the limit of detection of quinine. A plot of the 

integrated peak areas of the RICs for each concentration versus the concentration in each case 

revealed a linear relationship between the two (Figure 2.9). Quinine remained detectable at the 

100 ppb level.  

Figure 2.8. The RICs for quinine showing the counts 

detected for each spot size used to ablate one line 

scan. Panel A is comprised of spot sizes ranging 

from 110-30 µm; Panel B covers spot sizes of 50, 

20, 10, 5 and 4 µm; and Panel C is comprised of 

spot sizes from 30-5 µm.  
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Laser ablation depth testing 

Although the laser ablation depth 

will vary greatly depending on the attributes 

of the substrate and the laser fluence used, 

it would be beneficial to know the ablation 

depth on a standard substrate. To assess the 

ablation depth on a hard surface, a thin 

sheet of copper alloy 110 (minimum of 

99.9% Cu and 0.04% O) was sampled. The laser was set to the highest energy density (~ 30 J cm-

2) and the frequency reduced to 1 Hz. The laser was fired at the surface for one pulse resulting in 

a crater. The ablation depth was calculated from the difference in the z-axis focus prior to and 

following the ablation. The average measured ablation depth at 30 J cm-2 was 17.6 µm. The laser 

energy was reduced to 50% of its total energy density and the ablation depth was measured 

again. The average ablation depth at 50% energy fluence was 11.2 µm.  

 

2.3. Discussion 

LADI-MS is the integration of two standalone instruments. The coupling of a laser ablation 

unit and DART-HRMS permits the acquisition of spatial distribution information (laser ablation) 

and mass spectral information (DART-HRMS) as demonstrated by the ion images of compounds 

found in a blow fly wing (Figure 2.7). Furthermore, the analysis is done in open air, so there is no 

Figure 2.9. A plot featuring the concentration of 

quinine vs the integrated peak area from the RIC of 

quinine. The calculated R2 value is 0.9996.  
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need to perform sample pre-treatment steps such as cryo-sectioning or sample fixation in various 

media such as gelatin.  No matrix is required because ionization by DART is accomplished using 

metastable helium.  In principle, this approach could be successfully applied to many different 

disciplines such as medicine, biology, environmental science and forensics.  Additionally, because 

no solvent is required, another advantage is the ability to simultaneously detect small molecules 

that span a range of polarities.   

Although the development of LADI-MS as described here is novel, it is not the first 

instance of the coupling of a laser to a DART or other plasma ionization source. IMS has also been 

accomplished under ambient conditions using an IR laser coupled to a DART source.82 However, 

in contrast to the approach described here, the laser was limited in power and wavelength (which 

reduced the range of compounds detected), the laser spot size was large (thereby limiting 

resolution), and the samples analyzed did not exhibit differential distribution of analytes. Another 

IMS ambient ionization method that features a low-temperature plasma probe has been 

reported, but the spatial resolution that can be achieved is limited by the size of the capillary of 

the probe.83 Zhang et al.84 have demonstrated that a platform comprised of a multiwavelength 

laser and a DART source, coupled to a mass spectrometer can be used to detect dye and drug 

samples directly from TLC plates. However, potential imaging capabilities of this system were not 

presented. Since the development of LADI-MS,73 a similar approach has been published utilizing 

continuous wave UV LD-LTP-MS for the mapping of the spatial distributions of small molecules 

in plant tissues.39 In this technique, a UV laser with a wavelength of 405 nm was used to desorb 

molecules from the surface of plant tissue followed by their ionization using an LTP ion source.39  
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The interrogation of the LADI-MS system revealed that the approach is capable of 

detecting MS signal at spot sizes as low as 4 µm (Figure 2.8). Using quinine as the analyte, the 

counts observed increased as the laser spot size was enlarged. This was expected; as the spot 

size increases, the ablation plume becomes larger and more sample is transferred from the laser 

ablation chamber to the DART-HRMS. The RIC peak shape (two strong peaks with a valley 

between) shown for each spot size in Figure 2.8 is a result of the coffee ring effect which caused 

the quinine in solution to localize to the outer edge of the deposited 5 µL spot. Although the 

system can detect quinine at a concentration of 100 ppb in methanol, it is anticipated that 

detection limits will vary as a function of the analyte. Ionization by DART is heavily reliant on the 

proton affinities of the compounds found within the sample (as described in Chapter 1), and thus, 

analytes with high proton affinities are anticipated to yield strong signals relative to those that 

have low proton affinities, for analyses using the same laser spot size and sample concentrations.  

 

2.4. Conclusions 

The development of LADI-MS is described. The system is comprised of a laser ablation 

unit coupled to a DART-HRMS instrument. The parameters for the laser ablation system were 

described in detail and include the laser fluence, spot size, frequency, helium flow rate and scan 

speed. Signal was acquired for quinine in methanol at a spot size as low as 4 µm. The limit of 

detection for quinine spotted on chromatography paper was 100 ppb, although this will vary 

depending on the analyte. The system was applied to the imaging of the spatial distributions of 

small molecules in a fragile tissue type (blow fly wing) demonstrating its utility as an IMS 
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technique. Numerous other imaging applications of LADI-MS to samples of interest to forensic 

science and plant chemical ecology will be discussed in subsequent chapters. 

 

2.5. Materials and Methods 

2.5.1. Chemicals 

Quinine and Whatman™ brand chromatography paper (Cat. No. 3001-851) were 

purchased from Sigma Aldrich (St. Louis, MO). High-purity helium and nitrogen gases were 

purchased from Airgas (Albany, NY) or Matheson (Manchester, NH). A thin sheet (~ 2mm) of 

copper alloy 110 (minimum of 99.9% Cu and 0.04% O) was provided by the University at Albany 

machine shop (Albany, NY).  

 

2.5.2. LADI-MS set-up 

An ESL NWR213 computer-controlled solid state laser ablation system (Elemental 

Scientific Lasers, Bozeman, MT), which includes a 213 nm Nd:YAG laser with a spot size range of 

4-250 µm2 or 110 µm diameter, and a 10 cm x 10 cm x 2 cm (length x width x depth) high 

performance TwoVol ablation chamber was used. The high-resolution mass spectrometers 

coupled to the NWR213 system and used for the imaging of the blow fly wing and system 

assessment experiments were a JEOL AccuTOF LC-plus JMS-T100LP HRMS (6,000 FWHM) and a 

JEOL AccuTOF-LP 4G HRMS (10,000 FWHM) (JEOL USA, Inc., Peabody, MA, USA), respectively. In 

all experiments, the mass spectrometers were coupled to a DART-SVP ion source operated in 
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positive ion mode. The rate of the DART ion source helium flow was 2.0 L min-1. The mass 

spectrometer orifice 1 voltage was set to 20 V and the orifice 2 and ring lens voltages were both 

set to 5 V each.  

The samples were placed in the system’s airtight 800 mL sample chamber which is 

mounted on a motorized, computer-controlled x,y-moveable stage. The window of the sample 

chamber is made of glass with an optical coating to minimize energy loss before the laser beam 

reaches the surface of the sample. The NWR213 ablation system is equipped with a 1 mL ablation 

cup into which the ablation plume is directed from the sample chamber. Transport of the plume 

to the open-air gap between the DART ion source and JEOL AccuTOF mass spectrometer inlet 

was accomplished using ultra-high purity helium flowing at a constant rate into the sample 

chamber and out through tygon (blow fly wing imaging) or heated stainless-steel (quinine 

sensitivity, spot size, and ablation depth testing) tubing positioned at the mass spectrometer inlet 

(Figure 2.6 Panel B). Polyethylene glycol (PEG) was used as a reference standard for the 

calibration of the collected spectra. TssPro 3.0 (Shrader Analytical Software Solutions, Grosse 

Pointe, MI, USA) and the msAxel Data Processing software package (JEOL USA, Inc., Peabody, MA, 

USA) were used for peak calibration and peak centroiding. Mass spectral analysis, elemental 

composition determination and isotope analysis were performed using Mass Mountaineer 

software (Massmountaineer.com, Portsmouth, NH, USA). Creation of ion images from the 

coupling of MS and laser output data was performed using Iolite imaging software (University of 

Melbourne, AUS). Equation 2.1 was used to calculate the spatial resolution obtained for a given 

experiment, where x is the spot size in the x-dimension (µm), a is the scan speed of the sample 
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chamber (µm s-1), b is the MS acquisition rate (s scan-1), and y is the spot size in the y-direction 

(µm). In Equation 2.1, 0.7 is representative of the sample cell washout time (s). 

Spatial Resolution = (𝑥 + 0.7𝑎 + 𝑎𝑏) x 𝑦     (Eq. 2.1) 

 

2.5.3. LADI-MS analysis of a blow fly wing 

A wing was removed from a dehydrated carrion fly of unknown species using tweezers. 

The wing was placed on double-sided adhesive carbon tape that was affixed to a glass slide for 

analysis. Tweezers were used to ensure that the fly wing was securely attached. The DART-HRMS 

and laser parameters utilized for the analysis are listed in Tables 2.1 and 2.2, respectively. 

For the creation of ion images (Figure 2.7 Panels B and C), the laser and MS output files 

were combined in Iolite imaging software. After calibration using TssPro or msAxel software 

packages, RICs were created for each of the ions of interest. The RICs consist of raw counts for 

the chosen mass at each scan number in the analysis. This output is then converted to an Excel 

spreadsheet containing the raw counts for all ions of interest at each s in an experiment. The 

NWR213 system produces a laser output file that contains the x,y-coordinate information for 

each s in the experiment. The MS and laser output data are then imported into Iolite software 

which constructs the ion images based on the shared time scale in both files. The color scale 

(black to yellow) correlates to the relative intensity (counts) of the indicated ion at any time point 

(s) or x,y-coordinate. Black or dark red is indicative of a low or zero intensity and yellow is 

reflective of a high intensity of the given ion. 
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Table 2.1. DART-HRMS parameters used for analyses.* 

Sample Gas heater Ion guide voltage** MS acquisition rate 

Blow fly wing 350 °C 400 V 0.5 s scan-1 

Spot size test 500 °C 1000 V 0.5 s scan-1 

Sensitivity test 550 °C 1000 V 0.5 s scan-1 

*All analyses were performed in positive ion mode. 

**The ion guide voltage is also referred to as the “peaks voltage” of a JMS-T100LP instrument.  

 

Table 2.2. Laser parameters used for analyses. 

Sample Fluence Scan speed Spot size* Spatial resolution 

Blow fly wing 1.5 J cm-2 60 µm s-1 60 x 60 µm2 132 x 60 µm2 

Spot size test 3 J cm-2 70 µm s-1 - - 

Sensitivity test 3 J cm-2 70 µm s-1 110 µm - 

*The laser ablation system was operated with a square spot shape for the imaging analysis of the 

blow fly wing. A circular spot shape, with the indicated diameter, was used in the spot size and 

sensitivity tests. 

 

2.5.4. Spot size signal testing 

A 1000 ppm solution of quinine in methanol was created. A 5 

µL aliquot of the quinine solution was deposited onto a piece of 

chromatography paper, represented by the blue circle in Figure 2.10, 

and allowed to dry in air. The paper was subsequently affixed to 

double-sided adhesive tape and inserted into the sample chamber for 

analysis. The laser was used to ablate the chromatography paper in a 

straight line, depicted by the dashed lines in Figure 2.10, across the 

deposited quinine spot at the following circular laser spot sizes: 110, 

100, 90, 80, 70, 60, 50, 40, 30, 25, 20, 15, 10, 5 and 4 µm in diameter. 

Ablation of one line scan was performed for each spot size; this was 

Figure 2.10. A diagram 

illustrating the spot size 

testing. A single spot of 

quinine in methanol was 

deposited (represented 

by the blue circle). The 

laser was then used to 

ablate line scans (dashed 

lines) across the 

deposited spot using 

decreasing spot sizes. 
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repeated until all spot sizes were complete. The other laser parameters used are listed in Table 

2.2. The DART-HRMS parameters used are listed in Table 2.1. Using the msAxel software package, 

RICs were created for quinine (Figure 2.8).  

 

2.5.5. Sensitivity testing 

Multiple solutions of quinine in 

methanol were prepared by serial dilutions 

from a 1000 ppm stock solution. The resulting 

concentrations were 100 ppb, 1 ppm, 10 ppm, 

100 ppm, and 1000 ppm of quinine in 

methanol. Aliquots of these solutions (5 µL) 

were deposited in a row on chromatography paper as shown in Figure 2.11, and allowed to dry 

in air. The blue circles represent the deposited 5 µL spots of quinine in methanol. The laser was 

used to ablate a small line scan, represented by a dashed line in Figure 2.11, at the largest circular 

laser spot size (110 µm in diameter), across each of the deposited spots of varying concentrations 

of quinine in methanol. The DART-HRMS and laser parameters used are listed in Tables 2.1 and 

2.2, respectively. Again, RICs were created for quinine using msAxel software. Following the 

extraction of the quinine ion current, the areas under the “peaks” in the RIC were integrated. The 

integrated peak areas were then plotted in Excel versus the corresponding concentration of 

quinine (Figure 2.9).  

 

Figure 2.11. A diagram depicting the analysis of 5 

µL spots of varying concentrations of quinine in 

methanol. The blue circles represent the 

deposited spots of 100 ppb, 1 ppm, 10 ppm, 100 

ppm, and 1000 ppm quinine in methanol. The 

dashed line represents the single line ablated by 

the laser across each spot.  
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2.5.6. Ablation depth testing 

A thin sheet (~2 mm) of copper alloy 110 was affixed to the plexiglass insert of the sample 

drawer (Figure 2.2 Panel B) using adhesive tape and then placed within the sample chamber. The 

laser frequency was reduced to 1 Hz. The laser was fired, with the largest circular spot size (110 

µm diameter), at the surface of the copper and the shutter was closed after one laser pulse. The 

z-axis camera was focused on the surface of the copper sheet before ablation. The z-axis position 

at this point was recorded. After ablation, the objective lens of the NWR213 unit was focused at 

the bottom of the ablation crater. The new z-axis position was recorded. The difference between 

these two positions was calculated and determined to be the ablation depth. The first pulse was 

completed at a laser fluence of 30 J cm-2 and the second occurred at 15 J cm-2. No other laser 

parameters were required and the DART-HRMS was not utilized in this experiment.  

 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



49 
 

Chapter 3: Application of LADI-MS to Spatial Distribution Mapping of 

Metabolites Along the Biosynthetic Cascade Leading to Synthesis of 

Atropine and Scopolamine in Plant Tissue 

3.1. Introduction 

Many different plants and the molecules synthesized by them have been utilized for 

centuries for their applications to medicine and/or ceremonial and religious practices.85-89 Whole 

plants, extracts, and even isolated purified plant-derived compounds are used in herbal, 

homeopathic and modern medicine, and it is estimated that approximately 50% of drugs 

approved for medicinal use are derived in part from plants.90 Many of these phytochemicals 

exhibit structures of sufficient enough complexity that they remain challenging to synthesize in 

lab settings, both in terms of the skills and technology necessary to construct the scaffolds, and 

the expense required. Because of this, a variety of molecules that are currently utilized in 

medicine or other areas, are still being extracted from plant tissues.89 Two of these molecules 

are the tropane alkaloids scopolamine and atropine, which have antimuscarinic and 

anticholinergic effects and are produced by plants within the Atropa, Brugmansia, Hyoscyamus, 

Datura and Mandragora genera of the Solanaceae family.89, 91-93  

In those instances in which natural products of commercial importance are derived from 

natural sources such as plants, the methods that are used to track their presence and locations 

within plant tissues are exceedingly important, as such knowledge can inform the development 

of isolation protocols, and advancements in understanding of where and how they are 
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synthesized. While mass spectrometry and various types of chromatography are heavily utilized 

techniques for the accomplishment of this task, the process of detecting and isolating such 

compounds remains difficult. Due to the complexity of the plant tissue itself, it is necessary to 

perform various pre-treatment steps prior to sample analysis. These can include extractions, 

followed in some cases by solvent and plant oil removal steps, and derivatization for some 

analytes of interest.94-95 This is particularly true for GC- and LC-MS techniques. In contrast to this, 

DART-HRMS has been used to detect the biomarkers through direct analysis of bulk plant 

material without the need for any prior sample preparation.18, 22-25, 28 However, for DART-MS and 

other routinely used techniques, the spatial distribution information that is associated with each 

of the analytes detected remains inaccessible unless individual tissue sections are analyzed 

independently so that the locales of molecules of interest can be revealed. The advantage of 

determining the spatial distributions of molecules, such as those involved in the biosynthetic 

cascade leading to atropine and scopolamine, is that it could inform decisions on how best to 

retrieve them from plant material. The spatial distribution information obtained could then 

reduce the number of isolation and extraction steps required to obtain a purified product. 

In principle, the LADI-MS approach described in Chapter 2 would be well-suited for 

application to determination of the locales of analytes of commercial interest in complex 

matrices such as plant tissue. To explore this possibility, we applied the technique to 

determination of the spatial distributions of atropine and scopolamine, and the molecules in the 

biosynthetic cascade leading to their formation, in seed tissue from Datura leichhardtii, which is 

a member of a genus that is particularly rich in these related alkaloids. The successful analysis, 

described below, revealed for the very first time, not only the spatial distributions of atropine 
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and scopolamine, but the localization of other major compounds known to be a part of the 

biosynthetic cascade leading to their formation. 

3.2. Results 

3.2.1. Microscopy of the imaged tissue 

To assist with visualization of the spatial localization of observed masses, light and SEM 

micrographs of both sagittal and transverse cross-sections of D. leichhardtii seeds were obtained. 

These are presented in Figure 3.1. Panels A and B are light and SEM micrographs of a sagittal 

cross-section of a D. leichhardtii seed, respectively, and Panels C and D feature the light and SEM 

micrographs of the tranverse cross-section of a seed. The mature seed is discoid in shape. The 

embryo, which is linear, adopts a loop (annular) configuration and is embedded within the 

endosperm. In Figure 3.1 Panel A, this is illustrated by the light-colored areas labelled b1-b3. The 

seed coat (testa), labelled as “a” in Panels A-D, is thickened in the region immediately 

surrounding the endosperm (an area known as the micropylar endosperm), and there is a cavity 

between the seed coat and micropylar endosperm. The curvature of the embryo results in the 

observation of two circles that are apparent in the transverse cross-section (Panels C and D), 

representing the embryonic root (radical-b2) and the stem between the radical and the cotyledon 

(i.e. the hypocotyl-b3).96 In these representations, the seed is oriented so that the micropylar 

testa appears at the top.  For the LADI-MS analysis, a transverse cross-section of the seed was 

surveyed.  
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3.2.2. Tropane alkaloid biosynthesis 

One way to appreciate the 

comprehensiveness of the dataset acquired in 

our experiments (described below), is through 

consideration of what is known about the steps in 

atropine and scopolamine alkaloid biosynthesis in 

Solanaceae genera such as Atropa, Brugmansia, 

Datura, Duboisia, Hyoscyamus and Mandragora. 

It is believed to proceed by a common pathway 

that begins with arginine or ornithine, and 

features the steps shown in Figure 3.2. Either 

compound can serve as the precursor from which 

putrescine is derived.97-99 Transformation of 

arginine to putrescine involves the intermediacy 

of agmatine,99 while formation of putrescine 

from ornithine is direct.98 Putrescine is converted 

to N-methylputrescine via the action of 

putrescine N-methyltransferase.100 The N-

methylated amine is acted upon by N-

methylputrescine oxidase which yields 4-

methylaminobutanal, an aldehyde that 

undergoes spontaneous cyclization to form the 

a = testa; b1-3 = embryo tissue (b1 = cotyledon, b2 = 

radical, b3 = hypocotyl); c = endosperm (c1 = micropylar 

endosperm) 

Figure 3.1.  Light (A and C) and scanning 

electron microscopy (SEM) micrographs (B and 

D) of Datura leichhardtii seeds. Sagittal (top) 

and transverse (bottom) cross-sections are 

presented. The scale bar shown in white 

corresponds to 500 µm in both cases. Adapted 

with permission from: Fowble et al. 

Development of “laser ablation direct analysis 

in real time imaging” mass spectrometry 

(LADI-MS): Application to spatial distribution 

mapping of metabolites along the biosynthetic 

cascade leading to synthesis of atropine and 

scopolamine in plant tissue. Anal Chem. 89, 

3421-3429 (2017), Copyright 2017 American 

Chemical Society.73 
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N-methyl-Δ1-pyrrolium cation.101 Complexation of the cation with acetoacetic acid furnishes 4-

(1-methyl-2-pyrrolidinyl)-3-oxobutanoate,102 the immediate precursor of both hygrine103 and 

tropinone.102, 104 Tropinone then undergoes either tropinone reductase I catalyzed conversion to 

tropine, or transformation to pseudotropine105 which serves as the precursor to the 

polyhydroxylated calystegine106 alkaloids A3, B1 or B2. Condensation of tropine with phenyllactic 

Figure 3.2. Proposed pathway for the biosynthesis of atropine and scopolamine in Solanaceae family 

plants. The enzymes known to be involved in the various steps are as follows: a = arginine 

decarboxylase; b = ornithine decarboxylase; c = putrescine N-methyltransferase; d = N-

methylputrescine oxidase; e = tropinone reductase I; f = tropinone reductase II; g = CYP80F1; h = 

alcohol dehydrogenase; i = 6-β-hydroxylase. Adapted with permission from: Fowble et al. 

Development of “laser ablation direct analysis in real time imaging” mass spectrometry (LADI-MS): 

Application to spatial distribution mapping of metabolites along the biosynthetic cascade leading to 

synthesis of atropine and scopolamine in plant tissue. Anal Chem. 89, 3421-3429 (2017), Copyright 

2017 American Chemical Society.73 
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acid gives littorine.107 Phenyllactic acid is biosynthesized from phenylalanine via phenylpyruvic 

acid.108 Through the action of CYP80F1, littorine is converted into hyoscyamine aldehyde, which 

serves as the direct precursor of atropine (aka hyoscyamine).109 Atropine then undergoes 

hyoscyamine 6-β-hydroxylase-mediated conversion to scopolamine via 6-β-

hydroxyhyoscyamine.110  

3.2.3. Ion images acquired by LADI-MS 

Figure 3.3 shows color overlaid ion images acquired from analysis of a transverse section 

of a D. leichhardtii seed. These thumbnail renderings show the spatial distribution of the specified 

masses with their assigned molecular identities. They are arranged to emphasize the relationship 

to one another of the compounds they represent in the proposed biosynthetic cascade leading 

to the formation of atropine and scopolamine. The dashed line surrounding each image indicates 

the outer edge of the seed coat, and the 1 mm scale bar shown for arginine applies to all the ion 

images.  The bar shown at the bottom of each ion image is a color spectrum (based on empirical 

cumulative distribution function) ranging from black or dark red to yellow, indicating a low or 

zero intensity to a high relative intensity of the indicated ion. As discussed in Chapter 1, the 

ionization mechanism of DART is heavily reliant on the proton affinities of the analytes and may 

not necessarily reflect the relative amounts of the detected species. It is for this reason that the 

ion images shown in Figure 3.3 are not presented using the same color scale, as would usually be 

done in cases where the relative ion counts reflect the relative amounts of the detected ions.  

Thus, the color intensity scale for each ion image is independent of the others, and only 

represents the relative intensity of the indicated ion throughout the seed half.  
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Figure 3.3.  Color-overlaid ion images acquired from analysis of a transverse section of a D. 

leichhardtii seed by LADI-MS. The renderings show the spatial distribution of the specified 

masses. Assignments were confirmed by MS/MS analysis. The images are arranged to 

emphasize the relationship to one another of the compounds they represent in the 

biosynthetic cascade leading to the formation of atropine and scopolamine. The dashed line 

surrounding each image marks the outer edge of the seed coat, and the 1 mm scale bar 

shown for arginine applies to all the ion images.  A typical DART mass spectrum 

representative of the area dominated by the unknown species (grey panel) is also presented. 

The mass measurement data for the ions featured are listed in Appendix 1. With the 

exception of the thumbnail which is enclosed in the black box, the images that appear in the 

grey-shaded area represent high-intensity masses of unknown identity. That which appears 

in the box features an ion (nominal m/z 381) which unlike the others featured, is highly 

concentrated in the embryo, although it is of relatively low intensity. Adapted with 

permission from: Fowble et al. Development of “laser ablation direct analysis in real time 

imaging” mass spectrometry (LADI-MS): Application to spatial distribution mapping of 

metabolites along the biosynthetic cascade leading to synthesis of atropine and scopolamine 

in plant tissue. Anal Chem. 89, 3421-3429 (2017), Copyright 2017 American Chemical Society.73 
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The mass spectrum depicted in the inset is representative of the micropylar endosperm, 

an area dominated by the presence of the ions represented in the grey panel in Figure 3.3. Other 

areas of the seed, such as the seed coat or embryo, produced spectra whose chemical fingerprint 

profiles were different from those of the micropylar endosperm (data not shown). The mass 

measurement data for the ions featured in this study are shown in Appendix 1. With the 

exception of the thumbnail which is enclosed in the black box (representing nominal m/z 381), 

the images that appear in the shaded area in Figure 3.3 represent high-intensity masses of 

unknown identity. That which appears in the box features an ion that is highly concentrated in 

the embryo, although it is of relatively low intensity. High-resolution masses corresponding to 

formulas consistent with the presence of protonated atropine, scopolamine and the protonated 

forms of some of the intermediates so far reported to be involved in their biosynthesis in 

Solanaceae plants (Figure 3.2) were observed. In some cases, the availability of authentic 

standards made it possible to confirm the tentative structural assignments by high-energy 

collision induced dissociation MALDI-MS/MS experiments. These included the precursor 

arginine, the intermediates tropinone and tropine, and the end products atropine and 

scopolamine. These data are presented in Appendices 2-7. The ion images for the molecules 

confirmed to be present showed that they were compartmentalized within the seed tissue.  High-

resolution masses consistent with the presence of a number of other compounds known to be 

associated with tropane alkaloid biosynthesis such as N-methyl-Δ1-pyrrolium cation, acetoacetic 

acid, 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoate, hygrine, pseudotropine, calystegines A3, B1, 

and B2, littorine and hyoscyamine aldehyde were also observed.  However, the absence of 

authentic standards precluded confirmation of their presence by MALDI-MS/MS analysis.  High-
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resolution masses consistent with ornithine, phenylalanine, phenylpyruvic acid, and phenyllactic 

acid were also observed.  The identities of these masses could not be confirmed however, 

because their intensities, even when using purified authentic standards with a variety of 

matrices, were too weak to conduct MADLI-MS/MS experiments.  Thus, the ion images shown in 

the top panel are only of those compounds whose identities were confirmed by MS/MS analysis 

(Appendices 2-7). 

Figure 3.4 utilizes artificially shaded SEM micrographs to provide a color-coded key that 

highlights the spatial distribution relationships between the observed masses. In these images, 

darker colors reflect higher levels of the detected masses. Several compounds were distributed 

throughout the tissue (indicated by red and pink shading in Figure 3.4 Panel A) including in the 

seed coat, all parts of the endosperm and the visible embryo (i.e. radical and hypocotyl). Among 

the ions represented were the end product scopolamine (m/z 304.1549) and its precursor 

atropine (m/z 290.1756). Littorine is a constitutional isomer of atropine. The absence of an 

analytical standard of littorine precluded definitive determination of its presence. The orange 

shading in Figure 3.4 Panel B shows the area of the amino acid arginine (m/z 175.1195).  Its 

distribution was similar to that represented in Figure 3.4 Panel A, with the exception that it did 

not appear in the seed coat area that was proximal to the non-micropylar endosperm. Tropine, 

the precursor to littorine was more narrowly distributed, appearing as shown by blue shading in 

Figure 3.4 Panel C. It was concentrated in the micropylar testa, micropylar endosperm, and along 

the periphery of the endosperm to its midpoint. Tropinone (m/z 140.1075), the precursor of 

tropine was distributed similarly (Figure 3.4 Panel C).  
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There were several prominent masses of 

unknown identity that were also differentially 

distributed (see mass spectrum in Figure 3.3). 

These included one which appeared in the 

endosperm perimeter and the micropylar testa 

(m/z 163.0753—Figure 3.4 Panel D), some that 

were localized to the micropylar testa and the 

endosperm periphery, with small amounts in 

the radical (m/z 131.0492 and 179.0705—Figure 

3.4 Panel E), one that was distributed 

throughout the endosperm and half of the seed 

coat (m/z 124.1116—Figure 3.4 Panel F) and one 

that was distributed throughout the tissue 

except in testa areas beyond the micropylar 

region (m/z 197.0812—Figure 3.4 Panel G). The 

compound represented by mass m/z 174.1113, 

which has the distribution shown in Figure 3.4 

Panel B is also unknown. A mass of unknown 

identity at m/z 381.3340 was found to be 

located mostly in the embryo as well as 

surrounding endosperm and half of the seed 

coat (Figure 3.4 Panel H).   

Figure 3.4. Illustration of differential 

distribution of detected ions as color overlays 

on the SEM micrograph of the transverse cross-

section of the D. leichhardtii seed shown in 

Figure 3.1. The scale bar shown in white 

represents 500 µm and corresponds to all 

panels. The shading in each case shows the 

spatial distribution of various ions, with darker 

colors indicating greater ion intensity. Panel A: 

m/z 290.1756 (atropine and/or littorine), m/z 

304.1549 (scopolamine); Panel B: m/z 174.1113 

(unknown), m/z 175.1195 (arginine); Panel C: 

m/z 140.1075 (tropinone), m/z 142.1232 

(tropine); Panel D: m/z 163.0753 (unknown); 

Panel E: m/z 131.0492 (unknown), m/z 

179.0705 (unknown); Panel F: m/z 124.1116 

(unknown); Panel G m/z 381.3340 (unknown); 

Panel H: m/z 197.0812 (unknown). Adapted 

with permission from: Fowble et al. 

Development of “laser ablation direct analysis 

in real time imaging” mass spectrometry (LADI-
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3421-3429 (2017), Copyright 2017 American 
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3.3. Discussion 

MALDI-MS/MS was used to confirm the identities of several of the observed masses. 

However, this technique was not optimal for the imaging study described here because although 

several MALDI matrix compounds were evaluated, the ion current from specific target molecules 

measured by MALDI directly from the seed was too low to obtain high-quality MS/MS data. In 

addition, it was nearly impossible to consistently obtain thin homogeneous slices from the very 

hard seeds to permit high-quality imaging with the MALDI system. While it may be possible to 

overcome these limitations with sufficient effort, we were able to circumvent these and other 

challenges often encountered with small molecule imaging by conventional IMS approaches, by 

transporting the ablation plume created by the laser under atmospheric conditions, through 

tubing to a DART ion source in open air, and directing the ionized sample to the MS inlet. We 

chose to use MALDI-MS/MS to confirm the presence of the compounds of interest from seed 

extracts, which were much more conveniently analyzed by this method, and which provided 

higher analyte concentrations and better spectral quality. 

The assignments made for the compounds represented by the observed masses are based 

not only on the observations presented in this study, but also on the very well-established 

chemistry associated with tropane alkaloid biosynthesis in plants, including Datura species.97, 100, 

102-104, 109, 111-114 However, the details regarding localization of tropane alkaloid-related 

compounds in plant tissue is poorly understood. The LADI-MS derived data not only show that 

compounds with exact masses consistent with those established in the literature to be observed 

in Datura seeds are present, but it also indicates their specific spatial distributions in the seed. In 
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addition, the MALDI-MS/MS measurements furnished results that were consistent with the 

assignments for a number of specific compounds in the seeds whose involvement in tropane 

alkaloid biosynthesis is well-known.   

Cell-specific accumulation of alkaloids in plants, a phenomenon proposed to protect 

tissues from the often cytotoxic effects of these compounds, is a well-known 

occurrence,115,116,113, 117 and compartmentalization of scopolamine, atropine and other related 

alkaloids in both roots and aerial tissues has been observed.118,119 However, visual demonstration 

of differential tissue distribution of this range of small molecules related by their involvement in 

a common metabolic cascade in seeds or other plant tissues has not been reported. The 

intermediates, enzymes and end products in alkaloid synthesis are thought to be translocated 

within cells as well as between different cell types located in various tissues.120 In Atropa 

belladonna and Hyoscyamus muticus plants, the enzymes required for the biosynthesis of the 

alkaloids atropine and scopolamine are located differentially throughout the plant tissue.117 The 

two enzymes located at the first and last steps of the biosynthetic cascade are found in the plant 

roots, while intermediate enzymes are located within different cell types. Thus, their alkaloid 

substrates are accordingly differentially distributed, and some trafficking must occur between 

tissues and cell types in order for the biosynthetic cascade leading to alkaloid end products to 

progress. Previous reports have demonstrated that tropane alkaloid biosynthesis occurs in the 

roots,114 and that the compounds are subsequently translocated to other plant parts in low 

amounts. Since they appeared in high concentrations in the seeds, they are either transported 

there during seed development, synthesized within the seed during its development, or perhaps 

both. Although it has been postulated that the alkaloids have a chemical defense function,111,121 
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one intriguing possibility is that they are required for seed germination. In support of this 

hypothesis, it has been observed that during germination of D. stramonium seeds, the amounts 

of atropine and scopolamine decrease immediately after the seeds are moistened with water, 

and drop to undetectable levels until 4 days after germination, at which point the levels increase 

dramatically.122 Since neither compound was detected in the germination medium, it was 

suggested that these alkaloids were in some way utilized in metabolic processes related to the 

growth of the cotyledon. Further studies will be required to investigate this hypothesis.  

Within the past five years, a number of reports of MS-based imaging of seeds have 

appeared. These include spatial mapping of: (1) lipids in Camelina sativa embryos,123 rice grains124 

and cotton seeds;125 (2) anthocyanins in black rice grains,126 (3) a subset of amino acids and sugars 

in wheat;127 and (4) hordatines in barley.128 These studies were accomplished by MALDI- or DESI-

MS imaging. In all the MALDI cases, high vacuum was required and prior to analysis the samples 

had to be subjected to cryosectioning, drying, fixation, embedment in gelatin, carboxymethyl 

cellulose or polyethylene glycol and/or application of a carefully selected matrix among other 

techniques. The resolutions varied from 25-300 µm. In all cases, the utilization of a matrix 

complicated interpretation of the data and the range of compounds that were ionized and 

detected was limited. A further challenge with the use of a matrix is that IMS images can 

misrepresent the true distribution of detected compounds when the tissue to which the matrix 

has been applied is heterogeneous.129 Recently, indirect DESI-IMS methods were used to detect 

atropine and scopolamine in D. stramonium leaf tissue,130 malabaricone C in Myristica 

malabarica seed,131 and rohitukline in Dysoxylum binectariferum seed.50 This was done by 

creating an imprint of a leaf on a porous surface and scanning the imprint. Although these 
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analyses were accomplished by an ambient ionization method, the approach contrasts with ours 

in that: (1) it does not accommodate dry samples because these do not form an imprint; (2) the 

pixel size for the former was 125-250 µm while that achieved here was 50 µm2 and could be 

reduced to 10 µm2.  Furthermore, our method allowed direct analysis of the tissue and did not 

require solvent. This enabled detection of a much broader range of compounds, such that the 

spatial distributions of molecules involved in an entire metabolic cascade could be determined.  

3.4. Conclusions 

The observed spatial distribution profiles of the analyzed seeds imply the presence of 

highly refined inter- and intracellular small molecule transport machinery in order to accomplish 

and retain compartmentalization, as well as traffic substrates to locations where they can react 

with other partners or serve as precursors to form other molecules. Furthermore, the results hint 

at the likely locales of the enzymes involved in the biosynthesis of the observed compounds. Of 

potential practical utility is the identification of tissues in which economically important natural 

products are concentrated. This information could be exploited for the development of efficient 

and streamlined isolations protocols that might prove to be more economically viable than 

current approaches.  

3.5. Materials and Methods 

3.5.1. Seeds 

Fifty Datura leichhardtii seeds were purchased from J.L Hudson, Seedsman (La Honda, CA, USA). 
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3.5.2. Chemicals 

High-purity helium was obtained from Airgas (Albany, NY, USA). Phenylpyruvic acid, 

phenyllactic acid, and ornithine hydrochloride standards were purchased from Krackeler 

Scientific (Albany, NY, USA).  Scopolamine hydrobromide, atropine, tropinone, phenylalanine, 

arginine and 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma Aldrich (St. Louis, MO, 

USA).  Tropine was purchased from Alfa Aesar (Tewksbury, MA, USA).  Trifluoroacetic acid was 

purchased from Acros Organics (NJ, USA). 

 

3.5.3. Microscopy 

A Nikon stereozoom SMZ800 microscope equipped with a Nikon DS Fi2 microscope 

camera was used to image the sagittal and transverse cross-sections. Scanning electron 

microscopy was achieved using a JSM-IT300LV scanning electron microscope (JEOL USA, 

Peabody, MA, USA). The seed cross-sections were affixed to carbon glue on an SEM sampling 

block (JEOL USA, Peabody, MA, USA) for imaging. 

 

3.5.4. Sample preparation for MALDI-MS/MS 

An aqueous extract was prepared by slicing three D. leichhardtii seeds in half using a razor 

blade and submerging them in 50 µL of distilled water. The mixture was sonicated for 30 min. 

Solutions of authentic standards at a concentration of 10 mg mL-1 were made using 1% 

trifluoroacetic acid in water:acetonitrile (1:1). 
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3.5.5. MALDI-MS/MS analysis 

A matrix solution comprised of 10 mg mL-1 DHB in acetonitrile and 0.5% trifluoroacetic 

acid in water (1:1) was used. A mixture of 1 µL of aqueous seed extract in 10 µL of matrix solution 

was pipetted onto a stainless-steel target plate. The sample was then allowed to dry in air. A JMS-

S3000 SpiralTOF (JEOL, Tokyo, Japan) equipped with the TOF/TOF option was used for 

observation of MALDI mass spectra. Ions generated by irradiation with a 349 nm Nd:YLF laser 

were accelerated at 20 kV. Mass calibration of the seed extract was carried out by internal 

calibration using 5 peaks of PEG 200 ([M + Na]+). 

 

3.5.6. Sample preparation for LADI-MS 

A D. leichhardtii seed was cut in half, transverse wise, using a razor blade. The seed was 

deposited on a bed of LOCTITE silicone putty (Westlake, Ohio, USA) to keep it stable, with the cut 

face exposed The putty to which the seed had been affixed was then mounted on the sample 

plate within the laser system sample chamber.  

 

3.5.7. LADI-MS analysis  

Ion images were acquired using an ESL NWR213 laser imaging system (Elemental Scientific 

Lasers, Bozeman, MT, USA) coupled with a DART-SVP ion source (IonSense, Saugus, MA, USA) 

and JEOL AccuTOF LC-plus JMS-T100LP HRMS (JEOL USA, Peabody, MA, USA) as described in 

Chapter 2.  Spectra were collected at a rate of 0.5 s scan-1.  Spectra in the mass range of m/z 60-
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800 were acquired in positive ion mode at 350 °C.  The soft ionization-MS conditions set for the 

analyses included an orifice 1 voltage of 20 V and orifice 2 and ring lens voltages of 5 V each. The 

ion guide voltage was set to 600 V to allow for the analysis of ions over m/z 60. The rate of helium 

flow for the DART-SVP ion source was 2.0 L s-1. Calibration was achieved using PEG as a reference 

standard. TSSPro3 software (Shrader Software Solutions) was used for peak calibration and 

determining the peak centroid. Mass spectral analysis, elemental composition determination and 

isotope analysis were performed using Mass Mountaineer software (Mass-spec-software.com, 

RBC Software, Portsmouth, NH, USA). 

 

3.5.8. LADI-MS seed analysis 

The D. leichhardtii seed cross-section was placed in the laser ablation system’s airtight 

800 mL sample chamber which is mounted on a motorized, computer-controlled x,y-moveable 

stage. Multiple laser parameters were optimized to achieve the strongest MS signals. These 

included: laser beam energy density (fluence) = 21 J cm-3; frequency = 20 Hz; scan speed = 50 μm 

sec-1 ; spot size = 50 x 50 μm2; line width = 45 μm; and He flow rate = 600 mL min-1. Based on the 

experimental parameters used, the spatial resolution attained was 110 x 50 µm2
.  
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Chapter 4: Application of LADI-MS to Determination of the Spatial 

Distributions of Furan and 5-Hydroxymethylfurfural in Unroasted and 

Roasted Coffea arabica Beans 

4.1. Introduction 

One of the prevailing challenges in the field of food chemistry is understanding how heat 

and other processes impact the molecular profile of food, and how that in turn affects flavor, 

odor, organoleptic properties, nutrient loss, and/or the generation of undesirable compounds 

(such as carcinogens) that have negative impacts on human and animal health. Knowledge of the 

presence of the precursor compounds of which food is comprised is essential to tracking the ways 

in which they are transformed during food processing, so that if necessary, steps can be taken to 

mitigate the formation of undesirable molecules by simply removing the compounds from which 

they are derived. In this regard, when a food or beverage material matrix is milled (e.g. ground 

coffee), undesired molecules can generally be more readily removed (e.g. extraction of caffeine 

from ground coffee to generate “decaf”; removal of lactose from milk to accommodate the 

lactose intolerant, etc.). However, when the food or beverage material cannot be made uniform, 

removal of offending precursor molecules can be much more difficult. Whole coffee beans are a 

case in point. 

Aside from the influence of the chemicals whose appearance is defined by the genetic 

makeup of the specific coffee species, as well as the cultivar and growth conditions, the 

organoleptic properties of roasted coffee arise from compounds formed through a cascade of 
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heat-promoted chemical transformations including Maillard and Strecker degradation reactions 

and caramelization that occur more or less simultaneously during heat processing. The 

precursors for the formation of these compounds include sugars, amino acids, vitamins, lipids 

and fatty acids. The identities of the compounds produced, and their formation levels are 

impacted by the relative concentrations of the precursors themselves. However, it is likely that 

they are also influenced by their relative distributions within the bean, although this latter 

possibility has been little investigated because information on the localization of the molecular 

precursors within the bean remains largely unknown. Several reports have appeared detailing 

both the health benefits and detriments of coffee brews and their constituent components.132-

134 While some compounds have been documented to impart health benefits, such as chlorogenic 

acids which exhibit antioxidant and anti-inflammatory effects,134 others are perceived to have 

negative health impacts.133, 135-137 

Although both are purported to contribute to the sensory properties of the foods in which 

they appear,138 furan and 5-hydroxymethylfurfural (HMF) are two compounds whose detection 

in coffee has raised concerns. Their concentrations in roasted coffee have been observed to 

range from 38.7-51.341 ng g-1 and 0.452-6.27 mg g-1 respectively.139-142 Both compounds can be 

derived from several reactions involving a range of different precursors and/or intermediates.143-

144  HMF has been shown to induce mutagenic and genotoxic effects in bacteria and human cells 

and promote colon and liver cancer in rats and mice,133 although it remains unclear if these 

effects extend to humans.143 HMF formation in foods has been found to be affected by sugar 

type, pH, water content and the presence of divalent cations.145-147 HMF can be formed from the 

caramelization of sugars such as sucrose147 or fructose148 through formation of a fructofuranosyl 
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cation under thermal treatment and acidic catalysis. Glucose and fructose can also generate HMF 

through the formation of a dicarbonyl intermediate, 3-deoxyglucosone (3-DG), from the Maillard 

reaction and caramelization.149 

Several mechanisms for the formation of furan have been discovered, largely through 

studies of various model systems,138, 144, 150-152 food-simulating systems153-154 and foods 

themselves.150 Furan is classified as a known carcinogen in rats,136 and a possible carcinogen in 

humans (Group 2B).135 Its harmful effects have been proposed to be a consequence of 

cytochrome P450-mediated oxidation which furnishes a reactive cis-butene-1,4-dial metabolite 

which in turn can bind to various cellular components.137  

Concerns over the potential harmful effects of furan and HMF in foods and beverages 

have spurred efforts to develop methods to reduce their concentrations or eliminate them 

altogether.141, 155 However, this remains a formidable challenge because both can be formed 

from several precursors. In principle, one approach to the systematic development of mitigating 

strategies to reduce or eliminate the formation of compounds of concern is to better understand 

the areas within the bean where the molecules and their precursors reside, as the localization of 

these compounds might suggest approaches for their removal. However, little is known about 

the spatial distributions of the molecular components in green and roasted coffee beans. 

Previous investigations of the tissue specific appearance of small molecules within Coffea spp. 

have focused on bulk materials including beans, bark, leaves, and roots of C. arabica plants,156-

157 thus losing spatial distribution information. A number of more recent studies have sought to 

address this through alternative methods. For example, tissular distribution of pentacyclic 

diterpenoids in coffee beans was accomplished by Dias et al. through manual separation of the 
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different tissues followed by analysis of each.158 Conéjéro et al. were able to determine the tissue 

localization of chlorogenic acid and mangiferin in leaf cross-sections of several members of the 

Coffea genus by exploiting their autofluorescence characteristics.159  

The information gleaned from these efforts implies that IMS could serve as a powerful 

tool for determination of the tissular localization of a broad variety of small molecules within the 

complex coffee bean matrix. Here, we demonstrate the use of LADI-MS for the detection of the 

highly volatile compounds furan and HMF in unroasted and roasted C. arabica beans to reveal 

for the first time the spatial distributions of each, and determine the impact of roasting on their 

distributions within the tissue. 

 

4.2. Results 

4.2.1. Detection of furan and HMF in roasted coffee beans by dopant-assisted argon direct 

analysis in real time-high-resolution mass spectrometry (DART-HRMS) 

A prerequisite for determination of the spatial distributions of molecules by LADI-MS is 

the ability to observe them in the sample of interest by DART-HRMS. As discussed in Chapter 1, 

conventional DART-HRMS relies on metastable helium which when exposed to atmospheric 

water results in the formation of protonated water clusters via Penning ionization. Proton 

transfer from the clusters to the analytes serves as the ionization mechanism for species detected 

in positive ion mode. Although a range of molecules may be detected because their proton 

affinities are greater than that of water, the relative intensities of their representative peaks 
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might not necessarily reflect their relative amounts (as discussed in Chapter 1). In the case of 

coffee, the presence of caffeine and other alkaloids has the potential to dominate the mass 

spectrum and make the presence of other compounds of interest less apparent. We 

circumvented this issue by utilizing argon DART-HRMS with chlorobenzene as a dopant. In 

contrast to helium DART-HRMS, this approach generates ions by Penning ionization, followed by 

proton and/or charge transfer from the dopant, with charge transfer being the favored 

mechanism. Thus, analytes with high proton affinity such as caffeine do not dominate the argon 

DART mass spectrum and other compounds (with lower ionization energies than chlorobenzene) 

such as furan and 5-HMF, can be readily detected. Furan and HMF are ionized by an initial charge 

transfer from the dopant 

chlorobenzene followed by proton 

transfer from other ions in the 

mixture in the open-air gap between 

the ion source and the mass 

spectrometer inlet. A typical argon 

DART-high-resolution mass spectrum 

collected over the range m/z 50-250 is 

presented in Figure 4.1. The inset 

shows an expansion of the m/z 60-75 

region which features the high-

resolution mass of protonated furan 

at m/z 69.0306. The peak at m/z 

Figure 4.1. A representative dopant-assisted argon 

DART-mass spectrum of a roasted coffee bean over a 

mass range of m/z 50-250. The inset (upper right corner) 

is an expansion of the mass spectrum in the range of 

nominal m/z 60-75. The peaks at m/z 69.0306 and 

127.0424 are consistent with those of the protonated 

masses of furan and 5-hydroxymethylfurfural, 

respectively. Adapted with permission from: Fowble, K. 

L., Okuda, K., Cody, R. B., and Musah, R. A. “Spatial 

distributions of furan and 5-hydroxymethylfurfural in 

unroasted and roasted Coffea arabica beans.” Food Res 

Int. 119, 725-732 (2019), Copyright 2019, Elsevier.74 
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127.0424 is representative of protonated HMF. The other high intensity peaks at nominal m/z 

94, 108, 112 and 194 are representative of phenol, anisole, chlorobenzene and caffeine, 

respectively. The phenol and anisole are derived from the tubing used to introduce the dopant. 

The identities of both furan and HMF were independently confirmed by GC-MS and comparison 

of their fragmentation patterns to those of authentic standards. The detection of furan and HMF 

by DART-HRMS indicated that in principle, their spatial distributions could be mapped by LADI-

MS. 

 

4.2.2. Independent confirmation of furan in unroasted and roasted coffee beans by GC-MS 

Although many studies have reported that furan is a product of roasting and is found 

readily in roasted beans,132, 160 only one has reported detection of furan in green unroasted coffee 

beans, albeit at very low levels.161 We were able to independently confirm the results of previous 

studies that showed the presence of furan in both unroasted and roasted coffee beans.  

A gas-tight syringe was used to sample the headspace of aqueous coffee bean extracts 

for its subsequent analysis using GC-TOF-MS. Furan was detected with a retention time of 2.27 

min in each standard solution. The areas under the peaks were integrated for each standard 

solution and a calibration curve was created for the quantification of furan in coffee beans. The 

standard curve, ranging in concentrations from 0 ng g-1 to 100 ng g-1 of furan is shown in Figure 
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4.2. The limit of detection and limit of 

quantification were determined to be 0.94 

ng g-1 and 3.12 ng g-1, respectively. Furan 

was detected in the headspace of the 

solutions of both the unroasted and 

roasted coffee bean extracts, also at 2.27 

min. The resulting GC chromatograms (of 

one of the replicates) are illustrated in 

Figure 4.3 Panels A and B, showing an 

expansion of the extracted ion 

chromatogram for furan in the 1-3 min 

range.  The roasted and unroasted GC 

traces appear in Panel A and Panel B, 

respectively. Analysis of the area under the curve compared to the standard curve (Figure 4.2) 

furnished approximate furan concentrations in both the unroasted and roasted coffee bean of 

4.1 ng g-1 and 96.5 ng g-1, respectively. The coffee bean samples were run in triplicate, with 

coefficients of variation of less than 5% in both unroasted and roasted beans (Figure 4.2). While 

it could be argued that furan detected in unroasted beans could be formed during the heating of 

the coffee bean extract prior to headspace sampling, the consistency between the three analyses 

that required reheating of the same coffee bean extract suggests that little to no furan was 

created through the heating of the samples. The results are consistent with the report that 

observed the presence of low quantities of furan in unroasted beans.161 The detection of furan 

Figure 4.2. The standard curve for the quantification 

of furan (peak area vs concentration (ng g-1)) over a 

range of 0-100 ng g-1. The R2 value for the curve is 

0.9982. The average peak areas, standard deviations, 

coefficients of variation and calculated 

concentrations of furan for the unroasted and roasted 

coffee beans are shown. Adapted with permission 

from: Fowble et al. “Spatial distributions of furan and 

5-hydroxymethylfurfural in unroasted and roasted 

Coffea arabica beans.” Food Res Int. 119, 725-732 

(2019), Copyright 2019, Elsevier.74 
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in the green beans, however, does not negate the 

finding that roasting is a major contributor to its 

formation. As confirmed here, the level of furan was 

found to be significantly higher in the beans which had 

undergone the roasting process.  

 

4.2.3. Independent confirmation of HMF in unroasted 

and roasted coffee beans by GC-MS 

There are several reports of the detection of 

HMF in roasted coffee samples.162-164 Many focus on 

how the roasting process and steps taken by the 

consumer affect HMF levels in brewed coffee. A few 

groups have shown that the concentration of HMF 

decreases the longer the beans are roasted.162-163 This 

could be due to the compound’s instability and its role as a precursor for other molecules. 

Although many studies have determined the presence of HMF in roasted beans and brews, there 

are conflicting results on its presence in green unroasted beans, with only one confirming its 

detection.164  

Figure 4.3. The GC extracted ion 

chromatograms (EIC) for furan in the 

roasted and unroasted coffee bean 

headspace gases in the time range of 1-

3 min are shown in Panels A and B, 

respectively. Adapted with permission 

from: Fowble et al. “Spatial 

distributions of furan and 5-

hydroxymethylfurfural in unroasted 

and roasted Coffea arabica beans.” 
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A direct injection of 1 µL of a 

methanol:dichloromethane 1:1 extract was used for 

the GC-MS analysis. HMF was detected at 14.78 min in 

the standard solution, the unroasted coffee extract and 

the roasted coffee extract. The extracted GC 

chromatograms of HMF in roasted and unroasted 

coffee bean extracts are shown in Figure 4.4 Panels A 

and B, respectively in the time range of 14.5-15 min, 

within which HMF elutes. Although there are 

conflicting results in the literature on the presence of 

HMF in unroasted beans, our results confirm its 

presence in both the roasted and unroasted bean 

extract. 

 

4.2.4. Ion images acquired by LADI-MS 

To facilitate the interpretation of the areas within the coffee bean where the compounds 

of interest were localized, Figure 4.5 shows a light microscopy image of an unroasted coffee bean 

to illustrate its internal anatomy. The apparent loop within the transverse cross-section is 

referred to as the perisperm or silver skin (A), while the surrounding tissue comprises the 

endosperm (B).165 The perisperm which disintegrates during the roasting process, also covers the 

Figure 4.4. The GC extracted ion 

chromatograms (EIC) for HMF in the 

roasted and unroasted coffee bean 1:1 

methanol:dichloromethane extracts in 

the time range of 14.5-15 min. Adapted 

with permission from: Fowble et al. 

“Spatial distributions of furan and 5-

hydroxymethylfurfural in unroasted and 

roasted Coffea arabica beans.” Food Res 

Int. 119, 725-732 (2019), Copyright 

2019, Elsevier.74 
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exterior of the unroasted coffee beans (A). These terms will be used to describe the locales of 

the compounds of interest that were determined by LADI-MS. 

Figure 4.6 shows the color-overlaid ion images that 

illustrate the observed spatial distributions of furan and HMF in 

the transverse cross-sections of unroasted (top row) and roasted 

(bottom row) coffee beans. The dashed line around each image 

represents the periphery of the beans. At the right of each image 

is a color scale bar ranging from black to yellow, representative 

of a low or zero intensity to a high intensity of the indicated ion, 

respectively. As detection of molecules by helium DART-HRMS is 

dependent on a molecule’s proton affinity and not the relative 

amount of the observed analyte that is in a sample, the scale bars 

of the various ion images cannot be used to estimate the relative 

concentrations of the analytes in the coffee beans in comparison 

with another, and are only indicative of the varying relative 

concentration of that particular ion across the bean’s tissue. The 

top two Panels A and B are ion images representative of furan 

and HMF respectively in an unroasted coffee bean. The bottom 

row of images (Panels C and D) are of the same compounds in a roasted coffee bean. The furan 

ion images show that this molecule is distributed throughout the endosperm in both the 

unroasted and roasted coffee beans, with higher levels located in some areas of the silver skin 

and relatively lower levels at the top of the ion image. However, it should be noted that these 

Figure 4.5. A light microscopy 

image of a transverse cross-

section of a green (unroasted) 

coffee bean. The perisperm 

(silver skin) is the loop within 

the center of the coffee bean 

and a thin layer covering the 

outside (A). The surrounding 

tissue comprises the 

endosperm (B). Adapted with 

permission from: Fowble et al. 

“Spatial distributions of furan 

and 5-hydroxymethylfurfural 

in unroasted and roasted 

Coffea arabica beans.” Food 

Res Int. 119, 725-732 (2019), 
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ion images are not normalized to the same 

scale because of the large difference 

between the levels of furan in the unroasted 

versus roasted bean. This difference in furan 

levels is reflected in the GC-MS data 

showing that the approximate 

concentration of furan in the roasted and 

unroasted beans are 96.5 ng g-1 and 4.1 ng g-

1, respectively. After the LADI-MS analyses, 

there was a yellow discoloration observed 

on the surface of the unroasted bean. This 

could be interpreted as “roasting” caused by 

the laser ablation system. However, with the 

confirmation of furan in both unroasted and 

roasted beans by GC-MS, with consistency 

between all three injections (Figure 4.2), the 

effect of the laser is negligible on the furan 

spatial distribution mapping. Panels B and D 

illustrate the non-homogenous spatial 

distributions of HMF in the unroasted and roasted coffee beans respectively. In the unroasted 

bean, HMF is localized to the silver skin within the loop and the thin layer on the outer surface of 

the bean. However, after roasting, HMF is more evenly distributed throughout the endosperm, 

Figure 4.6. The color-overlaid ion images of the 

m/z values corresponding to furan and HMF in 

transverse cross-sections of unroasted (top) and 

roasted (bottom) coffee beans. Unroasted coffee 

bean: Panel A) furan; Panel B) 5-

hydroxymethylfurfural. Roasted coffee bean: 

Panel C) furan; Panel D) 5-hydroxymethylfurfural. 

The color scale from black to yellow within each 

panel is indicative of zero or low intensity to a high 

intensity of the indicated ion. The white dashed 

line in each panel indicates the periphery of the 

coffee bean. Adapted with permission from: 

Fowble et al. “Spatial distributions of furan and 5-

hydroxymethylfurfural in unroasted and roasted 

Coffea arabica beans.” Food Res Int. 119, 725-732 

(2019), Copyright 2019, Elsevier.74 
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with higher levels within the silver skin found in the inner loop. The spatial distribution patterns 

for furan and HMF were found to be consistent in different roasted coffee beans (Appendix 8).  

The LADI-MS experiments were carried out using high-purity helium as the carrier gas 

instead of argon. Although in typical DART-HRMS analyses of whole coffee beans, furan and HMF 

are more readily detected using argon-DART, the two compounds are also observed using 

helium-DART. In the case of LADI-MS experiments, since the laser is ablating a relatively small 

area (70 µm2) and produces a relatively small ablation plume, the protons generated in the open-

air gap are not depleted by the presence of molecules with high proton affinities (such as 

caffeine) and therefore, furan and HMF are more readily detected by the LADI-MS experiments 

than by typical helium-DART-HRMS analysis of large pieces of coffee beans that are sampled 

directly. 

 

4.3. Discussion 

The homogeneous distribution of furan within the entire tissue of the roasted coffee 

beans was not unexpected given that its proposed precursors would be expected to occur 

similarly. Furan can be formed by cyclization of aldotetrose derivatives derived from heat-

promoted sugar degradation,138, 151-152, 166 Maillard reactions between sugars and amino acids,151-

154, 167 and thermal degradations of amino acids152 among other pathways. All of these classes of 

precursor molecules would be expected to be represented throughout the coffee bean tissue. 

The homogeneous distribution of sucrose, for example, was demonstrated by Garrett et al. by 
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DESI-IMS.48 The anticipated broad occurrence of precursors provides a rationale for the 

homogenous distribution of furan in the roasted bean after heat treatment of the green beans. 

The non-homogeneous occurrence of HMF is more intriguing. It too is proposed to be formed 

from carbohydrate and/or amino acid precursors that would be expected to be broadly 

distributed. Despite this, it is localized to the silver skin in the unroasted bean and to both the 

silver skin and the periphery in the roasted bean. This finding implies that either its precursors 

are localized to those areas, or that the regions where there is minimal to no HMF contain 

compounds that interfere with the formation of HMF and thus reduce its concentration. Studies 

of the molecular content of the silver skin may provide insight into some of the specific 

compounds that contribute to HMF formation in situ (as opposed to in model systems or 

experiments using model compounds), and this is the subject of ongoing studies in our 

laboratory. The finding that HMF is concentrated in the silver skin suggests that it may be possible 

to mitigate the formation of HMF by developing a green bean processing approach that involves 

removal of the areas such as the silver skin prior to roasting. This knowledge could not only 

eventually lead to the ability to track the production of desirable compounds as a function of 

species, cultivar and growth conditions, but also the ability to mitigate the production of 

undesirable molecules. The mechanism by which both furan and HMF are formed in the green 

beans is unclear, and the possibility that their formation is a function of the harvesting and 

processing of the green beans prior to roasting is also being investigated.   
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4.4. Conclusions 

The spatial distribution maps of the small molecules furan and HMF in green and roasted 

coffee beans were demonstrated. The presence of each analyte mapped by LADI-MS was 

supported by the independent confirmation of their presence by argon DART-HRMS and GC-TOF-

MS. The ability to detect these molecules by the LADI-MS approach is possible due to the absence 

of a high-vacuum requirement. These molecules, particularly furan with its low boiling point, 

would likely evaporate under the conditions required by other IMS techniques. The compound 

HMF was highly concentrated within the silver skin of the beans and distributed more widely 

after the roasting process. Furan on the other hand, was widely distributed in both the green and 

roasted beans with higher levels in some areas of the silver skin. The findings indicate that while 

the precursors for furan formation could appear in all parts of the bean, those for HMF could be 

localized to the silver skin. This information provides the opportunity to perform informed 

investigations of the chemical composition of those areas within the green bean, which on heat 

treatment result in the formation of localized compounds such as HMF, leading to development 

of informed methods for their potential removal during processing. 

 

4.5. Materials and Methods 

4.5.1. Chemicals 

Furan standard and chlorobenzene were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). 5-Hydroxymethylfurfural was purchased from Fisher Scientific (Hampton, NH, USA). High-
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purity helium, nitrogen and argon gases were obtained either from Airgas (Albany, NY, USA) or 

Matheson (Manchester, NH, USA).  

 

4.5.2. Coffee beans 

Unroasted (green) and roasted Coffea arabica beans from Antigua, Colombia were 

purchased from Uncommon Grounds (Albany, NY, USA). The green unroasted beans were 

roasted onsite at Uncommon Grounds (Albany, NY, USA) using a Probat solid drum coffee roaster. 

Unroasted beans were introduced into the drum when it reached a temperature of 210 °C. The 

drum temperature was then raised 0.35 °C min-1 for 11 min to a final temperature of 213.89 °C 

after which they were removed from the drum and stirred until they reached room temperature. 

The roasting parameters were those used at the Uncommon Grounds facility using the in-house 

coffee roaster, and are identical to those used for coffee beans sold to customers. 

 

4.5.3. Argon DART-HRMS analysis 

Argon DART-HRMS experiments were conducted using a JEOL AccuTOF-LP 4G mass 

spectrometer (JEOL USA, Peabody, MA, USA) with a resolving power of 10,000 FWHM, coupled 

to a DART-SVP ion source (Ionsense LLC, Saugus, MA). Chlorobenzene was used as a dopant for 

analyses and was infused by a syringe pump at a flow rate of 9 µL min-1 through deactivated 

fused-silica tubing positioned at the open-air gap. The DART ion source was operated in positive 

ion mode with a gas heater temperature of 400 °C and a gas flow rate of 2.0 L min-1. The mass 
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spectrometer was operated with an orifice 1 voltage of 20 V and orifice 2 and ring lens voltages 

of 5 V each. The ion guide voltage was set to 500 V to allow for the detection of ions above m/z 

50. A roasted coffee bean was crushed to produce a number of smaller pieces for analysis. 

Tweezers were used to suspend portions of the roasted coffee bean in the open-air sample gap 

between the DART ion source and the AccuTOF mass spectrometer inlet. Multiple pieces of two 

coffee beans were analyzed and the spectra were averaged together.  

 

4.5.4. Coffee bean extract sample preparation  

Extract for furan confirmation 

Unroasted and roasted coffee beans were crushed. One gram of crushed unroasted 

coffee beans was suspended in 10 mL of room temperature water in a capped 22 mL vial with a 

septum-containing screw cap (Supelco, Bellefonte, PA, USA) and placed in a hot water bath (95 

°C ) for 10 min. The vial was removed, shaken for 30 s to establish gas/liquid equilibration, and 

allowed to cool for 10 min before headspace extraction. A Pressure-Lok® precision analytical 

syringe (Supelco, Bellefonte, PA, USA) was used to withdraw 500 µL of the coffee extract 

headspace for injection. The vial was reheated in the same manner two more times for triplicate 

analysis. The vials were kept capped for the entire procedure to prevent furan from evaporating. 

This process was repeated using roasted coffee beans.  
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Extract for HMF confirmation 

Unroasted and roasted coffee beans were ground and 10 mg of each were placed in 

separate 2 mL amber glass GC vials (Agilent, Santa Clara, CA, USA). A methanol:dichloromethane 

1:1 solution (1 mL) was added to each vial. The extracts were allowed to stand at room 

temperature overnight before analysis. A small aliquot (200 µL) was taken from the extract to be 

used for GC-MS analysis. 

 

4.5.5. Standard samples preparation 

A calibration series for furan was prepared by creating 10 ng g-1, 50 ng g-1, and 100 ng g-1 

standard solutions of furan in 10 mL of water in 22 mL septum-containing capped vials. Furan 

standard was refrigerated before opening and once vials were capped, the caps were not 

removed during analysis in order to prevent evaporation of furan. A 20 µg g-1 standard solution 

of HMF in 200 µL of 1:1 methanol:dichloromethane was prepared. 

 

4.5.6. GC-MS Analysis 

GC-MS analyses were conducted using a JMS-T200GC AccuTOF GCx (JEOL USA, Inc., 

Peabody, MA, USA) mass spectrometer equipped with a 7890B Agilent GC. GC-MS data 

processing was completed by msAxel software (JEOL Ltd., Akishima, Japan). 
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Furan confirmation 

The headspace (500 µL) was analyzed using an HP-FFAP column (30 m x 0.25 mm, 0.25 

µm) (Agilent, Santa Clara, CA, USA) under the following conditions: oven temp: 30 °C, held for 10 

min, raised linearly 30 °C min-1 to 240 °C and held there for 9 min; inlet temperature: 200 °C; 

carrier gas: helium, with a flow rate of 1 mL min-1; inlet mode: split 15:1; ionization mode: EI+, 70 

V, 300 µA. Furan standards (including a blank) were analyzed once and coffee samples were run 

in triplicate. 

 

HMF confirmation 

Of the 200 µL solution, only 1 µL was injected into the GC. The sample was analyzed using 

a HP-FFAP column (30 m x 0.25 mm, 0.25 µm) under the following conditions: oven temp: 40 °C, 

held for 1 min, raised linearly 15 °C min-1 to 240 °C and held there for 10 min; inlet temperature: 

230 °C; carrier gas: helium, with a flow rate of 1 mL min-1; inlet mode: split 50:1; ionization mode: 

EI+, 70 V, 300 µA. HMF standard was analyzed once, and coffee extracts were injected three 

times each. 

 

4.5.7. LADI-MS coffee bean sample preparation 

Unroasted and roasted coffee beans were sliced in half, transverse wise, using a razor 

blade. The bean halves were placed (separately) onto a bed of LOCTITE Fun Tak® mounting putty 
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with the cut face exposed. The putty was then placed on the sample plate which was then 

inserted into the laser ablation system air-tight sample chamber for analysis. 

 

4.5.8. Light microscopy imaging of unroasted coffee beans 

A Nikon stereozoom SMZ800 microscope coupled to a Nikon DS Fi2 microscope camera 

was used to collect light microscopy images of the transverse cross-section of an unroasted 

coffee bean.  

 

4.5.9. LADI-MS analysis 

LADI-MS was set up as previously described (Chapter 2).73 Briefly, ion images were 

acquired using an NWR213 laser ablation imaging system (ESL, Bozeman, MT, USA) coupled with 

a DART ion source (IonSense, Saugus, MA, USA) and JEOL AccuTOF LC-plus JMS-T100LP HRMS 

(JEOL USA, Peabody, MA, USA) by way of tygon tubing. The mass spectrometer was operated 

under ambient conditions with an orifice 1 voltage of 20 V and orifice 2 and ring lens voltages of 

5 V in positive ion mode with a scan collection rate of 0.6 s scan-1. The resolving power of the 

HRMS used was 6,000 FWHM. The rate of the DART ion source helium flow was 2.0 L min-1 at a 

heater temperature of 350 °C. An ion guide voltage of 600 V was used to collect spectra in the 

mass range of m/z 60-800. PEG was used as a reference standard for the calibration of the 

collected spectra. TSSPro3 software (Shrader Software Solutions, Grosse Pointe Park, MI, USA) 

was used for peak calibration and peak centroiding. Reconstructed ion currents were created for 
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each of the ions of interest and imported into Iolite imaging software (University of Melbourne, 

AUS). Mass spectral analysis, elemental composition determination and isotope analysis were 

performed using Mass Mountaineer software (Massmountaineer.com, Portsmouth, NH, USA). 

The following laser parameters were used for the coffee bean analysis: laser beam energy 

density (fluence) = 21 J cm-2; laser frequency = 20 Hz; scan speed = 65 µm s-1; spot size = 70 x 70 

µm2; line width = 60 µm; and He flow rate = 600 mL min-1. Based on the experimental parameters 

used, the spatial resolution attained was 154.5 x 70 µm2. 
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Chapter 5: Application of LADI-MS to the Forensic Determination of 

the Spatial Distributions of Small Molecules in Endangered Wood 

Samples 

5.1. Introduction 

The illegal trade in endangered woods occurs through the harvesting, transportation, and 

processing of protected species of woods in violation of national or international laws.168 The 

trade in illegal woods is thought to be a billion-dollar industry that funds organized crime and 

terrorist organizations. Additionally, the illegal timber trade is leading to rapid deforestation and 

reduced biodiversity in the world’s forests. To address this, regulatory agencies have been 

created for the enforcement of forest laws and to help track the trade of these endangered 

species.168 One such agency is the Convention on International Trade in Endangered Species of 

Wild Fauna and Flora (CITES).169 In the United States, the enforcement of these regulations 

typically falls to the Fish and Wildlife Service with the assistance of U.S. Border Patrol Agents that 

help with the identification of illegal species at border crossings.169  

There are several challenges associated with the tracking of illegally traded woods. One 

of these is how to discriminate between protected endangered woods and those that are legal 

to trade. Timber is typically transported across borders in large shipping containers that may 

contain many different species of wood. Thus, it can be quite difficult to ascertain species identity 

on this scale by visualization alone. While identification of wood species by visual examination of 

both macroscopic and microscopic features is a well-developed and mature field,170 the paucity 
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of experts in this area, as well as the time consuming nature of the endeavor and the challenges 

in utilizing the approach for field identification at borders and in other forensic contexts, have 

spurred efforts to develop alternative approaches to accomplishing this task.170 Several of these 

exploit the differences in chemical makeup between wood species, and feature techniques such 

as ion mobility MS,171 ambient sonic spray ionization MS,172 LC-MS,173 and near IR 

spectroscopy.174-175 Recently DART-HRMS, employed by the U.S. Fish and Wildlife Service 

Forensics Laboratory, has also been used for the rapid species identification of woods protected 

under CITES,20-21, 28 as well as numerous other plant materials, with little to no sample 

preparation required.19, 22-25 Another approach to species identification is through DNA 

profiling.176-178 However, this relies on the existence of reliable reference libraries. Since the DNA 

profiles of most plant species are unknown, there are severe limitations to the use of this 

approach. 

An additional challenge to enforcement of the CITES regulations is the falsification of the 

records regarding the origin of trees crossing the border. It would be useful to investigators to 

not only know what species of tree is being traded, but also the location where the tree was 

harvested. Such information is critical in cases where there are geographic restrictions on the 

locations from which a particular species of timber can be harvested (i.e. a given species can be 

legally harvested from one area but would be illegal to harvest from another). A number of 

chemical approaches have been applied to the determination of the geographical origin of logs. 

These include DNA-profiling,179 stable isotope analysis,180-181 and near IR spectroscopy.175 The 

most prominent application of mass spectrometry to the forensic identification of wood origin 

has been isotope ratio MS.19, 25, 175 As trees grow, they incorporate specific stable isotopes into 
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the phytochemicals they produce, and the ratios of these isotopes can be linked to a geographical 

area based on the relative abundances of the isotopes in a given region.170, 180-181  

The science of the study of wooded plants is known as dendrology, and it includes the 

study of taxonomic relationships and species identification based on wood anatomy. 

Dendrochronology, a sub-discipline of dendrology, focuses on the study of growth rings which 

can reveal significant information about the timing of various conditions in the life of the tree, 

such as rainy seasons or droughts.170 As a tree grows, the growth rings are formed from the 

outside in, meaning that those that appear in the center of the tree are the oldest, and those 

near the bark are newest.182 The growth rings are comprised of early and late wood stages. These 

correspond to areas of significant growth which are characterized by the appearance of larger 

cells (early), and those where the growth is slower and more compact (late), depending on the 

season.182 Climate is not the only factor that influences the development of growth rings.182-183 

Exposure to forest fires or insect infestations can also manifest themselves in terms of 

characteristic features that appear in the growth rings.182 All of the information that can be 

extracted from the wood anatomy and growth rings can contribute to determination of the 

geographic origin of a felled tree, and the products derived from it. 

The varying levels of success of spectroscopic and mass spectrometric approaches to 

species identification of logs and their derivative products, make clear that there are diagnostic 

small molecule profile characteristics that can be used for the forensic identification of wood. 

However, to date, very little work to investigate the identities of the small molecules involved, 

and correlating them to specific plant species and their geographic locations, or the 

environmental and climactic factors associated with their appearance, has been reported. This is 
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due in large part to the absence of enabling technologies that would facilitate not only 

determination of these molecules, but also revelation of their locales within the plant tissue. In 

this regard, the characteristics of LADI-MS appear particularly well-suited to addressing these 

concerns. 

Accordingly, we investigated the application of LADI-MS to the mapping of the spatial 

distributions of small molecules localized to the growth rings in the four endangered wood 

species: Dalbergia nigra, D. maritima, D. normandii, and Swietenia mahagoni. The results, 

including application of LADI-MS-derived ion images for species identification, are discussed. One 

of the most important advantages of utilizing LADI-MS is that the sample chamber permits the 

analysis of large and irregularly shaped tree disc samples that span an area from pith to bark, 

allowing for all stages of growth to be analyzed in a single experiment. Figure 5.1 depicts the 

various morphological and anatomical features of trees to illustrate attributes of the types of 

samples analyzed in this work. 

At the very center of the tree is 

a pulpy core, known as the pith. 

The concentric circles in the 

image radiating out from the 

pith towards the bark 

correspond to growth rings. The 

lines running perpendicular to 

the growth rings and extending 

from pith to bark are known as 

Figure 5.1. A diagram depicting the morphology and anatomy of 

a tree trunk. The outside corresponds to the bark of the tree. The 

very center is known as the pith, and the concentric circles 

radiating outwards from it are growth rings. The lines running 

perpendicular to the growth rings are rays. The black dotted 

lines, in a triangular shape, represent the type of pie-shaped 

segments that were analyzed by LADI-MS. 
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rays, and the black dotted lines represent where the logs are cut to provide the pie-slice samples 

that can be analyzed. The samples are up to 2 cm in depth, vary from ~6-10 cm from pith to bark, 

and were analyzed without the need for the further sectioning or sample pretreatment that is 

required in many other IMS techniques.184-188  

 

5.2. Results 

To determine if the analysis of wood samples by LADI-MS was possible, a D. nigra sample 

was ablated with a laser spot size of 80 µm2 and a fluence of 2 J cm-2. The ablated area did not 

travel the length of the tree from pith to bark, and was used only to determine if molecules could 

be detected by MS from this sample type. Figure 5.2 shows a representative mass spectrum from 

this analysis. In order to facilitate assignment of peaks, KNApSAck, a database that contains small 

molecule metabolites and the plant species in which they have been observed, was consulted.189 

It contains a compilation of over 50,000 metabolites known to be present in over 20,000 species. 

From this database, a short list of 

compounds that have been 

isolated from Dalbergia spp. plants 

and subsequently structurally 

characterized were complied. The 

high-resolution mass spectrum 

acquired by LADI-MS was then 

examined for the presence of 

Figure 5.2. A representative mass spectrum acquired from 

ablating the surface of a D. nigra sample using LADI-MS.  
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masses consistent with the presence of any of the short-listed molecules. From this exercise, 

tentative peak assignments could be made for m/z values 255.1025 (dalbergichromene—M + H+: 

C16H15O3), 269.1156 (dalbergin—M + H+: C16H13O4), and 299.0948 (afrormosin or dalnigrin—M + 

H+: C17H15O5). While not listed in KNApSAck as a compound present in Dalbergia spp., the peak 

at m/z 133.0637 corresponding to M + H+: C9H9O, was consistent with cinnamaldehyde. This 

assignment was later confirmed by GC-MS analysis (data not shown). 

The detection of masses consistent with molecules that are known to be present in 

Dalbergia spp. trees prompted the extension of the LADI-MS technique to the imaging of the 

spatial distributions of some of these molecules in the different wood samples. All four of the 

endangered wood samples (D. nigra, D. maritima, D. normandii, and S. mahagoni) were analyzed 

with similar DART-HRMS and laser parameters (Section 5.5, Materials and Methods), resulting in 

a spatial resolution of 155 x 80 

µm2 for each experiment. 

Visible light optical images of all 

four samples were provided by 

Dr. Edgard Espinoza of the U.S. 

Fish and Wildlife Service 

Forensics Laboratory and are 

shown in Figure 5.3. The 

samples were analyzed by LADI-

MS with the line scan extending 

from the inner core (pith) to the 

Figure 5.3. Visible light optical images of the four samples of 

wood analyzed by LADI-MS. The species analyzed were D. nigra, 

D. maritima, D. normandii, and Swietenia mahagoni. The 

samples ranged from ~6-10 cm in length from pith to bark and 

were ≤2 cm in depth. 
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outer edge (bark) as shown in Figure 5.1. Depending on the sample, the total length varied 

between ~6-10 cm.  

The first sample analyzed 

was that of the D. nigra species at a 

laser spot size of 80 µm2, yielding a 

spatial resolution of 155 x 80 µm2. 

This species is classified as Appendix 

I by CITES, meaning it is threatened 

with extinction and there is no trade 

allowed. This particular species, also 

known as Brazilian Rosewood, tends 

to be harvested illegally for use in 

the fashioning of furniture and 

musical instruments. A 

hyperspectral image, taken at a 

wavelength of 645 nm, is shown in 

Figure 5.4 Panel A, and reveals 

features that are not visually 

apparent in ambient light. The dark lines illuminated in Figure 5.4 Panel A correspond to the 

compacted areas of the growth rings. Color-overlaid ion images corresponding to masses 

consistent with caviunin (listed in KNApSacK as being present in Dalbergia spp.), 

afrormosin/dalnigrin, and dalbergin are shown in Panels B, C, and D, respectively. In all three 

Figure 5.4. Ion images overlaid onto hyperspectral images 

acquired at 645 nm (Panel A) of the D. nigra sample. Panels B-

D illustrate those masses localized within the dark growth ring 

areas, and are consistent with the presence of caviunin, 

afrormosin/dalnigrin, and dalbergin, respectively. Panels E and 

F feature ion images of benzaldehyde and 4-

methoxybenzaldehyde, both of which appear to be evenly 

distributed throughout the wood tissue. 
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cases, the high intensity areas (indicated in yellow) were found to correlate to the dark growth 

ring areas. In contrast, the ion images for benzaldehyde (Panel E) and 4-methoxybenzaldehyde 

(Panel F), both of which were confirmed to be present by GC-MS analysis (data not shown), 

indicated that these molecules were distributed evenly throughout most of the wood tissue.  

The second Dalbergia sp. analyzed was a sample of D. maritima, classified by CITES as 

Appendix II. The hyperspectral image of the wood, taken at a wavelength of 725 nm, is shown in 

Panel A of Figure 5.5. The color-overlaid ion images for dalbergin (m/z 269.0810) and 

dalbergichromene (m/z 255.1024) are shown in Figure 5.5 Panels B and C respectively. These two 

molecules show spatial distributions that are the opposite of one another. Dalbergin, shown in 

Panel B, is localized with high intensity in the dark rings that are visible using 725 nm wavelength 

light. On the other hand, dalbergichromene (Panel C) is absent, or at a lower intensity, in those 

same areas. 

The third sample analyzed was of the D. normandii tree species, which is also classified as 

Appendix II. The hyperspectral image, taken at a wavelength of 725 nm, is shown in Figure 5.6 

Figure 5.5. Ion images acquired using LADI-MS, overlaid onto hyperspectral images of a D. maritima 

sample. Panel A features a hyperspectral image of the D. maritima sample taken at a wavelength of 

725 nm. Panels B and C show LADI-MS ion images of masses consistent with dalbergin and 

dalbergichromene overlaid on the hyperspectral image, respectively. The spatial distributions of the 

two featured ions are the opposite of one another, with dalbergin being found within the dark growth 

ring areas, and dalbergichromene mostly absent in those same areas. 
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Panel A. The ion images for 

masses consistent with 

afrormosin or dalnigrin 

(m/z 299.0942) and 

cinnamaldehyde (m/z 

133.0667) are shown in 

Figure 5.6 Panels B and C. 

In both ion images, the 

compounds are shown to 

have a high intensity at the 

pith of the tree sample. 

The mass at m/z 299.0942, 

consistent with afrormosin 

or dalnigrin, was found to 

be mostly absent near the bark, whereas the ion image for cinnamaldehyde shows this ion with 

a relatively high intensity in the same area. The ion image for a mass consistent with 

dehydroxylated sitosterol (m/z 397.3800) in Panel D, features individual striations that radiate 

out from the pith towards the bark. Additionally, this molecule is found with a lower intensity in 

the darker growth ring areas.  

To investigate whether the spatial distributions of small molecules in wood tissue could 

potentially be utilized for the differentiation of one species from another member of the same 

genus, ion images for a mass consistent with 3,4-dimethoxydalbergione (m/z 285.1127—M + H+: 

Figure 5.6. LADI-MS ion images overlaid onto a hyperspectral image 

of the D. normandii sample acquired at a wavelength of 725 nm (Panel 

A). Panels B-D show LADI-MS ion images of masses consistent with 

afrormosin/dalnigrin, cinnamaldehyde, and sitosterol, respectively. 

The spatial distributions of afrormosin/dalnigrin and cinnamaldehyde 

show a high intensity of these ions at the pith of the tree sample, but 

a difference in relative intensities near the bark. The ion image for 

dehydroxylated sitosterol (Panel D) shows striations radiating out 

from the pith towards the bark.  
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C17H17O4), overlaid on the corresponding hyperspectral images of each sample are shown in 

Figure 5.7. Although the observed mass is consistent with that of 3,4-dimethoxydalbergione, 

which has been previously isolated from Dalbergia spp. trees and characterized, the presence of 

this molecule in the wood analyzed in this study has not been confirmed. As such, the ion images 

depicted could correspond to a second compound with the same molecular formula. In Panels A 

and B, the ion images of the m/z value 285.1127 in the D. nigra and D. maritima samples are 

shown. In these two species, the spatial distributions of this mass are the opposite of one 

another. The mass is found with a high intensity in the dark growth ring areas in the D. nigra 

sample (Panel A) but is mostly absent in the same dark areas in the D. maritima sample (Panel 

B). In the D. normandii sample shown in Panel C, the ion image for a mass consistent with 3,4-

dimethoxydalbergione (m/z 

285.1127) is localized with a 

higher relative intensity in 

the dark compacted areas of 

the growth rings, similar to 

the spatial distribution 

found in D. nigra. Next, we 

compared the ion 

distributions in two samples 

representing the same 

species (D. normandii). The 

Figure 5.7. Color-overlaid ion images of a mass consistent with 3,4-

dimethoxydalbergione overlaid onto the corresponding hyperspectral 

images of the Dalbergia spp. tree samples analyzed. The spatial 

distribution of this molecule shows inter- and intra-species differences. 
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spatial distribution of the same mass in a second D. normandii sample (Figure 5.7 Panel D) 

exhibits a lower relative intensity in the darker growth ring areas.  

In addition to the Dalbergia spp., a sample from a second genus was analyzed by LADI-

MS. The hyperspectral and overlaid ion images from the Appendix II species S. mahagoni are 

shown in Figure 5.8. For this species, the hyperspectral image was taken in the UV range at a 

wavelength of 365 nm (Panel A), which reveals fluorescence of the wood tissue near the bark. 

The dark line running perpendicular to the growth rings is a “ray” (Figure 5.1). Rays are thought 

to contain cells that help transport different biologically active molecules to various areas of the 

tree tissue. Panel B shows the ion image for dehydroxylated cycloartenol, a triterpenoid. The 

spatial distribution of this molecule features higher intensities in the lighter growth ring areas, 

with a much higher relative intensity near the bark. However, this molecule does not seem to be 

localized in the ray.  

 

Figure 5.8. The hyperspectral and ion images for the S. mahagoni tree sample. Panel A consists of 

the hyperspectral image taken at a wavelength of 365 nm, with fluorescence appearing near the 

bark. The color-overlaid ion image of a mass consistent with cycloartenol is shown in Panel B. This 

molecule is localized with little to no intensity in the ray cells.  
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5.3. Discussion 

The ion images featured in this study of the LADI-MS analysis of endangered woods were 

highlighted because they represented masses consistent with those of compounds previously 

found in Dalbergia spp., Swietenia spp., or other tree samples described in the literature or the 

KNApSAck database.21, 173, 189-190 Definitive confirmation of the identities of these molecules, 

(with the exception of cinnamaldehyde, benzaldehyde and 4-methoxybenzaldehyde), has not 

been completed, although this is an area of active investigation. One mass featured in this work, 

m/z 299.0942, could correspond to both afrormosin and dalnigrin, as these molecules share the 

same molecular formula. Dalnigrin has been confirmed by LC-MS studies in D. nigra samples.173 

However, it was not found in D. cearensis, D. congestiflora, D. cubilquitzensis, D. cultrate, D. 

frutesens, D. granadillo, D. inundata, D. melanoxylon, D. miscolobium, D. retusa, D. sissoo, or D. 

spruceana.173 No work has been done to confirm its presence in the other species featured in this 

chapter.  

We investigated the potential of using the spatial distributions of molecules for species 

identification within the same genus by mapping the ion images for the same mass in three 

Dalbergia spp. samples. However, as shown in Figure 5.7, the results could not be used for 

differentiation between the three analyzed Dalbergia spp. The localization of a mass consistent 

with 3,4-dimethoxydalbergione, with high intensity in the dark areas of the growth rings, was the 

same in both D. nigra and one of the D. normandii samples. On the other hand, the spatial 

distribution of the same mass in the D. maritima species was found to differ, showing a lower 

intensity in the dark growth ring areas. Additionally, the distribution of m/z 285.1127 in both D. 
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normandii samples differed. Further investigations are required to determine whether there are 

other ions whose LADI-MS-derived spatial distributions may have utility in enabling species 

identification for members of the same genus.  

One potential explanation for the differences in the spatial distributions of a given mass 

between two samples of the same species is that the mass corresponds to more than one 

molecule of the same molecular formula. As discussed in the case of m/z 299.0942, which can be 

indicative of the presence of dalnigrin or afrormosin, the m/z value of 285.1127 may reflect the 

presence of two molecules with a shared formula of C17H17O4, and not only 3,4-

dimethoxydalbergione. Thus, the differences in the spatial distributions may signify that they 

represent entirely different molecules. If analysis of the samples following isolation and 

characterization by a confirmatory technique like GC-MS results in confirmation of the same 

molecule detected in all the samples, a second explanation of the disparity between the spatial 

distributions in different samples of the same species is that there may be external factors that 

impact compound localization. For example, it could be a function of the climate or local 

environment in which the tree was grown. Cinnamaldehyde may serve as a case in point. It has 

been shown to function in plants as an insecticide and antimicrobial,191 and thus its localization 

to the growth rings in trees may indicate a function in protecting trees from insect infestations. 

Although the purpose of the compartmentalization of some of these molecules to different areas 

of the wood tissue is unknown, LADI-MS provides a means for the investigation of this 

phenomenon more thoroughly. 

The utilization of LADI-MS permits the analysis of large wood samples not previously 

amenable to imaging by other techniques. Although the imaging of a variety of molecules in wood 
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tissues has been accomplished,184-188, 192 these studies have focused only on very small areas of 

the wood tissue, with the largest area analyzed being ~8 mm.192 Additionally, only one of these 

studies imaged the tree sample from pith to bark.185 Most research has focused on the analysis 

of the spatial distribution of small molecules localized to the plant cell wall.184, 186, 188 In the study 

presented here, the smallest sample analyzed was ~6 cm from pith to bark, and the focus was on 

the determination of the macro-spatial distribution of molecules localized to different wood 

tissues in the sample. Although this study focuses on the large scale distribution of molecules 

spanning the entire length of the sample from pith to bark, LADI-MS also permits the analysis of 

molecular features on a much smaller scale. The lower limit of the laser spot size (as discussed in 

Chapter 2) is 4 µm2 allowing for the interrogation of microscopic tissues such as individual vessels 

in the tree samples (data not shown), which are typically on the scale of a few mm. The sample 

chamber of the LADI-MS system permits imaging without prior tedious sample preparation such 

as microtome-sectioning and embedment, which is required for most other techniques.184-188 

 

5.4. Conclusions 

The mapping of the spatial distributions of several small molecules in endangered wood 

samples by LADI-MS was demonstrated. The development of LADI-MS provides a means for the 

determination of the physiological relevance to the localizations of some of the small molecules 

to different wood tissues, like growth rings and rays. The technique allowed for the facile imaging 

of large and irregularly shaped sample types not amenable to imaging by other means, with little 

to no sample preparation. The data acquired by the LADI-MS analyses has the potential to inform 
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an investigator to the climate or geographical region in which a tree was grown based on the 

spatial distributions of the small molecules within the growth rings related to the corresponding 

dendrochronological data. Additionally, the detection of molecules consistent with pollution 

could pinpoint the location of a tree’s growth.  

 

5.5. Materials and Methods  

5.5.1. Chemicals 

High-purity helium and nitrogen gases were purchased from Matheson (Manchester, NH, 

USA).  

 

5.5.2. Endangered wood samples 

Four species of wood, including Dalbergia nigra, D. normandii, D. maritima, and Swietenia 

mahagoni, were provided by the U.S. Fish and Wildlife Forensics Laboratory. Each sample was 

provided in the form of a pie-shaped segment cut from a tree stump or felled log, and extended 

over the entire length from the pith to the bark (Figures 5.1 and 5.2). The samples were each less 

than 2 cm in depth and varied from between ~6-10 cm in length from pith to bark. The cut surface 

was sanded to a polished finish, using a Work Sharp WS3000 tool sharpener (Ashland, OR, USA), 

prior to analysis.  

 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



101 
 

5.5.3. LADI-MS analysis 

LADI-MS was set-up as previously described in Chapter 2 with the JEOL AccuTOF-LP 4G 

HRMS (JEOL USA, Inc., Peabody, MA, USA) and a heated stainless-steel transfer line. The wood 

samples were placed polished side up in the sample chamber for analysis. The DART ion source 

was operated with a gas flow rate of 2.0 L min-1. The orifice 1 voltage was set to 20 V and the 

orifice 2 and ring lens voltages were set to 5 V each. The ion guide voltage of the MS was set to 

1,000 V for the detection of ions over m/z 100. The mass range detected was m/z 100-800. In all 

experiments, the ion source was operated in positive ion mode with a gas heater temperature of 

500 °C. The MS acquisition rate was 0.3 s scan-1. The laser parameters used in these experiments 

included: laser beam energy density (fluence) = 2 J cm-2; frequency = 20 Hz; scan speed = 75 μm 

sec-1; spot size = 80 x 80 μm2; and He flow rate = 450 mL min-1. PEG was used as a reference 

standard for the calibration of the collected spectra. The msAxel Data Processing software 

package (JEOL USA, Inc., Peabody, MA, USA) was used for peak calibration and peak centroiding. 

Reconstructed ion currents were created for each of the ions of interest and imported into Iolite 

imaging software (University of Melbourne, AUS). Mass spectral analysis, elemental composition 

determination and isotope analysis were performed using Mass Mountaineer software 

(Massmountaineer.com, Portsmouth, NH, USA). Based on the experimental parameters used, the 

spatial resolution attained was 155 x 80 µm2
.  
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Chapter 6: Simultaneous Imaging of Latent Fingermarks and Detection 

of Analytes of Forensic Relevance  

6.1. Introduction 

In a forensics context, fingermarks left behind by individuals can directly link them to a 

crime scene and are thus of high value to investigators. Historically, their visualization has been 

accomplished using a variety of techniques including dusting with powders, cyanoacrylate 

fuming, and the application of ninhydrin, among other approaches.193 Fingerprint visualization 

by these methods exploits the presence of amino acids and endogenous molecules such as lipids 

in the latent fingermarks.193 However, in principle, any chemical with which the fingers come into 

contact can be registered in the print, a fact that provides the opportunity to extract immense 

amounts of information about the owner. Chemical compounds found within latent fingermarks 

can include illicit drugs, psychoactive plant materials and explosive compounds. The observation 

of such substances can provide important information about exposures that may be directly 

relevant to a crime.  

Recognition of the potential utility of knowing the chemical content of fingermarks has 

spurred development of various analysis methods. Swabbing followed by extraction of materials 

found in smudged fingerprints and analyzing their contents by GC- or LC-MS techniques,194-198 as 

well as by DART-HR- and DESI-MS have been used.194, 198-201 These techniques are able to reveal 

the presence of both endogenous and exogenous molecules found in fingerprints, including fatty 

acids, drugs of abuse, drug metabolites, and explosive materials. However, in using these 
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approaches, the fingerprint image that establishes a link between an individual and substances 

to which they have been exposed is destroyed.  

In recent years, this challenge has been overcome through imaging spectroscopic and 

mass spectrometric techniques. For example, fingerprint imaging has been accomplished using 

IR and Raman spectroscopies.202-204 However, these approaches have limited ability to provide 

definitive information on the identity of chemical constituents.205-207 On the other hand, IMS 

techniques have proven to be well-suited to chemical imaging of latent fingermarks.198, 205-206 

Their power lies in the ability to reveal fingermark patterns made from any one of a range of 

substances that are present, all from a single experiment. If the fingermark contains an illicit 

substance or other molecules of concern such as explosive materials, the MS ion images could 

provide a direct link to a specific individual. Additionally, if metabolites of illicit and psychoactive 

substances can be detected within a latent fingermark, a distinction can be made between those 

individuals who have only handled the materials, and those who have ingested the product. 

Several MS techniques have been used to map the spatial distributions of endogenous and 

exogenous materials in latent fingermarks, with the most common being SIMS, MALDI-MS, 

SALDI-MS, and DESI-MS.198, 205-206, 208-221  

While current IMS techniques enable spatial distributions of molecules to be obtained, 

there are several reasons why it would be advantageous if LADI-MS could be used. Experiments 

are performed in open-air and under ambient conditions, and do not require high-vacuum. LADI-

MS can be completed on non-conductive surfaces which permits analysis of samples on a variety 

of matrices, such as packing tape. As it utilizes a soft ionization source, LADI-MS does not cause 

extensive fragmentation of the molecules detected. The possible utility of the technique in 
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fingerprint analysis is demonstrated through the imaging of endogenous molecules within latent 

fingermarks, and the detection of cocaine, yangonin and other kavalactones derived from a 

psychoactive plant, and pseudoephedrine. Micro-ablation and detection of RDX, an explosive, 

are also demonstrated. 

 

6.2. Results 

The handling of a variety of materials was used to assess the utility of LADI-MS for 

detection of compounds of potential forensic interest in latent fingermarks. These included an 

illicit drug (cocaine), an unregulated psychoactive plant material (P. methysticum), the active 

ingredient in an over-the-counter medication (pseudoephedrine) that can also be used to 

synthesize illicit drugs, and an explosive material (RDX). Imaging of the latent fingermarks was 

completed using a laser spot size of 60 µm2, resulting in spatial resolutions of 126 x 60 µm2 for 

each experiment. 

 

6.2.1. LADI-MS analysis of a cocaine-laden latent fingermark 

Figure 6.1 shows representative results of a typical LADI-MS experiment that was 

performed on a fingermark that was deposited after the handling of cocaine. The mass spectrum 

in Figure 6.1 (Panel A) shows a composite of all the detected ions, including protonated cocaine 

(m/z 304.1505). Also presented are the color-overlaid ion images of endogenous dehydroxylated 

cholesterol (m/z 369.3475) and exogenous protonated cocaine (m/z 304.1505) in Panels B and C  
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Figure 6.1. A mass spectrum and LADI-MS ion images resulting from the analysis of a fingermark 

deposited after exposure to cocaine. Panel A shows a representative LADI-mass spectrum with the peak 

corresponding to protonated cocaine labeled in red (m/z 304.1505). The LADI-MS color-overlaid ion 

images of the masses consistent with dehydroxylated cholesterol (Panel B) and protonated cocaine 

(Panel C) in the same latent fingerprint are shown. The 1 mm scale bar applies to both ion images. The 

color scale bar ranging from black to yellow is representative of a zero or low intensity to high intensity 

of the indicated ions. The ion image of the mass consistent with dehydroxylated cholesterol is overlaid 

on a photograph of the latent print that was acquired prior to LADI-MS analysis (Panel D). Adapted with 

permission from: Fowble, K. L., and Musah, R. A. “Simultaneous imaging of latent fingermarks and 

detection of analytes of forensic relevance by laser ablation direct analysis in real time imaging-mass 

spectrometry (LADI-MS).” Forensic Chem, 15, 100173 (2019), Copyright 2019, Elsevier.75 
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respectively. The 1 mm scale bar applies to both ion images and the color intensity bars ranging 

from black to yellow are representative of a zero or low intensity to a high intensity of the 

indicated ion. The cholesterol and cocaine ion images (Panels B and C), both of which were 

acquired in the same experiment, reveal a characteristic fingerprint pattern which is identical to, 

and therefore can be superimposed over, the area that they represent in the optical image of the 

print (Panel D). The observation of an ion image for the endogenous compound representing the 

fingerprint image itself, and the detection of cocaine in the form of an ion image that aligns with 

the ridge pattern of the print (in the same experiment) indicate exposure to cocaine by the owner 

of the print.  

 

6.2.2. LADI-MS analysis of a psychoactive plant-laden latent fingermark 

To avoid prosecution for possession of illegal substances, many drug abusers are turning 

to plant materials that are not currently regulated but are psychoactive. The United Nations 

Office on Drugs and Crime (UNODC) has listed twenty of these as “plants of concern”.222 As shown 

in Figure 6.2 (Panel A), the mass associated with a psychoactive biomarker, yangonin, for one 

such plant of concern, Piper methysticum (commonly known as Kava), was detected (m/z 

259.0980) in a print after bulk plant material had been handled. Other kavalactones that were 

also observed included methysticin (m/z 275.0960) and dihydromethysticin (m/z 277.1040). 

Fingerprint ridge details are displayed in the ion image for endogenous dehydroxylated 

cholesterol (m/z 369.3520) that was acquired from the same experiment (Panel B). Figure 6.2 

Panel C shows the magnified optical image of the same area represented by the cholesterol ion 
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image, while Panel D shows the cholesterol ion image overlaid on the full latent fingerprint 

photograph.  

Figure 6.2. A LADI-MS-derived ion image and a representative LADI-mass spectrum obtained 

from the analysis of a fingermark deposited after handling of P. methysticum plant material. 

The masses for several kavalactones are labelled in the mass spectrum (Panel A): m/z 

259.0980-yangonin; m/z 275.0960-methysticin; and m/z 277.1040-dihydromethysticin. The 

LADI-MS ion image is shown of m/z 369.3520, a mass that is consistent with that of 

dehydroxylated cholesterol (Panel B). Panel C shows an optical image of the area of the 

fingermark that was ablated in the experiment. Panel D shows the cholesterol ion image 

overlaid on a photograph of the latent fingermark. Adapted with permission from: Fowble, K. 

L., and Musah, R. A. “Simultaneous imaging of latent fingermarks and detection of analytes 

of forensic relevance by laser ablation direct analysis in real time imaging-mass spectrometry 

(LADI-MS).” Forensic Chem, 15, 100173 (2019), Copyright 2019, Elsevier.75 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
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6.2.3. LADI-MS analysis of a pseudoephedrine-laden latent fingermark 

  Drug manufacturers have a history of turning to over-the-counter sources of 

pseudoephedrine for use in the production of methamphetamine. Decongestants containing this 

compound are typically packaged and ingested in capsule form, thereby making direct exposure 

of the hands and fingers to pseudoephedrine highly unlikely. Therefore, the detection of 

pseudoephedrine in a latent fingermark may suggest that the drug was removed from the capsule 

for the purpose of being misused. Figure 6.3 shows a mass spectrum and ion images of molecules 

detected in a print that was deposited after the handling of pseudoephedrine. Fingerprint ridge 

patterns for endogenous dehydroxylated cholesterol (m/z 369.3480) and exogenous protonated 

pseudoephedrine (m/z 166.1240) are presented in Panels B and C, respectively, and the mass 

spectrum in Figure 6.3 (Panel A) shows the peak for protonated pseudoephedrine (m/z 

166.1240), thus confirming the exposure of the individual’s fingers to this material. Panel D shows 

an overlay of the ion image of dehydroxylated cholesterol on a photograph of the latent print 

prior to LADI-MS analysis, to reveal that the ridge patterns in the ion image match those in the 

latent print. 

 

6.2.4. LADI-MS analysis of a developed and lifted latent fingermark 

While the aforementioned results demonstrate proof-of-principle that LADI-MS can be 

applied to latent print imaging under ideal conditions, the approach would be most useful if it 

could be applied to prints lifted from surfaces, including the tape used to lift developed 

fingerprints at a crime scene. To investigate whether this could be accomplished, a fingerprint  
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Figure 6.3. A LADI-MS-derived mass spectrum and ion images showing the presence of endogenous and 

exogenous molecules in a pseudoephedrine-laden fingermark. Panel A shows the mass spectrum of a 

fingermark deposited after exposure to pseudoephedrine with the mass for protonated 

pseudoephedrine (m/z 166.1240) labelled in red. The color-overlaid LADI-MS ion images of endogenous 

cholesterol (Panel B) and exogenous pseudoephedrine (Panel C) in a latent fingerprint are shown. The 

1 mm scale bar in the ion image applies to both images. The ion image of cholesterol is shown overlaid 

on a photograph of the latent print (Panel D). Adapted with permission from: Fowble, K. L., and Musah, 

R. A. “Simultaneous imaging of latent fingermarks and detection of analytes of forensic relevance by 

laser ablation direct analysis in real time imaging-mass spectrometry (LADI-MS).” Forensic Chem, 15, 

100173 (2019), Copyright 2019, Elsevier.75 
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was deposited onto a glass slide and 

subsequently dusted with fingerprint dusting 

powder. The dusted print was lifted using 

clear packing tape. The tape was then 

deposited onto the sample plate (adhesive 

side up) for analysis. Figure 6.4 shows the ion 

image of dehydroxylated cholesterol (m/z 

369.3536) on the lifted tape. Some fingerprint 

ridge detail is revealed in the ion image. The 

loss of ridge detail in this ion image may be a 

result of the unpracticed hand used for the 

dusting of the fingermark prior to lifting, or the use of a fingermark development technique that 

is suboptimal for subsequent LADI-MS analysis.  

 

6.2.5. Micro-ablation of an explosive material located within a latent fingermark 

Another way to link an individual to an illicit substance while retaining the fingermark 

image, is by completing an analysis without disturbing the print at all. As an example, the LADI-

MS system’s objective magnifying lens enabled visual detection in a fingermark of a particle of 

the explosive RDX post exposure of this substance to the fingers. This is illustrated in the Figure 

6.5 inset. The laser, with a spot size of 80 µm2, was used to ablate the RDX particle, thus 

Figure 6.4. Ion image of dehydroxylated 

cholesterol in a lifted latent fingermark, imaged on 

the adhesive side of packing tape by LADI-MS. 

Adapted with permission from: Fowble, K. L., and 

Musah, R. A. “Simultaneous imaging of latent 

fingermarks and detection of analytes of forensic 

relevance by laser ablation direct analysis in real 

time imaging-mass spectrometry (LADI-MS).” 

Forensic Chem, 15, 100173 (2019), Copyright 2019, 

Elsevier.75 
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preserving the full fingermark for further subsequent analysis by other forensic techniques. The 

mass spectrum in Figure 6.5 clearly shows chlorinated RDX (m/z 257.0058) as the base peak.  

6.2.6. Demonstration of the advantages 

of an ambient ionization mass 

spectrometric approach for latent 

fingermark analysis 

Unlike many of the most widely 

used IMS techniques, LADI-MS 

experiments are conducted in open air 

without the need for high-vacuum. This is 

important, as the chemical composition of 

fingermarks has been shown to change 

within time frames as short as an hour on exposure to high-vacuum conditions.223 Typical high 

spatial resolution IMS experiments require at least a few hours for analysis, during which the 

fingermark is exposed to high-vacuum conditions which change its composition over time.  For 

example, squalene, tetradecanoic acid, pentadecanoic acid, hexadecanoic acid, and octadecanoic 

acid (with protonated masses of m/z 411.3991, m/z 229.2168, m/z 243.2324, m/z 285.2794, and 

m/z 257.2481, respectively) in fingerprints have been shown to be depleted after exposure to a 

high-vacuum environment.223 In a LADI-MS spectrum (Figure 6.6-top panel) acquired under 

ambient conditions, all five of the aforementioned molecules were detected within 6 mmu of 

their calculated protonated high-resolution masses (labelled in red). Additionally, to confirm that 

these molecules remained detectable in aged fingermarks, analysis of an aged print was 

Figure 6.5. Laser ablation DART-mass spectrum of an 

RDX particle located in a latent fingermark and 

detected using methylene chloride as a dopant. The 

m/z value 257.0058 is chlorinated RDX explosive. The 

inset shows a photograph of the magnified image of 

the RDX particle. Adapted with permission from: 

Fowble, K. L., and Musah, R. A. “Simultaneous 

imaging of latent fingermarks and detection of 

analytes of forensic relevance by laser ablation direct 

analysis in real time imaging-mass spectrometry 

(LADI-MS).” Forensic Chem, 15, 100173 (2019), 

Copyright 2019, Elsevier.75 
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performed. Figure 6.6 shows a 

comparison of LADI-MS spectra of a 

fresh ~1 h print (top panel) versus a 

96 h print (bottom panel). Although 

the mass spectrum of the aged print 

does not contain all of the molecules 

observed in the fresh print, the 

endogenous species tetradecanoic 

acid and squalene, in their 

protonated forms at m/z 229.2089 

and m/z 411.3967 respectively, were 

detectable.  

 

6.3. Discussion 

While a variety of IMS techniques have been directed to latent fingermark detection, the 

method described here is distinguished from these in that there are no sample preparation steps 

necessitated by the MS approach, and the experiments are completed under ambient and soft 

ionization conditions. The imaging experiments are also completed in a short time frame (not 

exceeding 3 h for a single analysis), which when combined with the limited sample preparation 

required is more rapid than most other techniques. The absence of a vacuum circumvents the 

problem of outgassing and thus avoids instrument depressurization time224 and the loss 

Figure 6.6. LADI-mass spectra of a “fresh” blank fingermark 

(top) and a blank latent fingermark analyzed after 96 h 

(bottom). The masses indicated in red represent 

tetradecanoic acid (nominal m/z 229), pentadecanoic acid 

(nominal m/z 243), hexadecanoic acid (nominal m/z 257), 

octadecanoic acid (nominal m/z 285), and squalene (nominal 

m/z 411). Adapted with permission from: Fowble, K. L., and 

Musah, R. A. “Simultaneous imaging of latent fingermarks 

and detection of analytes of forensic relevance by laser 

ablation direct analysis in real time imaging-mass 

spectrometry (LADI-MS).” Forensic Chem, 15, 100173 (2019), 

Copyright 2019, Elsevier.75 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



113 
 

(evaporation) of analytes of interest.223 As a soft ionization source, the DART does not cause 

extensive analyte fragmentation, which can occur in SIMS imaging experiments. However, SIMS 

is distinguished in providing high enough spatial resolution to reveal the locations of individual 

sweat glands in fingerprints.209  

In comparison to MALDI-MS, SALDI-MS and SIMS, DESI-MS and desorption electro-flow 

focusing ionization (DEFFI)-MS are some of the only other ambient ionization IMS techniques 

(both utilizing a flow of solvent), that have been applied to latent fingerprints.37, 214, 225-226 

Although both approaches were successful in revealing them, the requirement for the application 

of solvent could potentially result in changes in the spatial distribution of analytes through 

molecule translocation caused by solvent.227 Since LADI-MS does not require solvent, changes in 

small-molecule distributions are less likely. Also, because LADI-MS does not rely on solvent 

desorption, a broader range of molecules of varying polarities can be detected simultaneously in 

a single experiment. However, the ionization mechanism of the DART ion source relies heavily 

upon the proton affinity of the analytes. This can affect the sensitivity of the LADI-MS 

instrumentation for the detection of some analytes of forensic relevance. Additionally, it should 

be noted that for DEFFI- and DESI-MS experiments, the solvent selection could be optimized for 

the detection of specific molecules, and both have been successfully used to detect cocaine and 

the explosive RDX.37, 71, 228-229 In comparison to traditional DESI-MS imaging experiments which 

typically have a spot size of ~200 µm,230 LADI-MS can obtain higher spatial resolution ion images. 

However, the development of nano-DESI-MS and DEFFI-MS has improved upon these spatial 

resolutions. Sensitivity experiments to explore analyte detection limits for the LADI-MS technique 

are the subject of ongoing investigations. 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



114 
 

The micro-ablation application of LADI-MS described here is promising in its applicability 

to forensic fingerprint analysis. The latent fingermark is not destroyed and can be further 

analyzed using traditional development techniques with ninhydrin, cyanoacrylate fuming, or 

dusting with powders, all techniques that are broadly accepted in the courts. In addition, the 

sample can be micro-ablated to yield simplified spectra of materials of interest in a specific area 

of the print. This latter capability is similar to the approach reported by Clemons et al.231 in which 

an area of a print was nanoextracted and the extract was subsequently analyzed by DART-MS to 

reveal the presence of explosives. However, the LADI-MS approach differs from this in that no 

solvent extraction step is required.  

 

6.4. Conclusions 

The LADI-MS technique was used to map the spatial distributions of endogenous 

fingerprint compounds and detect the psychoactive compounds cocaine and yangonin, and non-

psychoactive pseudoephedrine, as well as the explosive RDX in latent fingermarks. The 

combination of the detection of psychoactive materials and the spatial distribution mapping of 

endogenous molecules in the same experiments can provide a direct link between an individual 

(through fingerprint identification) and substances with which they have come into contact. The 

laser was used to ablate a single particle of RDX in a latent fingermark without disturbing the rest 

of the print, thus allowing for further testing and photography by conventional methods. This 

technique could be applied to a range of psychoactive and explosive molecules in fingerprints 

and can be operated in positive or negative ion mode, permitting the detection of a variety of 
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molecules. The ambient ionization conditions of the technique allow for the detection of 

molecules that would be lost under the high-vacuum conditions required by other methods, and 

prevent extensive fragmentation of the analytes of interest. LADI-MS requires no sample 

pretreatment steps and can be performed on non-conductive surfaces. The application of LADI-

MS to the detection in fingermarks of other small molecules such as endogenous/semi-

endogenous drug metabolites are the subjects of ongoing investigations and could help 

distinguish between individuals who have handled forensically relevant material versus those 

who have ingested it.  

 

6.5. Materials and Methods 

6.5.1. Chemicals 

RDX, pseudoephedrine in methanol, and exempt preparations of cocaine in acetonitrile 

were purchased from Cerilliant (Round Rock, TX, USA). P. methysticum powder was purchased 

from Bouncing Bear Botanicals (Lawrence, KS, USA). Methylene chloride (HPLC grade) was 

purchased from Fisher Scientific (Pittsburgh, PA, USA). High-purity helium and nitrogen gases 

were purchased from Matheson (Manchester, NH, USA) or Airgas (Albany, NY, USA).  

 

6.5.2. Fingerprint residues 

All of the handling and deposition of fingermark experiments were approved and 

conducted in accordance with the University at Albany’s Institutional Review Board. 
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Cocaine-laden print 

An aliquot (30 µL) of a solution of cocaine in acetonitrile (1 mg mL-1) was deposited on a 

clean glass microscope slide (Thermo Fisher Scientific, Waltham, MA, USA) and allowed to dry. A 

finger was then rubbed on the dried residue and a fingermark was subsequently deposited onto 

a clean glass microscope slide for analysis. 

 

Kava-laden print 

A small amount (< 3 mg) of P. methysticum (Kava) powder was rubbed between the 

thumb and index finger. A fingermark was then deposited onto a clean glass microscope slide. 

 

Pseudoephedrine-laden print 

An aliquot (30 µL) of pseudoephedrine in methanol (1 mg mL-1) was deposited onto a glass 

slide and allowed to dry. The residue was rubbed with the index finger and a fingermark was 

subsequently deposited onto a clean glass slide. 

 

Lifted print 

A human sebum-enriched fingermark was created by rubbing a clean index finger across 

the forehead and applying it to a clean glass microscope slide. The latent print was then dusted 

with black latent print powder (Sirchie, Youngsville, NC, USA). Clear single-sided adhesive packing 
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tape (Staples, Albany, NY, USA) was then placed on the deposited and dusted fingermark to lift 

it. The tape was placed adhesive side up on the sample plate for analysis, and was affixed to the 

sample plate by the use of additional packing tape. 

 

RDX-laden print 

RDX solution (1 mg mL-1) was allowed to dry to a residue on a clean glass slide. A clean 

index finger was then swiped across the forehead and subsequently exposed to the RDX residue 

and a fingermark was deposited onto a clean glass microscope slide. 

 

Blank print 

A clean index finger was rubbed across the forehead to provide a human sebum-enriched 

fingermark that was then deposited on a glass microscope slide for LADI-MS analysis. A second 

fingerprint was deposited in the same manner and analyzed approximately 96 hours later.  

 

6.5.3. LADI-MS analysis 

The LADI-MS system was set up as previously described (Chapter 2).73 Ion images were 

acquired through the coupling of an ESL NWR 213 laser ablation system (ESL, Bozeman, MT, USA) 

and a DART-HRMS instrument by way of a heated stainless-steel transfer line. A glass tee was 

used to direct the flow from the transfer line to the DART-HRMS interface. The high-resolution 

mass spectrometers used for the imaging and RDX experiments were a JEOL AccuTOF LC-plus 
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JMS-T100LP HRMS and a JEOL AccuTOF-LP 4G HRMS (JEOL USA, Inc., Peabody, MA, USA) with 

resolving powers of 6,000 and 10,000 FWHM, respectively. The mass spectrometers were 

operated with an orifice 1 voltage of 20 V and orifice 2 and ring lens voltages of 5 V each in 

positive and negative ion mode. The mass ranges collected for the experiments were m/z 100-

700, with the exception of the RDX print which was collected with a mass range of m/z 150-700. 

The rate of the DART ion source helium flow was 2.0 L min-1. PEG was used as a reference 

standard for the calibration of the collected spectra. TssPro 3.0 (Shrader Analytical Software 

Solutions, Grosse Pointe, MI, USA) and the msAxel Data Processing software package (JEOL USA, 

Inc., Peabody, MA, USA) were used for peak calibration and peak centroiding. Reconstructed ion 

currents were created for each of the ions of interest and imported into Iolite imaging software 

(University of Melbourne, AUS). Mass spectral analysis, elemental composition determination 

and isotope analysis were performed using Mass Mountaineer software (Massmountaineer.com, 

Portsmouth, NH, USA). 

The DART-HRMS and laser parameters used for the imaging experiments are listed in 

Tables 6.1 and 6.2, respectively. Each imaging experiment was completed within 3 h.  

Table 6.1. DART-HRMS parameters used for fingerprint analyses.* 

Sample Ion mode Ion guide voltage** MS acquisition rate 

Cocaine + 1000 V 0.5 s scan-1 

P. methysticum + 1000 V 0.5 s scan-1 

Pseudoephedrine + 1000 V 0.5 s scan-1 

Lifted (blank) + 1000 V 0.5 s scan-1 

RDX - 1500 V 0.3 s scan-1 

*All analyses were performed at a DART heater temperature of 500 °C, except RDX which was 

conducted at 350 °C. 

**The ion guide voltage is also referred to as the “peaks voltage” of a JMS-T100LP instrument.  

 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



119 
 

Table 6.2. Laser parameters used for fingerprint analyses.* 

Sample Fluence Scan speed Spot size Spatial resolution 

Cocaine 1.7 J cm-2 55 µm s-1 60 x 60 µm2 126 x 60 µm2 

P. methysticum 1.7 J cm-2 55 µm s-1 60 x 60 µm2 126 x 60 µm2 

Pseudoephedrine 1.7 J cm-2 55 µm s-1 60 x 60 µm2 126 x 60 µm2 

Lifted (blank) 1.7 J cm-2 55 µm s-1 60 x 60 µm2 126 x 60 µm2 

RDX 1.1 J cm-2 - 80 x 80 µm2 - 

*The RDX detection experiment was not an imaging-based analysis, and thus does not have 
imaging-relevant parameters listed. 

In the case of the RDX detection experiment, the laser was used to ablate a single particle 

and the fingermark was not imaged. Methylene chloride was used as a dopant to assist in the 

detection of RDX. A syringe pump, operating at 0.03 mL h-1 was used to introduce methylene 

chloride to the glass tee junction at the DART-HRMS interface.  
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Chapter 7: Other Forensic Applications of LADI-MS—Analysis of Inks 

on Paper and Gunshot Residue 

7.1. Introduction 

In Chapter 6, the utility of LADI-MS in the mapping of forensically relevant exogenous 

compounds in fingermarks was demonstrated. However, there are many more issues related to 

crime scene investigation to which LADI-MS can be applied. A benefit of LADI-MS is that it can be 

employed for analysis of a multitude of forensic samples, including ammunition and questioned 

documents. Currently, there are many different instruments and technologies that are used to 

analyze forensically relevant sample types.  These include GC-MS, scanning electron microscopy-

energy-dispersive X-ray spectroscopy (SEM/EDX), colorimetric assays, and Raman, NMR, and IR 

spectroscopy, among others. Given the usual circumstance that the available forensic evidence 

is limited, it would be highly advantageous if the output of multiple forms of analyses (e.g. 

imaging as well as chemical content information) could be acquired within a single experiment. 

This would streamline and speed up the data acquisition process, reduce the amount of evidence 

required, and potentially reveal additional information essential to solving a crime. In this 

chapter, we demonstrate the utility of LADI-MS in the forensic mapping of the spatial 

distributions of ink constituents when applied on paper, and to the detection of both the organic 

and inorganic components of gunshot residue (GSR). 
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7.1.1. Analysis of inks on paper  

An important area of investigation in criminal cases is the examination of paper records or 

artistic works. These can include legal documents, wills, deeds, bank checks, or even art pieces. 

In this regard, confirming authenticity and assessing whether unauthorized changes have been 

made are critical. For example, one way to determine if modifications have been made to a 

written document after its original creation is to assess whether the handwriting is consistent 

throughout. However, this approach can be quite subjective. Another is to determine whether 

there are inconsistencies in the composition of the inks used. If there are multiple sources of ink, 

such as what might occur if multiple numbers are added to the value previously inscribed on a 

check, this may indicate that a crime has been committed.  

Inks used in ballpoint and gel pens are comprised of a variety of components that 

contribute to its color as well as the viscosity and fastness.232 These compounds, which are often 

proprietary, can include pigments, dyes, solvents, resins, lubricants, and surfactants.232 Due to 

this, the chemical composition of inks can vary drastically between brands, and these variations 

can be used to discriminate between different pens used on a document, and even assist in brand 

attribution.  

Commonly, forensic examiners use spectroscopic techniques, including hyperspectral 

imaging, for the detection of alterations made to a document.232-235 These non-destructive 

approaches can help distinguish between different ink compositions. Hyperspectral imaging, for 

example, consists of shining different wavelengths of light on the surface of the questioned 

document.233-238 Different inks will fluoresce under different wavelengths, thereby alerting the 
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examiner to the presence of a potential forgery or other alteration made to a painting or 

document. However, it was recently reported that even with the coupling of hyperspectral 

imaging and chemometric analysis, some inks are so similar to one another that identification of 

unique brands could not be accomplished.233 Although the fluorescence under different 

wavelengths of light could provide a confirmation of the use of a second pen, ink, or marker, the 

determination of the specific brand or compounds in the inks cannot generally be accomplished 

by hyperspectral imaging alone.  

Mass spectrometric techniques can provide more definitive discrimination between the 

pens or markers used to alter a document, and have been applied to the determination of the 

chemical compositions of different inks. The approaches used include GC-MS, LC-MS, DESI-MS, 

DART-MS, MALDI-MS, LDI-MS, and paper spray-MS.232, 239-248 Some of the work accomplished has 

focused on the identification of dyes and pigments used for the coloring of the inks,240, 242-243, 248 

while others focused on alternative components in the mixture such as solvents and resins.241, 248 

DART-MS has been successfully applied to the determination of both dyes and other constituents 

of ink, as well as to the identification of a brand of pen based on library matching of the DART-

derived spectra.245-246   

The disadvantage of using typical MS approaches alone is the absence of spatial distribution 

information. It would be helpful to determine where on the document an alteration has occurred. 

With the previously mentioned MS studies, samples from all areas of the document would have 

to be used to determine where a change in ink has occurred. Again, IMS would provide this 

information. A number of IMS techniques including SIMS, LDI-MS, SALDI-MS, DESI-MS, and 

desorption atmospheric pressure chemical ionization MS imaging (DAPCI-MS), have been applied 
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to the imaging of the spatial distributions of the components of inks on paper.54, 232, 249-252 The 

advantages of an IMS approach are the ability to determine exactly where in a document an 

alteration was made and also, in some cases, the order of deposition.251-252 In this chapter, 

successful application of LADI-MS to the mapping of the spatial distributions of small molecules 

in inks on paper is described. 

 

7.1.2. Gunshot residue analysis (GSR) 

When a firearm is discharged, the components of the gunpowder used to propel the 

projectile are transferred to the surface of the bullet.  The major organic components of 

smokeless gunpowder include plasticizers, propellants, and stabilizers composed of 

nitrocellulose, nitroglycerine, diphenylamine, and ethylcentralite, among other compounds.253 

Also contained within GSR are inorganic constituents, including barium, antimony, and lead. The 

majority of analytical techniques used in the identification of GSR focus on the detection of these 

inorganics.254-256  However, the ability to detect and identify the organic compounds in GSR has 

become important because of the increasingly common absence of heavy metals in 

ammunition.257-261 The most common technique for the detection of metals in GSR (i.e. Ba, Sb, 

Pb) is SEM/EDX. It is a highly sensitive technique that can map the morphology (by SEM) and 

composition (by EDX) of a single particle of GSR.262  However, with the advent of heavy-metal 

free smokeless powders, this technique can lead to false negatives for GSR if Ba, Pb, and Sb are 

not detected.  
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In response to the more widespread use of smokeless powders, there has been an 

increase in the development of techniques used to detect the organic components of GSR.  These 

include LC-MS, LC-MS/MS and LC-QTOF.257, 261, 263  Nitrocellulose and nitroglycerine, two common 

components in GSR, are found in many other products, such as varnishes and lacquers. This 

complicates the assessment of whether the source of these compounds is smokeless powder 

material or an innocuous household product.  When stabilizers such as diphenylamine are 

observed along with nitrocellulose and nitroglycerine, the results are a more definitive indication 

of GSR. However, the LC-MS techniques used in such analyses can require extensive extraction 

procedures and sample preparation steps. Moreover, they do not permit the simultaneous 

detection of inorganic components.257, 261, 263  

There are currently no routine methods that permit the detection of both organic and 

inorganic components of GSR. However, in a recent report, LAESI-MS was used to detect both 

organics and inorganics using a single instrument, and the acquired data was subjected to 

statistical analysis processing which revealed that manufacturer identification is feasible.264  

Herein, we describe the application of LADI-MS to the two aforementioned forensic areas 

of interest (i.e. analysis of inks on paper and GSR). The spatial distributions of small molecules 

unique to different pens and markers are presented to reveal document alteration. Additionally, 

we demonstrate the capability of LADI-MS to detect both inorganic and organic components of 

GSR and fired bullets. 

7.2. Results 

7.2.1. Application to inks on paper 
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To demonstrate the utility of LADI-MS to the mapping of small molecule spatial 

distributions within inks that have been applied to paper, a peace sign was drawn using two 

different colors of Sharpie® markers (Figure 7.1 Panel A). The blue Sharpie® was used to draw the 

outer circle and the orange Sharpie® was used to draw the inner lines. To determine the masses 

that could be used to distinguish between the two colored inks, a piece of paper was saturated 

with each color of ink and analyzed by DART-MS directly. The resulting mass spectra are shown 

in Figure 7.1 (Panels B and C). Along with a photograph of the peace sign (Panel A) that was 

imaged by LADI-MS with a laser spot size of 70 µm2, Figure 7.1 shows the spatial distribution 

Figure 7.1. A peace sign image drawn with blue (outer circle) and orange (inner lines) 

Sharpie® markers (Panel A), and the corresponding DART-mass spectra and LADI-MS ion 

images. The representative DART-mass spectra of the orange and blue ink on computer 

paper are shown in Panels B and C respectively. The color-overlaid ion images of the m/z 

values 188.0913, 258.1800, and 242.2832 showing the full peace sign image, only the inner 

lines, and only the outer circle are featured in Panels D, E, and F respectively. 
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maps of three compounds found in the Sharpie® markers. The identity of m/z 188 is unknown, 

but it is a compound common to both the light blue and orange Sharpie® inks, as shown in Panel 

D of Figure 7.1.  The spatial distribution of this analyte gives the full image of the peace sign.  The 

identity of m/z 258 is also unknown, but it is only found in the orange ink (Panel E).  The mass of 

m/z 242 is the base peak in the light blue marker mass spectrum, and it was not detected in the 

orange ink (Panel F).   

 As blue and orange markers of the same brand can easily be visually distinguished, the 

same analysis was applied to the imaging of a peace sign drawn with two different brands of 

black marker that looked identical on visual examination (Figure 7.2. Panel A). In this case, the 

Figure 7.2. A peace sign image drawn with Bic® and Sharpie® black markers (Panel A), and the 

corresponding DART-mass spectra and LADI-MS ion images. The representative DART-mass 

spectra of the inks on computer paper are shown in Panels B and C. The color-overlaid ion 

images of the m/z values 130.1591, 324.2455, and 263.2399 showing the full peace sign image, 

only the inner lines, and only the outer circle are featured in Panels D, E, and F respectively. 
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outer circle was drawn using a black Bic® marker and the inner lines were completed with a 

Sharpie® black marker. Figure 7.2 shows the peace sign image (Panel A), the associated mass 

spectra obtained from direct analysis of the inks (Panels B and C), and the ion images of three 

analytes (Panels D, E, and F) acquired with a spatial resolution of 170 x 80 µm2. Again, the spatial 

distributions of the unique ions in each brand of ink showed the two distinct areas of the peace 

sign drawn with the respective marker. 

To represent a more realistic 

sample, two numbers were written in 

black pen and subsequently altered to 

read a different value using a second 

black pen. The two brands used were 

Paper mate® and Uni-ball®. In the first 

instance, the number 9 was converted 

into an 8. The resulting LADI-MS ion 

images revealed the alterations. In 

Figure 7.3 Panel A, the full number 8 is 

shown with the ion image of m/z 239.1400. Although this mass was found in both brands of inks, 

it is found with a higher intensity in the brand used to draw the original 9 (Paper mate®). Panels 

B and C (Figure 7.3) show the spatial distributions of two m/z values, 367.2000 and 150.1044, 

unique to the Paper mate® and Uni-ball® brands of ink, respectively. Another example of this 

application of LADI-MS is the adding of a 0 at the end of a number. In this case, the number 10, 

written with the Paper mate® pen, was changed to 100 with the addition of a 0 with the Uni-ball® 

Figure 7.3. The color-overlaid ion images for three 

compounds of interest detected in black pen inks. Panel 

A shows the spatial distribution of a mass of a compound 

found in both inks in the form of “8”. Panels B and C show 

the ion images for components unique to the individual 

pen brands Paper mate® and Uni-ball®, respectively. The 

1 mm scale bar applies to all images. 
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ink. In Figure 7.4 Panels A, B, and C, three ion images for the 

m/z values 239.1350, 367.2200, and 327.2052 are shown. 

The ion images reveal the full number (100) and the 10 and 

0 written in different inks.  

7.2.2. Application to fired bullets and other inorganic 

materials 

Organic components 

A Speer .40 caliber S&W copper-jacketed bullet was 

fired from a handgun into a phone book that served to 

capture it. The ActiveView 

software used to control the laser 

ablation pattern was operated to 

select one area of the fired bullet 

for ablation. The entire 

rectangular area (~2 mm x 7 mm) 

was ablated using the DART-HRMS and laser parameters listed in 

Tables 7.1 and 7.2, resulting in a spatial resolution of 220.5 x 90 µm2. 

Several components of gunpowder residue, including the plasticizers 

were monitored. Figure 7.5 shows the spatial distribution of m/z 

170.0970, consistent with protonated diphenylamine, a known 

component of smokeless gunpowder. An m/z value consistent with 

Figure 7.5. The color-

overlaid ion image of 

m/z 170.0970, a mass 

consistent with that of 

diphenylamine. The 

scale bar in the upper 

left represents 1 mm.  

Figure 7.4. The color-overlaid ion 

images for three masses detected 

in black pen inks. Panel A shows the 

spatial distribution of a mass of a 

compound found in both inks in the 

form of “100”. Panels B and C show 

the ion images for components 

unique to the individual pen brands 

Paper mate® and Uni-ball®, 

respectively. The 1 mm scale bar 

applies to all images. 
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diphenylamine was found to cover the entirety of the area ablated by the laser, albeit with 

different relative intensities, as expected. Other m/z values consistent with components of 

smokeless powder (data not shown) were also detected including a mass of unknown identity at 

m/z 227.  

 

Inorganic components 

By coupling the laser ablation system to 

the DART-MS instrument, the detection of 

metals with the use of the chelating agent 

acetylacetone (acac), was accomplished. 

Typically, metals are undetectable by DART-MS. 

The surface of a copper (Cu) jacketed bullet was 

ablated, and Cu (m/z 62.9) and its isotope (m/z 

64.9) were detected as shown in Figure 7.6 Panel 

A. The base peak of the mass spectrum is 

associated with copper. A similar experiment 

was completed on the surface of a lead (Pb) 

plate. In Figure 7.6 Panel B, the mass spectrum 

contains the m/z values 203.9, 205.9, 206.9, and 

207.9 at the appropriate relative intensities to confirm the detection of Pb and its isotopes. In 

the case of Pb, a number of other compounds were detected and thus the mass spectrum shown 

Figure 7.6. Mass spectra showing the 

detection of copper (Panel A) and lead (Panel 

B) after the application of acac to the surface 

of the metal. The labelled peaks correspond to 

copper and lead and their respective isotopes. 
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focuses on the narrow m/z range indicated, and the overall relative intensity of the most 

abundant Pb isotope (m/z 207.9755) is only 50%. Although these were not imaging experiments, 

the results illustrate that LADI-MS can be used to detect inorganics as well as image organics 

found in gunshot residue or other matrices.  

 

7.3. Discussion 

Although the compounds used for the mapping of the spatial distributions of two different 

brands of inks and markers were not identified, the presence of unique molecules for each brand 

implies that the identification of a specific marker/pen or manufacturer may be possible.  This is 

further confirmed by work done previously that has shown the identification of pen inks by library 

matching and statistical analysis processing of MS-derived data.246-247 Currently, the disadvantage 

of the proposed application of LADI-MS to imaging of inks on paper is that the technique is 

destructive. Even at low fluences, the top layer of the paper and ink are ablated, resulting in a 

loss of ink on the surface of the paper. Further optimization of the approach could lower the 

amount of material ablated, thus making the destructiveness of the technique negligible, and 

permitting the retention of some of the ink on the surface of the document after ablation.  

The application of LADI-MS to the detection of both organic and inorganic components of 

GSR is promising. The organic components can easily be detected, as DART-HRMS is optimized 

for the analysis of small organic molecules. The detection of the inorganic species is more 

surprising, as few other approaches can detect both inorganics and organics. To apply the 
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technique to the imaging of both organic and inorganic species, two experiments would have to 

be conducted. First, the analysis of the organic GSR components could be completed during a 

typical LADI-MS analysis as described in Chapters 3-6. Subsequently, the parameters of both the 

laser ablation system and the MS could be altered to run another imaging experiment for the 

analysis of inorganic species. A chelating agent like acac could be applied to a fired bullet surface 

or any other material exposed to GSR, and the collection of data would be completed. The reason 

for the imaging of the inorganic components after the analysis to detect organics is because the 

laser power needed for the detection of these species would most likely destroy the organic 

compounds.  

 

7.4. Conclusions 

The LADI-MS approach was utilized to map the spatial distributions of both organic and 

inorganic species in the forensically relevant applications of analysis of inks on paper and GSR. 

The ability to distinguish between inks applied using two different markers/inks was 

demonstrated. In principle, the chemical composition information obtained could be used for the 

determination of a specific brand of ink used. Additionally, LADI-MS can detect both the organic 

and inorganic species found in GSR, thus permitting the collection of data typically only obtained 

using multiple instruments. LADI-MS, like other IMS techniques, permits the acquisition of spatial 

distribution information as well as the chemical composition of the molecules detected. This is 

particularly important for forensics applications where evidence can be limited. 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



132 
 

7.5. Materials and Methods  

7.5.1. Materials 

Whatman™ brand chromatography paper (Cat. No. 3001-851) and acetylacetone were 

purchased from Sigma Aldrich (St. Louis, MO, USA). The markers and pens used to draw peace 

sign images and numbers were obtained from an office supply store. Speer brand copper-

jacketed ammunition (.40 caliber) was purchased from a sporting goods store. A small piece of 

lead was obtained from the University at Albany’s machine shop (Albany, NY, USA).  High-purity 

helium and nitrogen gases were bought from Airgas (Albany, NY, USA) or Matheson (Manchester, 

NH, USA). 

 

7.5.2. Inks on paper sample preparation 

Peace sign image (colored inks) 

A peace sign was drawn using two different colors of Sharpie® brand markers. A light blue 

marker was used to draw the outer circle and the orange marker was used to draw the inner lines 

on computer paper. The small piece of paper was affixed to the sample drawer insert using 

double-sided carbon tape.  

 

Peace sign image (black inks) 

A peace sign was drawn using two different brands of black markers (Bic® and Sharpie®). 

The outer circle was created using the Bic® brand marker, and the inner lines were created using 
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the Sharpie® brand marker on computer paper. The resulting sample was affixed to the sample 

drawer insert using double-sided carbon tape and placed into the sample chamber for analysis.  

 

Number images (black inks) 

The number “9” was drawn on white computer paper. Subsequently, a circle was drawn, 

using a different pen, underneath the top part of “9” to simulate the number “8”. The original 

number was written using a Paper mate® brand pen, and the alteration was made using a Uni-

ball® pen. In a second experiment, the number “10” was drawn on white computer paper using 

a Paper mate® brand pen. A second “0” was added using a black Uni-ball® pen to create the 

number “100”. Both pieces of paper were affixed to carbon tape and inserted into the sample 

chamber for LADI-MS analysis. 

 

7.5.3. Ammunition and lead plate 

The .40 caliber copper-jacketed bullet was fired, using a .40 caliber handgun, into a stack 

of phone books. The phone books served to capture the fired bullet. The bullet was retrieved and 

placed on silicone putty in the sample drawer for LADI-MS analysis. A dilute solution of 

acetylacetone in methanol was applied to the surface of the fired bullet prior to the analysis for 

the detection of inorganic species. For the detection of Pb, a lead plate (~7.5 cm2) was placed 

directly into the sample chamber for analysis. A small amount (< 20 µL) of acetylacetone in 

methanol was also applied to the surface prior to ablation. 
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7.5.4. LADI-MS analysis 

The LADI-MS approach was set-up as described previously in Chapter 2.73  The mass 

spectrometer used for both peace sign images and the fired bullet experiment was the JEOL 

AccuTOF LC-plus JMS-T100LP HRMS (JEOL USA, Inc., Peabody, MA, USA) with a resolving power 

of 6,000 FWHM coupled to the NWR213 unit by way of tygon tubing. The mass spectrometer 

used for the “number” experiments and the detection of lead experiment was a JEOL AccuTOF-

LP 4G HRMS (JEOL USA, Inc., Peabody, MA, USA) with a resolving power of 10,000 FWHM coupled 

to the NWR213 unit with a heated stainless-steel transfer line. The DART ion source was operated 

with a helium flow rate of 2.0 L min-1.  The orifice 1 voltage was operated at 20 V with orifice 2 

and ring lens voltages of 5 V each (unless otherwise noted). The DART-HRMS and laser ablation 

system parameters for each experiment are shown in Tables 7.1 and 7.2. 

Table 7.1. DART-HRMS parameters used for analyses.* 

Sample Gas heater temp Ion guide voltage MS acquisition rate 

Color peace sign 350 °C 600 V 0.6 s scan-1 

Black peace sign 550 °C 1000 V 0.5 s scan-1 

9 to 8 500 °C 1000 V 0.3 s scan-1 

10 to 100 550 °C 1000 V 0.5 s scan-1 

Organic GSR 350 °C 600 V 0.75 s scan-1 

Inorganic GSR (Cu)** 350 °C 400 V 0.75 s scan-1 

Lead** 500 °C 1000 V 0.3 s scan-1 

*All analyses were carried out in positive ion mode.  

**The orifice 1 voltage for the detection of inorganic species was raised to 180 V. 
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Table 7.2. Laser parameters used for fingerprint analyses. 

Sample Fluence Scan speed Spot size Spatial resolution 

Color peace sign 21 J cm-2 75 µm s-1 70 x 70 µm2 167.5 x 70 µm2 

Black peace sign 15 J cm-2 75 µm s-1 80 x 80 µm2 170 x 80 µm2 

9 to 8 2 J cm-2 45 µm s-1 50 x 50 µm2 95 x 50 µm2 

10 to 100 4.5 J cm-2 45 µm s-1 50 x 50 µm2 104 x 50 µm2 

Organic GSR 15 J cm-2 90 µm s-1 90 x 90 µm2 220.5 x 90 µm2 

Inorganic GSR (Cu) 30 J cm-2 - 90 x 90 µm2 - 

Lead 110 µm** - - - 

*A circular spot size with a diameter of 110 µm was used for the detection of lead. 
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Concluding Remarks 

The work presented here describes the development of a novel ambient ionization 

imaging technique termed laser ablation direct analysis in real time imaging-mass spectrometry 

(LADI-MS) through the coupling of a laser ablation system with a DART-HRMS instrument. The 

approach was optimized for the detection and mapping of the spatial distributions of small 

molecules in complex matrices and circumvented many of the challenges associated with current 

IMS methods. The technique permitted the analysis of small molecules without the need for 

tedious sample preparation steps, solvent, matrix, or high-vacuum conditions.  

 The utility of LADI-MS was demonstrated through its application to the detection of a 

wide variety of molecules in different sample types including coffee beans, Datura sp. seeds, and 

endangered woods. The approach was also applied to samples of forensic relevance such as 

latent fingermarks, inks on paper, and fired ammunition.  The wide-ranging capabilities of LADI-

MS establish it as a promising new method that can be applied to the interrogation of samples 

of relevance to numerous areas including medicinal chemistry, forensic science, plant 

biochemistry, food science and technology, agriculture, and environmental chemistry, among 

many others. 
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Appendix 1. Mass measurement data for the ions featured in the Datura leichhardtii seed. 

Compound* Composition Observed 
Mass 

Calculated 
Mass 

Difference 
(mmu) 

Unknown identity peak - 124.1124 - - 

Unknown identity peak - 131.0465 - - 

Tropinone  C8H13NO + H+ 140.1079 140.1075 0.4 

Tropine  C8H15NO + H+ 142.1197 142.1232 3.5 

Unknown identity peak - 163.0742 - - 

Unknown identity peak - 174.1124 -  

Arginine  C6H14N4O2 + H+ 175.1217 175.1195 2.2 

Unknown identity peak - 179.0695 - - 

Unknown identity peak - 197.0820 - - 

Atropine  C17H23NO3 + H+ 290.1744 290.1756 1.2 

Littorine§ C17H23NO3 + H+ 290.1744 290.1756 1.2 

Scopolamine  C17H21NO4 + H+ 304.1552 304.1549 0.3 

Unknown identity peak‡ - 381.3340 - - 

*Unless otherwise stated, peaks of unknown identity that are listed are those with of abundance 

≥ 9.2% relative to the base peak. §Assignment is tentative. ‡Spatial distribution of this mass was 

confined to the embryo and half of the seed coat.  
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Appendix 2. MALDI mass spectra of an aqueous extract of a D. leichhardtii seed with PEG 200 as 

a calibrant. Peaks corresponding to tropinone, tropine, arginine, scopolamine and atropine are 

shown.  Panels A, B, and C show the indicated mass ranges. 
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Appendix 3. Product-ion spectra for tropinone (m/z 140.1) authentic standard solution (a) and 

aqueous seed extract (b). 
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Appendix 4. Product-ion spectra for tropine (m/z 142.1) authentic standard solution (a) and 

aqueous seed extract (b). 
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Appendix 5. Product-ion spectra for arginine (m/z 175.1) authentic standard solution (a) and 

aqueous seed extract (b). 
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Appendix 6. Product-ion spectra for atropine (m/z 290.2) authentic standard solution (a) and 

aqueous seed extract (b). 
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Appendix 7. Product-ion spectra for scopolamine (m/z 304.2) authentic standard solution (a) 

and aqueous seed extract (b). 
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Appendix 8. The color-overlaid ion images of furan (m/z 69.0340) and 5-hydroxymethylfurfural 

(m/z 127.0395) in a roasted coffee bean. The color scale from black to yellow within each panel 

is indicative of zero or low intensity to a high intensity of the indicated ion. 
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