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ABSTRACT 

The use of femtosecond (fs) laser pulses in laser-induced breakdown spectroscopy 

(LIBS) and for chemical analysis using mass spectrometry is explored. A comparison of 

fs-LIBS and remote filament-induced breakdown spectroscopy (R-FIBS) in the analysis 

of graphite composites yielded more accurate results with filaments due to intensity 

clamping within the filament. The investigation of fs-LIBS and R-FIBS in the detection 

of explosives led to the discovery of femtosecond vaporization of intact molecules under 

ambient conditions. This knowledge was then used in the development of a new ambient 

laser-based mass analysis technique. The combination of nonresonant femtosecond laser 

vaporization with electrospray post-ionization called laser electrospray mass 

spectrometry (LEMS) was investigated as a universal detection method of 

pharmaceuticals, biological macromolecules and plant tissues. We show the capability of 

femtosecond lasers to desorb sample without any sample preparation or resonant 

transition in the sample or substrate. Ambient mass spectral imaging and tissue type 

classification is also demonstrated. 
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CHAPTER 1 

INTRODUCTION 

1.1 LASER-BASED CHEMICAL ANALYSIS METHODS: LIBS AND MALDI 

 Laser ablation (LA) removes material for subsequent chemical analysis in 

techniques such as inductively coupled plasma atomic emission spectroscopy (LA-ICP-

AES) (1), inductively coupled plasma mass spectrometry (LA-ICP-MS) (1), laser-

induced breakdown spectroscopy (LIBS) (2) and matrix-assisted laser 

desorption/ionization (MALDI) (3). These techniques reveal different information about 

the analyte including elemental composition and mass. In LA-ICP-AES and LA-ICP-MS, 

a laser is used to ablate a sample creating an aerosol of material that is transferred to the 

inductively-coupled plasma where the material is subsequently ionized. The emitted light 

from the plasma is then collected spectroscopically in AES measurements or the 

generated ions are transferred to a mass analyzer for mass determination. LIBS is also an 

AES technique that determines the elemental composition of the sample by ablating, 

atomizing and exciting the sample and collecting the emitted light. LIBS does not require 

the sample to be transferred before analysis, unlike LA-ICP, making LIBS a rapid in situ 

analysis technique. However, only the atomic composition can be determined. MALDI is 

a mass spectrometric technique that determines the mass of the analyte. MALDI, 

discovered by Tanaka (4) and further developed by Hillenkamp (5) requires a resonant 

laser to vaporize, ionize and analyze large, nonvolatile biomolecules that are mixed with 

a light absorbing matrix.  

In this dissertation, LIBS was investigated as a means to determine the atomic 

composition of samples at standoff distances. Instead of nanosecond lasers that are 
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traditionally used in LIBS (6-8), we investigated the use of femtosecond laser pulses with 

LIBS and remote-filament induced breakdown spectroscopy (R-FIBS). Femtosecond 

lasers allow for filament generation (9) at large distances from the laser source, while 

maintaining high intensities needed for ablation (>10
9
 W/cm

2
). In addition, the generation 

of filaments would eliminate the need for large focusing optics that are required in 

traditional nanosecond LIBS.  

Mass determination of laser-vaporized material was also investigated in this 

dissertation as a means for chemical analysis. Mass spectrometry is one of the main 

analysis techniques used in combination with laser-based methods. MALDI was the first 

soft-ionization laser-based mass spectrometric method that used a laser to resonantly 

desorb and ionize the sample prior to detection. In this dissertation, we investigated the 

use of femtosecond laser pulses to nonresonantly transfer material into the gas phase 

prior to mass analysis. Femtosecond laser pulses vaporize more neutrals than ions from 

the condensed phase at atmospheric pressure therefore, electrospray ionization was used 

to capture and post-ionize the vaporized material prior to mass analysis.  

1.2 LASER-INDUCED BREAKDOWN SPECTROSCOPY 

 Laser-induced breakdown spectroscopy (LIBS) is an established atomic emission 

spectroscopy technique that uses a high-energy laser pulse to vaporize and atomize a 

sample leading to excitation of the elemental species. Shortly after, the excited electrons 

relax back down to a lower energy state resulting in the emission of a photon. The 

emitted light is characteristic of the element allowing for discrimination and 

identification of all elements present in the sample. The intensity of the emitted light, 

collected by a spectrometer, can be calibrated and used to determine the concentration of 
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each element within a sample (10, 11). LIBS has been used to determine the elemental 

composition of a variety of materials including works of art (12), clay artifacts (13), soils 

(14, 15), trees (15), metals (16), glass (17), biological materials (18, 19), explosive 

material (20) and gases (21).  

1.2.1 HISTORY OF LASER-INDUCED BREAKDOWN SPECTROSCOPY 

 The first laser, a pulsed ruby laser, was developed in 1960 by T.H. Maiman at 

Hughes Research Laboratories (22). Shortly after, in 1962, the first laser-induced plasma 

in air was demonstrated by Brech and Cross (23). A pulsed laser and a focusing lens are 

used to generate a plasma that can ablate and vaporize a sample. The generated plasma 

light is a combination of the irradiating laser light and the emitted light from the excited 

atomic and ionic species from the sample. The light emitted from the plasma is collected 

by a spectrometer and the resulting emission spectrum is representative of the elemental 

species present. The first reported analytical use of the laser-induced plasma on a surface 

occurred in 1963 by Debras-Gue´don and Liodec (24) and has been deemed the “birth” of 

LIBS. Many other developments occurred during the next twenty years including the 

analysis of liquids (25, 26), hazardous gases (27), aerosols (28) and metals at a distance 

(29) using LIBS.  

 Nanosecond LIBS has become an extremely useful analytical technique since 

small sample sizes with little to no sample preparation can be analyzed in a very short 

period (< 1 second). The use of a laser beam in the LIBS technique enables remote and 

standoff analysis and detection of the sample (7, 30-32). Both Cremers et al. and 

Marquardt et al.  reported on the use of LIBS for the remote elemental analysis using a 

fiberoptic cable (33, 34).  In 1992, Blacic (35) and Kane (36) discussed the use of LIBS 
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for the analysis of lunar surfaces and analyzed a moon rock simulant under vacuum 

conditions at a distance of 10 meters to show its potential. In 2000, Knight et al. 

investigated the effects of temperature and pressure on the plasma and LIBS technique to 

simulate planetary exploration (37) while Wiens et al. developed a prototype of a Martian 

rover that included a LIBS instrument (38). The wide range of applications and use of 

LIBS as an analytical analysis technique has led scientist to investigate how the laser-

induced plasma forms and what occurs during its lifetime.  

1.2.2 LIBS PLASMA LIFE CYCLE 

 The plasma formed by a focused laser pulse has a time dependent life cycle. At 

time zero (t = 0), the nanosecond laser pulse is focused on to the sample’s surface. After 

~60 femtoseconds (t = 60 fs), electron heating of the sample occurs through multi-photon 

absorption leading to ionization and free electrons. At this time, the plasma begins to 

form. By t = 1 ps, the plasma expands and a shockwave is emitted. The remainder of the 

nanosecond laser pulse is absorbed by the free electrons. The free electrons are 

accelerated by the laser pulse’s electric field, further increasing the electron’s energy. 

These highly energetic electrons cause more collisions, inducing ionization of the gas and 

production of more free electrons. This process is called avalanche ionization. Inverse 

bremsstrahlung, the absorption of a photon by an electron in a strong electric field, also 

occurs in the plasma. As a result, both the energy and temperature of the electron 

increases, also leading to avalanche ionization. As the plasma expands from t = 1-500 ns, 

light is continually emitted from all of the species present in the focal volume. In the 

beginning, white light from the plasma dominates due to recombination radiation and 

bremsstrahlung processes. During this time frame, there is little spectroscopic 
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information. Once the laser pulse is gone, the plasma begins to cool allowing for ionized 

species to recombine with electrons forming neutrals and molecules. This last phase of 

the plasma cycle has less continuum emission from the plasma allowing for the 

characteristic atomic emission to be detected spectroscopically (8). 

The spectroscopic data acquired from the laser-induced plasma not only provides 

information about the elemental composition of the sample but can be used to determine 

the plasma’s temperature. The population of the excited levels of the atomic species in 

the plasma follow a Boltzmann distribution under local thermodynamic equilibrium 

(LTE) conditions as shown by equation 1.1:  

     
kTEs
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i

ien
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g
n

/

)(

−
=                                               (1.1)  
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s
i is the population density of the species s in the excited level i, gi is the 

statistical weight of the upper level, Ei is the energy of the excited state i, n
s
 is the total 

number density of the species in the plasma, k is the Boltzmann constant, T is the 

temperature and U
s
(T) is the internal partition function of the species (8). Equation 1.2 
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s
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The temperature can also be determined from the integrated line intensity, Iij, obtained 

from the spectroscopic data for the transition between the upper level i and lower level j, 

as described in equation 1.3:   
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where Aij is the transition probability and all other terms were previously defined (8). If 

multiple lines from different excitation states of a single species are present, a 

Boltzmann plot can be used to determine the plasma temperature: 

                            
kT
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vv )'('
log 1
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4
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−=∑
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                                      (1.4) 

where I is line intensity, λ is the emission wavelength, h is Planck’s constant, c is the 

speed of light, k is Boltzmann’s constant and G’(v’) are the term values of the vibrational 

states in the upper electronic level. Equation 1.5 defines G’(v’): 

                              G’(v’) = ωe(ν + ½) – ωexe(ν + ½)
2
 + ωeye(ν + ½)

3
+…               (1.5) 

where ωe is the harmonic vibrational frequency,  v is the vibrational quantum number and 

ωexe and ωeye are the anharmonicity constants. 

1.2.3 NANOSECOND VERSUS FEMTOSECOND LASER-INDUCED 

BREAKDOWN SPECTROSCOPY 

The effects of pulse duration on the ablation of solid materials have been 

extensively studied, especially in the comparison of nanosecond and femtosecond 

duration laser pulses (39-42). Nanosecond and femtosecond laser pulses result in two 

different ablation regimes due to the difference in the interaction times of the pulse with 

the sample. When a nanosecond laser pulse is used to ablate a surface, the laser energy 

first heats the sample surface to the melting point. The thermal wave propagates deep into 

the sample melting a large area of the sample before vaporization occurs. The result is an 

ablation spot with the surrounding area damaged due to the thermal wave propagation 

and re-solidification of the sample. Since nanosecond lasers are long enough in time to be 

present after plasma formation, the remaining energy of the pulse is absorbed by the 

plasma, increasing the continuum emission. Femtosecond laser pulses are much shorter 
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and are therefore not present during plasma formation, reducing the amount of continuum 

emission allowing for non-gated spectroscopic detection. In addition, the ablation process 

for femtosecond laser pulses result in material subliming from the solid phase. Therefore, 

there is no thermal wave or re-solidification of the material resulting in cleaner ablation 

profiles.  

1.3 FEMTOSECOND LASER-INDUCED BREAKDOWN SPECTROSCOPY 

 The development of femtosecond lasers over the years has led to many new 

applications including laser ablation, laser micromachining, and standoff detection. The 

use of femtosecond pulses in laser ablation result in lower ablation thresholds and yield 

less thermal damage compared to nanosecond pulses (43-45). The use of femtosecond 

pulses for laser processing of metals has allowed for more control during drilling and 

higher reproducibility compared to nanosecond drilling (39). Recently, femtosecond laser 

pulses have been investigated as a laser ablation source in LIBS. Femtosecond LIBS has 

been used to study the temporal behavior of aluminum, magnesium and iron from 

aluminum alloys. The authors found that due to the shorter plasma lifetime, there is a 

faster decay of the continuum and emission lines from the species within the sample (46). 

In addition, standoff detection of copper and aluminum metals at a distance of 25 meters 

has been demonstrated using femtosecond LIBS (47).  

1.4 REMOTE FILAMENT-INDUCED BREAKDOWN SPECTROSCOPY 

The use of nanosecond laser pulses to interrogate a sample at distances far from 

the laser source requires the beam to be expanded and focused with large diameter optics. 

To alleviate these requirements, femtosecond lasers may be used. The advantage of using 

femtosecond laser pulses for standoff detection is the formation of a filament in air 
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without the aid of focusing optics. The filament can propagate over long distances with 

constant power (48) and the length and position in space of the filament can be controlled 

by shaping the spectral phase of the pulse at the laser source (49). The phenomenon of 

filamentation occurs when Kerr lensing dominates diffraction effects and the laser beam 

self-focuses (50). Self-focusing due to Kerr lensing occurs because of the intensity 

dependent refractive index of matter where n = no + n2I, where no is the linear component 

(no = 1 in air) and n2 is the nonlinear component (n2 = 3 x 10
-19

 cm
2
/W in air) of the 

refractive index. However, the beam will begin to defocus due to an effect called 

intensity clamping (51). In air, when the beam reaches 10
13

 W/cm
2
, ionized electrons are 

generated creating a plasma. The plasma consists of free-electrons, with a density of 10
16

 

– 10
17

 cm
-3

, that negatively contributes to the refractive index, defocusing the laser pulse 

(50, 52). During propagation, an equilibrium is established between the self-focusing via 

Kerr lensing and the defocusing caused by the lower refractive index in the plasma (52-

54). The production of a plasma in air can be continuous for several hundred meters (55, 

56). In addition to geometrical changes to the femtosecond laser pulse during 

filamentation, there are spectral changes as well. The spectrum of an 800 nm laser beam, 

which has achieved filamentation, will contain a broad continuum of light that can extend 

from 250 nm to the terahertz region (52). 

Filaments are useful for stand-off detection due to their unique ability to 

propagate over long distances with relatively constant intensity as well as the ability to 

move the filaments position in space by changing the phase. In R-FIBS, the airborne 

filament resulting from self-focusing of an intense femtosecond laser beam is used as the 

excitation source to create a plasma. Conversely, in LIBS, the plasma is generated by 
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focusing the laser beam using a lens (geometric focusing).  Filaments achieve intensities 

reaching 10
13 

W/cm
2
 through self-focusing in air (57), which is well above the intensity 

threshold for ablation in all materials.  In fact, this is above the 10
9 

W/cm
2
 threshold that 

has been cited for stoichiometric ablation of a solid (58) suggesting that filaments should 

induce an emission signal that is representative of the elemental ratios found in the 

material. In the case of R-FIBS, no focusing optics are necessary and the filament can 

propagate over long distances with constant power (48). Calculations have shown that R-

FIBS could be effective up to a kilometer in distance (59) which makes R-FIBS an 

exciting new technique with many possible applications such as remote detection of 

biological materials and atmospheric pollution. Since the introduction of R-FIBS, the 

method has been used successfully to detect atomic emission lines from copper and steel 

at a distance of 180 m from the laser system (48), metal chlorides from aerosol clouds 

(60, 61) and biological materials at a distance of 3 meters (18). R-FIBS is an attractive 

analytic tool because it requires no sample preparation, provides virtually instantaneous 

identification of elements and is a technology providing facile remote detection 

capability since no focusing optics are required to induce plasma formation. 

1.5 MATRIX-ASSISTED LASER DESORPTION/IONIZATION 

In 1987, Tanaka discovered that glycerol combined with fine metal particles allowed  

for large proteins (up to 34 kDa) to be desorbed, ionized and detected (4, 62). Shortly 

after, Hillenkamp and Karas coined the term matrix-assisted laser desorption ionization 

(MALDI) after discovering that alanine, an amino acid transparent at 266 nm, was more 

efficiently desorbed, ionized and detected upon irradiation with 266 nm laser light, when 

mixed with tryptophan, an amino acid that absorbs at that wavelength (5). The 
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development of MALDI has enabled proteins in biological systems to be probed without 

the need for homogenization of the tissue, extraction of the compounds of interest or the 

use of target specific reagents. 

 Today, MALDI (63-65) typically utilizes a small organic acid such as 2, 5- 

dihyroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (CHCA) or sinipinic acid 

(SA) as the matrix. The analyte is mixed with the matrix, which is then spotted on a 

sample plate and allowed to dry. The sample plate is then placed in the vacuum chamber 

and probed with the irradiating laser. The matrix is chosen specifically so the laser light is 

resonantly absorbed by the matrix inducing desorption and ionization of the 

analyte/matrix sample. The intact protonated molecular ion [M+H]
+
 is mainly produced 

during the ionization process, where M is the molecular weight of the analyte and H is 

the acquired proton. The ion enters a time-of-flight (TOF) mass analyzer allowing for the 

mass-to-charge (m/z) of the ion to be determined. A TOF is normally used as the mass 

analyzer since its mass range is technically unlimited (4).  

MALDI has also been explored as an imaging technique. In tissue imaging, the 

frozen tissue is sectioned on the cryostat and thaw-mounted on a sample plate. Depending 

on the type of analysis (profiling or imaging), the matrix can be applied in one of two 

ways: by spotting or by applying an even layer across the entire sample (spray coating). 

Spraying the matrix onto the tissue sample is performed to minimize protein migration 

(66, 67) and to provide a homogeneous matrix coating (68). Vacuum grade stepper 

motors are used to move the sample stage with respect to the stationary laser beam 

allowing for mass spectra to be acquired at every point on the tissue sample. Once the 

mass spectra are recorded, ion intensity maps will be constructed for the ions of interest. 
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Richard Caprioli has been monumental in the implementation of MALDI for profiling 

and imaging of tissues such as a mouse brain (69-71) (healthy and diseased), human brain 

tumor (69), mouse colon (72), rabbit retina (73) and a human ocular lens (73).  

1.6 SCOPE OF THIS DISSERTATION 

 In this dissertation, we explore the use of femtosecond laser pulses in LIBS and 

for chemical analysis using mass spectrometry. A comparison of fs-LIBS and R-FIBS in 

the analysis of graphite composites yielded more accurate results with filaments (R-

FIBS) due to intensity clamping within the filament. The investigation of fs-LIBS and R-

FIBS in the detection of explosives led to the discovery of femtosecond vaporization of 

intact molecules under ambient conditions. This knowledge was then used in the 

development of a new ambient laser-based mass analysis technique. The combination of 

nonresonant femtosecond laser vaporization with electrospray post-ionization called laser 

electrospray mass spectrometry (LEMS) was investigated as a universal detection method 

of biological macromolecules. We show the capability of femtosecond lasers to desorb 

sample without any sample preparation or resonant transition in the sample or substrate. 

Ambient mass spectral imaging using LEMS and tissue analysis with classification is also 

demonstrated. 
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CHAPTER 2  

DISCRIMINATION OF COMPOSITE GRAPHITE SAMPLES USING REMOTE 

FILAMENT-INDUCED BREAKDOWN SPECTROSCOPY 

2.1 OVERVIEW 

This chapter discusses the use of femtosecond laser pulses to interrogate graphite 

samples for quantitative and qualitative analysis at standoff distances by measuring the 

atomic emission induced by the plasma. Remote filament-induced breakdown 

spectroscopy (R-FIBS) using ultrashort laser pulses was used to measure the carbon/clay 

ratios between three graphite composites of different hardness at a standoff distance of 

~6 meters. Measurements using R-FIBS and femtosecond laser-induced breakdown 

spectroscopy (fs-LIBS) reveal similar selectivity and ability to excite emission. 

Comparison of the two standoff techniques with optical microscopy and electron 

microprobe point detection confirmed the qualitative analysis capability of these 

femtosecond remote probing techniques.  

2.2 INTRODUCTION 

Laser induced breakdown spectroscopy (LIBS) is an established atomic emission 

spectroscopy technique that uses high-energy laser pulses for excitation of solid targets. 

LIBS has been used to determine the elemental composition of a variety of materials 

including works of art (1), clay artifacts (2), soils (3, 4), trees (4), metals (5), glass (6), 

biological materials (7, 8), explosive material (9) and gases (10). LIBS technology has 

been extensively  reviewed (11-17). Due to the inherent ability of lasers to propagate 

over long distances, LIBS has been investigated as a standoff analysis technique. 

Standoff fs-LIBS has been used to detect copper at a distance of 25 meters with a 
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detection limit of 100 ng (18). Remote filament-induced breakdown spectroscopy (R-

FIBS) is a more recent technique that utilizes the intense core of a filament (~10
13

 

W/cm
2
) formed by a femtosecond laser pulse propagating through the atmosphere (19). 

R-FIBS is an attractive analytic tool because it requires no sample preparation, provides 

virtually instantaneous identification of elements, and is a technology providing facile 

remote detection capability because no focusing optics are required to induce plasma 

formation. 

 In the LIBS technique, a microsecond to femtosecond laser pulse is focused onto 

a target causing ablation of the material. A plasma is formed above the surface of the 

material consisting of excited ions, atoms, and molecules. Temperatures ranging from 

3,000 - 20,000 K can occur (20-22) depending on laser parameters including intensity, 

pulse duration and central frequency. As the plasma plume expands at supersonic speeds, 

emission of light occurs via atomic transitions from higher to lower electronic energy 

states, allowing identification of the material from the resulting emission spectrum (23). 

The plasma not only has atomic and molecular emission, which produces spectrally 

sharp peaks due to electronic transitions, but it also displays continuum emission. The 

continuum is a result of two processes: recombination of electrons with ions and 

bremsstrahlung, which together produce a spectrally broad signal (22, 24, 25). Inverse 

bremsstrahlung occurs once there are free electrons in the focal volume. As the laser 

pulse continues to interact with the plasma, the free electrons absorb photons. This 

absorbed energy elevates the electron to a higher state in the continuum. The highly 

energetic free electron is now capable of ionizing neutral molecules within the focal 

volume (26). 
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Femtosecond laser pulses have lower ablation fluence thresholds in comparison 

to nanosecond laser pulses (27, 28). At the same fluence as a nanosecond pulse, a 

femtosecond pulse produces less continuum emission, ablates roughly the same amount 

of material (in Cu this is 2000 µm
3
/mJ), and produces lower spectral line intensities 

when integrated over the plasma lifetime (27, 29). In the case of nanosecond pulses, the 

plasma formed in the first few picoseconds will subsequently interact with the remainder 

of the pulse. The longer interaction time between the nanosecond laser and the 

developing plasma causes melting and vaporization of the sample and ionization via 

electron-ion collisions (30). This in turn causes higher atomic emission, but also higher 

background continuum emission. The reduced continuum emission in femtosecond laser 

excitation allows non-gated detection to be used (5, 22, 31). 

The advantage of using femtosecond laser pulses for standoff detection is the 

formation of a filament in air without the aid of focusing optics. The phenomena of 

filamentation has been recently reviewed (32-34). In general, if a laser beam has a power 

exceeding the critical value for filamentation, Kerr lensing dominates diffraction effects 

and the beam will self-focus to high intensities (35). However, the beam will not 

continue to self-focus indefinitely. This is due to an effect called intensity clamping (36). 

In air, when the beam reaches 10
13

 W/cm
2
, ionized electrons are generated. Free 

electrons create a negative lens effect on the pulse (32). When the density of free 

electrons reaches ~5 x 10
14

 cm
-3 

the negative lens counter balances the self-focusing of 

the pulse, resulting in intensity clamping. The intensity of the pulse which generates this 

free electron density is 5 x 10
13

 W/cm
2
 in air. The length of the region where plasma 

defocusing and Kerr focusing are in a stable equilibrium can be continuous for several 
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hundred meters (37, 38). In addition to geometrical changes to the femtosecond laser 

pulse during filamentation, there are spectral changes as well. The spectrum of an 800 

nm laser beam, which has achieved filamentation, will contain a broad continuum of 

light that can extend from 250 nm to the terahertz region (32). 

In nanosecond LIBS the standoff distance is related to the numerical aperture of 

the optics (limited by the diameter of the focusing optic) and the available laser energy 

(39). In the case of R-FIBS, no focusing optics are necessary and the filament can 

propagate over long distances with constant power (40). Two interesting properties of 

filament-based remote probing are the intensity clamping in the filament and the unique 

capability to control the length and position in space by shaping the spectral phase of the 

pulse at the laser source (41). Calculations have shown that R-FIBS could be effective up 

to a kilometer in distance (19) which makes R-FIBS an exciting new technique with 

many possible applications such as remote detection of biological materials and 

atmospheric pollution.  

Since the introduction of R-FIBS the method has been used successfully to detect 

atomic emission lines from copper and steel at a distance of 180 m from the laser system 

(40), metal chlorides from aerosol clouds (42, 43) and biological materials at distance of 

3 meters (44). Here, we describe the first investigation of complex composite materials 

using a high-resolution spectrometer to resolve atomic lines. In R-FIBS, the airborne 

filament resulting from self-focusing of an intense femtosecond laser beam is used as the 

excitation source to create a plasma. Conversely, in LIBS, the plasma is generated by 

focusing the laser beam using a lens (geometric focusing). Filaments achieve intensities 

reaching 4 x 10
13 

W/cm
2
 through self-focusing in air (45), which is well above the 
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intensity threshold for ablation in all materials. This is above the threshold (typically 

~10
9 

W/cm
2
, but depends on the laser and sample properties) for stoichiometric ablation 

of a solid (46), suggesting that filaments should induce an emission signal that is 

representative of the elemental ratios found in the material.  

In this paper we compare fs-LIBS and R-FIBS of complex composite materials 

using high-resolution optical spectroscopy for the first time. The complex composite 

materials are a series of carbon targets doped with varying degrees of metal oxides 

obtained from commercial pencil cores. We investigated the C2/Al and Al/K emission 

ratios for these composites to discriminate between samples that are very similar in 

composition. The ability of a standoff technique to accurately discriminate between 

similar samples is imperative for the technique to be used with confidence. These results 

are compared to electron microprobe measurements from the same samples. The plasma 

temperature for R-FIBS and fs-LIBS were also calculated in two ways: 1) from 

Boltzmann plots of C2 Swan system emission lines and 2) from the ratios of 

aluminum/potassium emission lines.  

2.3 EXPERIMENTAL SETUP 

The experimental setup for fs-LIBS and R-FIBS is shown in Figure 2.1. A 

Ti:sapphire laser system operating at 500 Hz, 800 nm central wavelength, 3 mJ per pulse 

with 60 femtosecond pulse duration, was used to ablate the samples. The target samples 

for these experiments were Dixon Ticonderoga pencils, #2, #2.5 and #3. These samples 

were chosen to investigate the discrimination power of fs-LIBS and R-FIBS for similar 

condensed phase solid samples. The targets were mounted on a translation stage that 

moved at a rate of 0.75 mm/second to provide new sample for interrogation. The 500 Hz  
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Figure 2.1.  Fs-LIBS and R-FIBS experimental setup for remote detection of graphite 

composites. M1: 45
o
 dielectric coated mirror, L1: 5 meter focusing lens, L2 

and L3: collimating and focusing lenses into spectrometer. 
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repetition rate and 520 µm focused beam spot size resulted in 330 laser shots per sample 

spot, which removed approximately 130 µg of material per shot.  

To perform the fs-LIBS experiment, the sample was placed 5.2 m from the 5.8 m 

focal length lens as seen in Figure 2.1. A plasma was formed on the sample and induced 

emission from the targets. The backscatter from the emission was collected with a 14 

inch Meade LX 200R telescope with Ritchey-Chretien optics, at a distance of 

approximately 10 m from the target. The transmission coatings on the telescopes optics 

permit maximum transmission for the spectral region from 450 to 750 nm with the 

transmission decreasing significantly to 50% by 340 nm and near zero by 300 nm. All 

the spectra were corrected for the transmission coatings effect. The light collected from 

the telescope was focused into a 50 µm i.d. fiber optic cable connected to an Andor 

Mechelle spectrometer with an iStar ICCD camera. The instrument was calibrated for 

wavelength and intensity response using a D2 and tungsten source. Gating was used to 

eliminate the reflected laser emission at 800 nm. A delay of 120 ns, gain of 200 and gate 

width of 1 µs was used to acquire the signal. In the second experiment, R-FIBS, the 

sample was placed 6.1 m behind the 5.8 m lens. This allowed for filament formation at 

5.4 m from the lens, and this filament was used to ablate the target. The broadband signal 

of the filament was gated out by using the same delay conditions. All other parameters 

were the same as the fs-LIBS experiment. The intensity profile of the beam was imaged 

on Kodak burn paper to confirm that a filament formed. First, a chirped 1-picosecond 

pulse was imaged using the burn paper and the diameter at the 5.2 m focus was 0.8 mm 

while the diameter 10 m from the lens was 3.6 mm, shown in Figure 2.2. In contrast, the 

diameter of the 60 femtosecond pulse used in the R-FIBS experiment was 0.85 mm 6  



 
 

 29 

 

 

 

 

 

 

Figure 2.2. Plot of the beam diameter versus the distance from the lens for a chirped 1 

picosecond pulse (black squares) and for a filament (red circles).  
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meters from the lens, increasing to 1.2 mm 10 meters from the lens (see Figure 2.2). The 

small increase in the filament’s diameter over four meters is evidence of filament 

formation with propagation over several meters.  

 The carbon composites used in this investigation were obtained from 

commercially available Ticonderoga pencils #2, #2.5, and #3. We chose these composite 

materials because pencils of different hardness vary in graphite and clay composition by 

reproducible amounts and are complex materials. The amount of graphite in the pencil 

samples was determined with a Nikon Eclipse E600 POL optical microscope. Sample 

image areas of 160 x 200 µm with 40x magnification were used to determine the percent 

graphite with software (ImageJ), which compares the fraction of the surface that reflects 

light (graphite) and absorbs light (clay). A JEOL 733 electron microprobe was used in 

this experiment to provide an independent measurement of atomic concentrations for the 

graphite composites. The graphite core was first submerged in epoxy and heated at 175
o
 

C for 1½ hours. The samples were then polished flat using seven different grits ranging 

from 300 to 1 µm. The samples were analyzed using a 15 KeV electron microprobe. X-

rays are emitted from the sample, through the Auger processes (47) and detected with a 

lithium drifted silicon (Si(Li)) energy dispersive detector (EDS). A sample area of 275 x 

375 µm was probed for three different areas on a single pencil to acquire an averaged 

spectrum.  

2.3.1 SAFETY CONSIDERATIONS 

 Several safety precautions were taken since the laser was directed off of the laser 

table to perform the measurements. Appropriate laser eye protection was worn by all 
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personel and the area of the laboratory where the laser propagated was sectioned off to 

prevent accidental exposure to the laser beam.  

2.4 RESULTS AND DISCUSSION 

2.4.1 REMOTE FILAMENT-INDUCED BREAKDOWN SPECTROSCOPY 

 

The atomic emission spectra of the pencils were collected in a standoff 

configuration using both the fs-LIBS and R-FIBS excitation modes. Figures 2.3 and 2.4 

compare the emission spectra from a plasma produced on an #2 pencil ablated in the fs-

LIBS and R-FIBS configurations, respectively. A series of emission features are 

observed in both excitation experiments. The emission lines associated with graphite are 

the triplet-triplet electronic transition of the carbon diatomic, called the C2 Swan system, 

(d
3
 Πg – a

3
 Πu) at 467-473 nm, 507-516 nm, 544-563 nm and the CN Violet system (B

2
 

Σ
+
 -Χ

2
 Σ

+
) at 385-391 nm. The emission from the CN molecular fragment has been 

attributed to the reaction between ablated C2 fragments and atmospheric N2 (C2 + N2 → 

2CN) (8). The features corresponding to the clay component in the targets consist of Al I 

peaks at 394.4 nm (3s
2
3p 

2
P

o
 – 3s

2
4s 

2
S) and 396.15 nm (3s

2
3p 

2
P

o
 – 3s

2
4s 

2
S), and K I 

peaks at 766.49 nm (3p
6
4s 

2
S – 3p

6
4p 

2
P

o
) and 769.89 nm (3p

6
4s 

2
S – 3p

6
4p 

2
P

o
). The 

emission peaks at 422 nm and 670 nm are from calcium and lithium, respectively, and 

are known contaminants of clay. The spectral features were assigned using data from the 

NIST atomic spectra database.  

To compare fs-LIBS and R-FIBS, several parameters must be considered 

including the laser intensity, plasma temperature and ablation efficiency. The laser 

intensity interacting with the surface is a function of the focal spot size, pulse duration  
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Figure 2.3.   Fs-LIBS emission spectrum from the graphite/clay core of a #2 pencil. The 

contaminant sodium at 588 nm dominates the spectra. Aluminum (394 and 

396 nm), calcium (422 nm), C2 Swan System (see text for emission lines), 

lithium (670 nm), and potassium (766 and 769 nm) emission lines can also 

be seen. 
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Figure 2.4.  R-FIBS emission spectrum from the graphite/clay core of a #2 pencil. The 

contaminant sodium at 588 nm dominates the spectra. Aluminum (394 and 

396 nm), calcium (422 nm), C2 Swan System (see text for emission lines), 

lithium (670 nm), and potassium (766 and 769 nm) emission lines can also 

be seen. 
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and the energy in the beam. Using low power to minimize Kerr lensing, the measured 

focal length of the lens was 5.8 m. Kerr lensing in the intense laser beam shortens the 

focal length to 5.2 m for the fs-LIBS experiment. Thus, the target was placed 5.2 m from 

the lens. Figure 2.5 illustrates the contraction of a Gaussian beam under geometrical and 

self-focusing conditions. The focused spot radius at the LIBS focal point (5.2 m), w(z), 

can be calculated using equation 2.1, which takes into account both the Kerr lens and 

geometric focusing processes. 
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α                         (2.2) 

where z is the distance from the lens in which the beam waist is being calculated, f is the 

focal length of the lens, wL is the radius of the collimated beam at the focusing lens, k is 

the wavenumber, P is the power of the beam and Pc is the critical power, which is 3.2 

GW in air at 800 nm (32). The calculated focal spot size, using equation 2.1, was 520 µm 

in diameter providing an intensity on the target of 2.3 x 10
13

 W/cm
2
 for fs-LIBS. Kerr 

lensing and intensity clamping (32) in R-FIBS creates an intensity of 5 x 10
13

 W/cm
2
. 

The energy density of fs-LIBS and R-FIBS was 1.4 J/cm
2
 and 3.0 J/cm

2
, respectively. 

Plasma temperature and ablation efficiency of both methods will be discussed in the 

following section.   

2.4.2 DISCRIMINATING SIMILAR COMPOSITION SAMPLES: ATOMIC 

RATIO ANALYSIS 
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Figure 2.5.   Illustration of the contraction of a Gaussian beam under geometrical and 

self-focusing conditions. The beam radius at the lens is wL, the beam radius 

at a distance z from the lens is wz, and the focal distance of the lens is f. 
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Discrimination between the samples varying in graphite concentration was 

attempted by atomic ratio analysis from the fs-LIBS and R-FIBS measurements. The 

spectra from three pencil types were used to determine the line intensity of the C2 Swan  

line at 516.5 nm and the clay emission from Al I and K I peaks. The peak intensity was 

calculated by subtracting the baseline from the peak height. The peak intensities of the 

Al I lines and C2 band at 516 nm were then used to determine the C2 emission to clay 

element ratio. These ratios were determined for each pencil. Figures 2.6 and 2.7 show 

the C2/Al 394 nm for both fs-LIBS and R-FIBS, respectively. Figures 2.8 and 2.9 show 

the C2/Al 396 nm ratio for both fs-LIBS and R-FIBS, respectively. All of the 

measurements reveal a higher ratio for the #3 pencil than the #2 ½ or #2 suggesting that 

the graphite concentration is highest in the #3 pencil. This is not anticipated as the #3 

pencil is the hardest, and thus has the least graphite concentration. In Figures 2.6 and 2.8, 

fs-LIBS measurements, the #2 pencil has a slightly larger ratio than the #2 ½. In Figures 

2.7 and 2.9, R-FIBS, the #2 and #2 ½ are nearly the same ratio. The nonlinear and non-

intuitive measurement for the carbon to aluminum ratio as a function of pencil hardness 

is attributed either to changes in the clay composition between pencil types or nonlinear 

changes in the graphite composition.  

  The amount of graphite in the pencil samples was determined with a Nikon 

Eclipse E600 POL optical microscope. Sample image areas of 160 x 200 µm with 40x 

magnification were used to determine the percent graphite with software (ImageJ), 

which compares the fraction of the surface that reflects light (graphite) and absorbs light 

(clay). Both the optical and ImageJ images can be seen in Figure 2.10. The graphite 

concentration was determined to be 37.7%, 39.0%, and 41.3% for #3, #2 ½, and #2,  
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Figure 2.6.   Plot of C2/Al I 394 nm emission line intensity ratio as a function of percent 

graphite in the composite for fs-LIBS. 
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Figure 2.7.   Plot of C2/Al I 394 nm emission line intensity ratio as a function of percent 

graphite in the composite for R-FIBS.  
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Figure 2.8.   Plot of C2/Al I 396 nm emission line intensity ratio as a function of percent 

graphite in the composite for fs-LIBS.  
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Figure 2.9.  Plot of the C2/Al I 396 nm emission line intensity ratio as a function of 

percent graphite in the composite for R-FIBS.  
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Figure 2.10. Optical microscope and ImageJ images for determining the percent graphite 

in three different pencil composites.  
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respectively, by optical microscopy. This strongly suggests that varying clay 

composition is responsible for the nonlinear concentration ratios displayed in Figures 2.6 

- 2.9. Electron microprobe spectroscopy was used to independently measure the atomic 

constituents of the clay composition. The spectrum acquired for a #3 pencil can be seen 

in Figure 2.11. The spectrum contains Kα lines from carbon (0.27 KeV), oxygen (0.50 

KeV), magnesium (1.25 KeV), aluminum (1.48 KeV), silicon (1.73 KeV), sulfur (2.33 

KeV), potassium (3.31 KeV), calcium (3.69 KeV), titanium (4.56 KeV), and iron (6.45 

KeV). Sulfur, titanium and calcium are known contaminants of the clay and will not be 

used in this analysis. Typical clays used in the Ticonderoga pencils are Illite 

(K0.6(H3O)0.4Al1.3Mg0.3Fe 0.1Si3.5O10(OH)2(H2O)) and Kaolinite (Al2Si2O5(OH)4). The 

measured aluminum to silicon ratio changed from pencil #2, #2.5 and #3, suggesting that 

the clay composition is not the same for each pencil. This is also shown in Figure 2.12 

where the electron microprobe measurement of the aluminum to potassium ratio is 

shown for each sample. Illite contains potassium and thus the Al/K ratio can be used to 

determine the Illite to Kaolinite ratio in each sample. The #3 pencil, for example, has 

greater Illite concentration, as indicated by the lower Al/K ratio. Figures 2.13 and 2.14 

show the same Al/K trend for fs-LIBS and R-FIBS, respectively, revealing that these 

methods have the potential for quantitative analysis.  

Having confirmed the clay composition is changing as a function of pencil 

hardness, a straightforward comparison of atomic ratios (C2/Al) cannot be used for 

discrimination between pencil types without correcting for the clay composition. The 

measurement of the C/Al ratio using the electron microprobe, shown in Figure 2.15, 

reveals the same relative concentration ratio as the fs-LIBS and R-FIBS C2/Al  
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Figure 2.11.  Electron microprobe spectra of a #3 pencil. The peaks correspond to carbon 

(0.27 KeV), oxygen (0.50 KeV), magnesium (1.25 KeV), aluminum (1.48 

KeV), silicon (1.73 KeV), sulfur (2.33 KeV), potassium (3.31 KeV), 

calcium (3.69 KeV), titanium (4.56 KeV), and iron (6.45 KeV). Sulfur, 

titanium and calcium are known contaminants of the clay and will not be 

used in this analysis. 
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Figure 2.12. Electron microprobe measurement of the Al/K emission line intensity ratio 

as a function of percent graphite in the composite.  
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Figure 2.13. Fs-LIBS measurement of the Al/K emission line intensity ratio as a function 

of percent graphite in the composite.  
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Figure 2.14. R-FIBS measurement of the Al/K emission line intensity ratio as a function 

of percent graphite in the composite.  
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Figure 2.15. Electron microprobe data for the C/Al ratio for as a function of percent 

graphite in the composite.  

 



 
 

 48 

measurement shown in Figures 2.6-2.9. The electron microprobe data can be calibrated 

for the sample’s matrix effects using the ZAF correction scheme in order to use peak 

intensity ratios as a measure of concentration. The spectra must be corrected because the 

sample bulk material differs in composition from the standard. ZAF is one of the most 

commonly applied correction scheme that corrects for the atomic number (Z) which 

affects the penetration of the incident electrons, absorption (A) of the x rays in the sample 

and fluorescence (F) caused by other x rays generated in the sample (47). All microprobe 

spectra were corrected using the ZAF scheme before analysis. The atomic concentrations 

reveal the ratio of Kaolin to Illite clay via the stoichiometric formulas for each clay. We 

assumed the amount of potassium present in the composite was an indicator of the Illite 

concentration. Equation 2.3 shows the stoichiometric equation used to determine the ratio 

of Kaolin to Illite clay.  

  X(2Al) + Y(1.3Al + 0.6K) = Z(Al) + 1K                (2.3) 

In equation 2.3, Z is the Al/K atomic concentration ratio from the electron microprobe 

data, Y is the amount of Illite clay necessary (1.666) to balance the potassium terms of 

equation 2.3, and X is the amount of Kaolin clay in the mixture. The calculated 

Kaolin/Illite ratios were used to normalize the clay composition in each pencil for the 

microprobe data and the corrected plot of C/Al is shown in Figure 2.16. A linear positive 

slope is obtained as would be expected if the clay composition was the same for the 

various pencil types. The same calculation can be performed to normalize the clay for 

the fs-LIBS and R-FIBS data but first the plasma temperature must be determined before 

the Kaolin/Illite ratio can be calculated for the laser-based analysis.  
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Figure 2.16. Electron microprobe data for the C/Al ratio with the clay composition 

normalized.  
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For this composite sample, the temperature can be calculated either from the C2 

Swan line intensities or from atomic emission intensities. The carbon lines presumably 

arise from the graphite regions and the metallic from the clay domains. Each estimate of 

the temperature (vibrational or electronic) relies on the Boltzmann distribution of 

population as a function of excited state energy for a particular atom or molecule. 

Equation 2.4 describes how the population of the excited levels of the species follows a 

Boltzmann distribution under local thermodynamic equilibrium (LTE) conditions where 

n
s
i is the population density of the species s in the excited level i, gi is the statistical 

weight of the upper level, Ei is the excitation energy of the level, n
s
 is the total number 

density of the species in the plasma, k is the Boltzmann constant, T is the temperature  

and U
s
(T) is the internal partition function of the species. Equation 2.5 describes U

s
(T). 
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The temperature can be determined from the integrated line intensity, Iij, for the 

transition between the upper level i and lower level j, as described in equation 2.6. Since 

the number density of the species in the plasma was not determined, the ratio of the 

number density for the metallic atoms (n
Al

/n
K
) was assumed to be equal to the ratio 

measured by the electron microprobe. Therefore, the ratio of equation 2.6 (shown in 

equation 2.7) for Al and K was derived and solved for temperature.  
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where Aij is the transition probability and all other terms were previously defined (22). 

The lines from these atoms were used because multiple lines from any single atom (with 

energy spacing far enough apart to make an accurate calculation) were not detectable 

with our system. The plasma temperature was also calculated for graphite using 

Boltzmann plots of the C2 Swan system in our pencil spectra:  

    
kT

hcvG
C

I

v

vv )'('
log 1

''
4

'''

−=∑
λ

                   (2.7) 

where I is line intensity, λ is the emission wavelength, h is Planck’s constant, c is the 

speed of light, k is Boltzmann’s constant, and G’(v’) are the term values of the 

vibrational states in the upper electronic level which is equal to: 

  G’(v’) = ωe(ν + ½) – ωexe(ν + ½)
2
 + ωeye(ν + ½)

3
+…                 (2.8) 

where ωe is the harmonic vibrational frequency,  v is the vibrational quantum 

number and ωexe and ωeye are the anharmonicity constants. Calculating the temperature 

using the C2 Swan System emission peaks, we were able to determine plasma 

temperatures but with large error bars. Table 2.1 displays the calculated plasma 

temperatures using the metallic emission ratio and Boltzmann plots of C2 Swan system 

emission. The C2 Swan system temperatures were consistently lower than the clay 

metallic emission analysis temperatures. The difference in calculated plasma 

temperatures from C2 emission bands and the clay metallic emission analysis may be 

attributed to non-equilibrium plasmas formed by microdomains of clay and graphite. The 

difference may also be due to different equilibrium temperatures for the electronic and 

vibrational modes. Figures 2.17 and 2.18 show the corrected clay plots of C2/Al for fs-

LIBS and R-FIBS, respectively.  In the case of fs-LIBS the error in the measurements is 

too large to make an accurate discrimination. In the case of R-FIBS discrimination  
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Figure 2.17. Normalized C2/Al ratios calculated using temperature from laser-induced 

atomic emission lines (circles) and with the temperature determined from C2 

Swan system emission (squares) for fs-LIBS.  
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Figure 2.18. Normalized C2/Al ratios calculated using temperature from laser-induced 

atomic emission lines (circles) and with the temperature determined from C2 

Swan system emission (squares) for R-FIBS.  
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Table 2.1. Calculated Plasma Temperatures in degrees Kelvin.  
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between pencil types is possible when the clay composition is determined.  

In each of the measurements shown, the R-FIBS data has smaller error bars. This 

is attributed to the intensity clamping property of laser filamentation described in the 

introduction. The self-governing nature of the laser intensity in the filament leads to 

more stable plasma generation, and thus, a more constant signal intensity (36). The fs-

LIBS measurement is more affected by laser fluctuations since the intensity is not 

regulated after the laser, resulting in larger shot to shot variation in signal intensity.  

2.5 CONCLUSION 

Fs-LIBS and R-FIBS analyses of a series of carbon targets mixed with varying 

degrees of clay materials were investigated. In the fs-LIBS experiment, a geometrically 

focused beam propagating through air was used to create a plasma from a carbon 

composite sample and the emission spectra was collected 10 meters away with a 

telescope, spectrometer and ICCD camera. In the R-FIBS experiment, a filament 

propagating through air was used to create a plasma on the sample. Comparable 

emission spectrum for each target was achieved using either plasma generation method. 

R-FIBS achieved better signal-to-noise than fs-LIBS due to intensity clamping of the 

filament, which produces a more stable ablation source. Discrimination between pencils 

was achieved once the clay composition was normalized. The calculated temperatures 

for the graphite of ~ 4500 K were lower than those calculated for the clay domain, ~8500 

K.  
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CHAPTER 3 

ATMOSPHERIC PRESSURE MASS SPECTROMETRY 

3.1 INTRODUCTION 

 In mass spectrometry, the mass-to-charge (m/z) of a molecule is measured after 

ionization. There are several ionization techniques that have been developed over the 

years including chemical ionization (1, 2), electron impact ionization (3) and field 

ionization (4). The medical and scientific interest in measuring and identifying large 

biomolecules resulted in the development of two other monumental soft ionization 

techniques: matrix-assisted laser desorption ionization (MALDI) and electrospray 

ionization (ESI). MALDI (5-7) typically utilizes a small organic acid such as 2,5-

dihyroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (CHCA) or sinipinic acid 

(SA) as the matrix. The analyte is mixed with the matrix, which is then spotted on a 

sample plate and allowed to dry. The sample plate is then placed in the vacuum chamber 

and probed with the irradiating laser. The matrix is chosen specifically so the laser light is 

resonantly absorbed by the matrix inducing desorption and ionization of the 

analyte/matrix sample. The intact protonated molecular ion [M+H]
+
 is mainly produced 

during the ionization process, where M is the molecular weight of the analyte and H is 

the acquired proton. The ion enters a time-of-flight (TOF) mass analyzer allowing for the 

m/z of the ion to be determined. A TOF is normally used as the mass analyzer since its 

mass range is technically unlimited (8). The use of MALDI has enabled the mass analysis 

of large non-volatile biomolecules under vacuum conditions.  

The other soft ionization technique, developed by John Fenn for the analysis of 

large biomolecules, is electrospray ionization (9). In electrospray ionization, the analyte 
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is dissolved in an appropriate solvent, spiked with an acid and pushed through a needle. 

In positive ion mode (detection of positive ions), the tip of the needle is held at ground 

while the inlet to the mass spectrometer is held at -5kV. Due to the electric field, surface 

tension and electrostatic attraction, positively charged particles build up on the end of the 

needle producing a Taylor cone (10). Due to Coulomb forces, droplets break off. The 

droplets containing the analyte are highly charged and large in diameter. Hot drying 

nitrogen gas propagating counter-current to the ion migration desolvates the charged 

droplets. As the solvent evaporates, the charge density increases until Coulomb repulsion 

dominates and the parent droplet breaks into smaller daughter droplets. This process 

repeats until all of the solvent molecules are removed and only the protonated analyte ion 

enters the mass spectrometer. Electrospray ionization has been widely successful in the 

analysis of large biomolecules with little to no fragmentation.  

Both MALDI and ESI are soft ionization techniques that are capable of ionizing 

and detecting large, fragile molecules. However, the need for mixing the analyte with a 

matrix or dissolving the analyte in solvent prior to analysis has led others to investigate 

minimal sample preparation conditions and sample analysis under atmospheric pressure 

that maintains the natural state of the sample. Several atmospheric techniques that have 

influenced the development of the laser electrospray mass spectrometry technique 

presented in this dissertation are discussed.  

3.2 DESORPTION ELECTROSPRAY IONIZATION 

In 2004, Z. Takats and R. Graham Cooks developed a novel ambient mass 

spectrometry technique called desorption electrospray ionization (DESI) (11). In DESI, 

an electrospray plume is used to directly analyze a sample’s surface. The electrosprayed 
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charged droplets are directed towards the sample, at sample specific incident angles. The 

impinging droplets splash onto the sample allowing the molecules on the surface to be 

solvated. The captured sample is then released from the surface and ionized within the 

droplet before being transferred to a mass spectrometer for mass analysis (11). DESI has 

been used to detect peptides (11, 12), proteins (11, 12), pharmaceuticals (11, 13), 

explosives (14, 15), plants (16) and tissues (17). DESI has also been used in imaging 

mass spectrometry (18-21), but is limited to surfaces, i.e. no depth profiling. The 

resolution of the technique is based on the diameter of the electrospray plume that 

interacts with the surface. The use of nano-ESI is being investigated to reduce the plume 

diameter, increasing the spatial resolution (22-24). The use of an electrospray source in 

such an unconventional way has led others to investigate its capabilities.  

3.3 RESONANT LASER-BASED ATMOSPHERIC PRESSURE MASS 

SPECTROMETRY METHODS 

The use of resonant laser desorption for ambient mass spectrometry is a rapidly 

growing field of research that is amenable to direct analysis of samples under certain 

circumstances. Resonant absorption occurs when the spacing between the energy levels is 

equal to the energy of n number of photons, nħω, where ħ is Planck’s constant divided by 

2π and ω is the angular frequency of the photon. For typical nanosecond laser desorption 

mass spectroscopy, a resonant absorption process is active and therefore, laser intensities 

are on the order of 10
6
 W cm

-2
. An electronic or vibrational one-photon resonant 

absorption transition can occur depending on the laser excitation wavelength. Ultraviolet 

(UV) lasers are used for resonant absorption from the ground electronic state to the 

excited electronic state of the molecule. Infrared (IR) lasers are used for resonant 



 66 

absorption from one vibrational state to a higher energy vibrational state of the molecule. 

One or more photons can be used for resonant absorption. The probability of photon 

absorption (P), can be approximated (25) based on the number of photons absorbed (n), 

the intensity of the laser (I) and the n-photon absorption cross section of the molecule 

(σn) as shown in equation 3.1.  

                 P ~ σn I
n 

                       (3.1) 

The plume of material that results from laser desorption has been studied 

extensively by Barbara Garrison and Leonid Zhigilei (26-29). The laser-vaporized plume 

not only contains ions but is composed of neutrals and clusters. Atmospheric or vacuum 

MALDI can only detect the ions produced from the laser desorption event. The use of 

electrospray ionization to post-ionize the desorbed neutral material increases the ion 

abundance and sensitivity of the measurement. Several ambient mass spectrometry 

techniques that make use of UV or IR lasers to resonantly desorb sample material at 

atmospheric pressure that are subsequently post-ionized in an electrospray plume are 

discussed next. 

3.3.1 MATRIX-ASSISTED LASER DESORPTION ELECTROSPRAY 

IONIZATION 

 Matrix-assisted laser desorption electrospray ionization (MALDESI) is an 

ambient mass spectrometry technique that uses a laser in resonance with an electronic 

transition in the matrix molecule to enable desorption. Post-ionization of the desorbed 

material is achieved by using an electrospray ionization source. The newly formed ions 

are then transferred to a mass analyzer for analysis and detection. MALDESI has been 

successful in analyzing peptides and proteins ranging in mass from 1 to 17 kDa (30, 31), 
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but still requires extensive sample preparation and laser-matrix coupling through a one 

photon resonant absorption process.    

3.3.2 LASER-ABLATION ELECTROSPRAY IONIZATION 

Laser-ablation electrospray ionization (LAESI) is another resonant laser-

electrospray ionization method that uses a 2.940 µm nanosecond infrared laser that is 

resonant with the OH vibration in water. Once excited, the water molecules undergo a 

phase explosion, ejecting material into the gas phase (32). An electrospray plume is used 

to capture and ionize the ablated material before mass analysis is performed. Since most 

biological samples are inherently water-rich, LAESI does not require additional sample 

preparation. Water-rich samples such as urine and blood, have been analyzed for the 

presence of the antihistamine fexofenadine (33) two hours after ingestion. Plant 

metabolites in S. lynise, A. squarrosa and peace lily leaves have been mass spectrally 

imaged in two and three dimensions (34, 35) using LAESI. However, the use of 

nanosecond laser pulses causes thermal degradation of the surrounding tissue. Due to the 

benefit of little to no sample preparation for water rich samples, LAESI has been 

extremely successful as an ambient mass analysis technique. 

3.3.3 ELECTROSPRAY-ASSISTED LASER DESORPTION/IONIZATION 

Electrospray-assisted laser desorption/ionization (ELDI) employs a nanosecond 

UV laser to desorb the sample. At least one component of the sample or substrate must 

resonantly absorb the UV radiation to induce desorption. An acidified electrospray 

solvent is sprayed perpendicular to the vaporized material capturing the vaporized 

material. Once captured, the sample is ionized and analyzed using mass spectrometry. 

Dried biological fluids such as tears, saliva, blood and serum (36) have been analyzed 
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using this technique. ELDI has also been applied to drug tablets, porcine brain tissue, and 

milk, as well as to the surface of a compact disc (37). Separations of dyes, amines, and 

drug tablet extracts (using thin layer chromatography) have also been subjected to ELDI 

analysis (38, 39). 

3.4 NONRESONANT LASER-BASED ATMOSPHERIC PRESSURE MASS 

SPECTROMETRY METHODS 

Nonresonant absorption can occur when the spacing between two energy levels is 

not equal to nħω. For nonresonant absorption, two or more photons must be absorbed 

through virtual states, requiring high laser intensities, >10
8
 W cm

-2
. Femtosecond laser 

pulses are capable of reaching such high laser intensities due to the inverse relationship 

between intensity and pulse duration as shown in equation 3.2: 

                                 
)()( SizeSpotFocalxDurationPulse

Energy
Intensity =                    (3.2) 

In the case of femtosecond nonresonant excitation, the laser will, in principle, couple into 

all molecules to induce vaporization. This means that sample preparation (elution, mixing 

with matrix, and choosing samples with a particular absorption spectrum) is eliminated. 

The general class of methods combining nonresonant femtosecond laser vaporization 

with electrospray ionization mass spectrometry is called laser electrospray mass 

spectrometry (LEMS). 

3.4.1 LASER ELECTROSPRAY MASS SPECTROMETRY 

Femtosecond laser sources have received increasing attention as an ionization 

source for gas phase molecules (40). The coupling mechanism between an intense 

femtosecond laser pulse and a molecule is an active area of investigation (41-43) and the 
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ultrafast excitation results in quantitatively different fragmentation pathways in 

comparison with nanosecond excitation (43-45). In gas phase nonresonant laser 

ionization experiments, nanosecond laser pulses cause more fragmentation in comparison 

with femtosecond laser pulses at comparable intensities. This is due to the prevalence of 

the ladder switching mechanism and energy deposition into nuclear modes of the 

molecule in the nanosecond ionization experiment (46). The ladder switching mechanism 

occurs when the laser pulse is longer than the lifetime of the excited states, leading to 

fragmentation and absorption of the laser pulse by the newly formed fragments leading to 

further fragmentation (47). The use of shorter duration laser pulses (i.e. femtosecond) 

typically increases the amount of parent ion relative to fragment ions (48), which is 

advantageous in the analysis of complex samples where peak assignment in congested 

mass spectra can be arduous. In this dissertation, we apply similar nonresonant ultrafast 

excitation to induce vaporization of non-volatile molecules from the condensed phase 

into the gas phase.  

The investigation of fs-LIBS and R-FIBS in the detection of explosives led to the 

discovery that femtosecond laser pulses vaporize intact molecules under ambient 

conditions as discussed in Appendix A. This knowledge was then used in the 

development of a new ambient laser-based mass analysis technique. The new method 

employs intense femtosecond duration laser pulses to transfer molecules from the 

condensed phase into the gas phase followed by electrospray ionization to enable mass 

spectral analysis of the vaporized samples at atmospheric pressure. The universal 

detection of biological macromolecules with a single technique is difficult because of the 

wide variety of chemical structures, polarities and low vapor pressures of the possible 
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species. A nonresonant femtosecond laser pulse couples into all molecules at an intensity 

of 10
13 

Wcm
-2

 enabling vaporization of a wide range of native materials. At this laser 

intensity the details of the electronic structure of the target are not important and 

molecules adsorbed in a film, multilayer, or mixture are transferred into the gas phase 

intact (49-52). Insight into the mechanism can be gleaned from early work on 

vaporization of cryogenic multilayers of benzene at 10
13

 Wcm
-2

 wherein only 

translationally energetic molecules (1-2 eV) were observed with no energy deposition 

into dissociation channels (49). Thus, the femtosecond vaporization of small molecules 

bypasses thermal modes that leads to dissociation and instead result in the transfer of 

intact molecules into the gas phase.  

3.4.1.1 LEMS INSTRUMENT 

A Ti:sapphire laser system (oscillator - KM Labs Inc., Boulder, CO, USA, 

regenerative amplifier - Coherent Inc., Santa Clara, CA, USA) operating at 10 Hz, 800 

nm central wavelength, 400 µJ per pulse with 70 femtosecond pulse duration, was used to 

nonresonantly vaporize the samples. The vaporization beam was focused to a spot size of 

~200-300 µm in diameter with an incident angle of 45
o
 with respect to the sample 

surface. The laser intensity at the surface was ~10
13 

W cm
-2

. The ESI source (Analytica of 

Branford, Inc., Branford, CT, USA) was operated in positive ion mode and consisted of a 

needle, dielectric capillary, skimmer and a hexapole system. The needle was maintained 

at ground while the voltage on the inlet capillary was adjusted until a stable ion 

current/signal was established, typically around -5300 V. The ESI needle was 6.4 mm 

above, and parallel to, the sample stage and was located approximately 6.4 mm in front of 

the capillary entrance. The acidified electrospray solvent (50/50 (v:v) methanol/water 
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containing 1% acetic acid) was pumped through the needle at a flow rate of 3 µl/min. The 

electrospray plume was dried by counter current nitrogen gas at 180
°
C, with a flow rate 

of 12.2 L/min, before entering the dielectric capillary. The steel sample plate holder was 

biased to -2.0 kV to compensate for distortion of the electric field between the needle and 

capillary caused by the introduction of the sample stage. The vaporized sample was 

ejected perpendicular to the electrospray plume. The electrospray plume served to 

capture, ionize and transport the ions through an inlet capillary. The inlet capillary was an 

18 cm long dielectric glass capillary (6.4 mm o.d. 500 µm i.d.) coated with metal at both 

ends followed by three regions of differential pumping (1.2 Torr, ~10
-3

 Torr, ~10
-5

 Torr) 

leading to the high vacuum region (~10
-7

 Torr) where pulsed deflection orthogonal time-

of-flight (TOF) mass spectrometry was performed. Figure 3.1 shows a schematic of the 

vaporization and ionization apparatus. 

3.4.1.2 TIME-OF-FLIGHT MASS ANALYZER 

The mass analyzer used in the LEMS experiments was a TOF. In the TOF mass 

analyzer, the time that it takes for an ion to transverse the flight tube and strike the 

detector is recorded. The mass of the ion can be determined after the system is calibrated 

with a tuning solution (Agilent Technologies, Inc. Santa Clara, CA, USA) that produces 

ions of known m/z ranging from 100-3000. A quadratic calibration, written in-house on 

LabView 8.5 software, was used to covert the time axis of the acquired spectra to a m/z 

axis by using the time-of-flight of the ions and the known masses of ions in the tuning 

solution.  
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Figure 3.1.  Schematic of the laser electrospray mass spectrometry apparatus.  
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3.4.1.3 DATA ACQUISITION 

Each mass spectrum is an average of 50 laser shots (unless otherwise stated) 

acquired over five seconds using a digital oscilloscope (LeCroy Corporation, Chestnut 

Ridge, NY, USA). Prior to laser vaporization, a blank mass spectrum of only the 

electrospray solvent is recorded. Depending on the sample under investigation, several 

mass spectra are recorded. The sample data files are then analyzed using OriginPro 7.5 

where the blank mass spectrum is subtracted from the data files to reduce the amount of 

solvent related peaks in the spectrum. However, negative and positive features in the 

mass spectrum are present which result from subtraction of the ESI background spectrum 

due to the modulation in the solvent ion intensity distribution (both positive and negative) 

when the laser is present.  

3.5 CONCLUSIONS 

Many ambient mass spectrometry techniques have been recently developed due to 

the minimal sample preparation required, analysis at atmospheric pressure and high 

throughput of the technique. This dissertation focuses on the development of a new 

nonresonant femtosecond laser vaporization technique with post-ionization occurring in 

an electrospray plume. Due to the nonresonant excitation, the laser will, in principle, 

couple into all molecules to induce vaporization. This allows for universal analysis 

without the addition of a matrix (or water rich sample) and therefore, can be used for 

direct analysis of native systems.  
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CHAPTER 4 

ANALYSIS OF PHARMACEUTICAL COMPOUNDS FROM A VARIETY OF 

SURFACES AT ATMOSPHERIC PRESSURE USING SPATIALLY-RESOLVED, 

NONRESONANT FEMTOSECOND LASER VAPORIZATION 

ELECTROSPRAY MASS SPECTROMETRY  

4.1 OVERVIEW 

 This chapter investigates the ability of nonresonant femtosecond laser pulses to 

vaporize small pharmaceutical molecules from a variety of surfaces at atmospheric 

pressure. The active ingredients in pharmaceutical tablets were detected in the presence 

of binders and fillers in intact formulations using laser electrsopray mass spectrometry 

(LEMS). Mass spectra were also obtained for microgram amounts of the pharmaceutical 

compounds loratadine, oxycodone and atenolol deposited on glass, wood, steel and 

polyester fabric. The noncovalent interactions of the pharmaceutical molecules with 

different substrates are discussed. The neutral capture efficiency by the electrospray 

plume for the nonresonant femtosecond laser vaporized samples of oxycodone and 

atenolol is discussed. The spatial distribution of oxycodone spotted on a metal slide is 

determined by mass spectral imaging.   

 4.2 INTRODUCTION 

 Forensic detection and analysis of narcotics and pharmaceuticals currently 

employ methods that include high performance liquid chromatography (HPLC) (1-4), gas 

chromatography (GC) (5, 6), thin layer chromatography (TLC) (7, 8), UV 

spectrophotometry (9, 10) and electrophoresis (11, 12). In the traditional forensics 

approach, the substance of interest must be transferred from the native material and/or 
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surface via a swab followed by solvent elution prior to chemical analysis. Although the 

current methods for drug analysis work very well for separating, identifying and 

quantifying compounds, they remain time consuming, require substantial sample 

preparation and are often not suited to trace analysis.  

Direct analysis of a contaminated surface eliminates the use of swabs or solvent 

elution for sample collection facilitating a higher signal-to-noise ratio (S/N), decreasing 

the probability for a false negative result. Several new techniques permit the direct 

detection of trace quantities from native surfaces and complex matrices. One such 

detection method is desorption electrospray ionization (DESI), a technique that uses 

electrospray generated droplets directed at a surface to analyze native sample under 

ambient conditions (13). DESI has been used to detect trace amounts of explosives on a 

variety of surfaces including paper, cloth, brick, metal and skin (14, 15). The active 

ingredients of several drug formulations (16) and the detection of drugs and explosives 

on a variety of fabrics have also been analyzed using DESI (17). The implementation of 

DESI in pharmaceutical cleaning validation to determine if reaction vessels are 

sufficiently cleaned prior to use has also been demonstrated (18).  

Laser-based methods have also been investigated as a means to directly analyze 

contaminated surfaces. The use of resonant laser desorption for ambient mass 

spectrometry is a rapidly growing field of research that is amenable to direct analysis of 

samples under certain circumstances. Resonant absorption occurs when the spacing 

between energy levels (vibrational or electronic) is equal to the energy of one photon, ħω, 

where ħ is Planck’s constant divided by 2π and ω is the angular frequency of the photon 

(19). For typical resonant laser desorption mass spectroscopy, such as matrix-assisted 
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laser desorption ionization (MALDI), a one-photon absorption process is active and 

therefore, laser intensities are on the order of 10
6
 W cm

-2
 (20, 21). During the desorption 

process, approximately 1 ion per 10,000 neutrals are created (22). The use of an 

electrospray to post-ionize the desorbed neutrals has shown to increase the ion abundance 

and sensitivity of the analysis compared to AP IR-MALDI (23). One example of 

nonresonant laser desorption with electrospray post-ionization is laser ablation 

electrospray ionization (LAESI). LAESI uses an infrared resonant nanosecond laser 

where the wavelength, 2.940 µm, is tuned to be resonant with an OH vibration in water 

(23). Once excited, the water molecules undergo a phase explosion ejecting materials into 

the gas phase (24, 25). Experiments are typically performed on water-rich samples 

including the detection of the antihistamine fexofenadine in urine and blood (26). Due to 

the inherent water-rich composition of plants, LAESI has been used to successfully 

analyzed peace lilies, aphelandra squarrosa leaves (27) and a French marigold plant (26). 

Another resonant laser-based method is matrix-assisted laser desorption electrospray 

ionization (MALDESI)  (28). Like traditional MALDI, desorption is enabled by a 

resonant transition in a matrix molecule that is co-crystallized with the sample of interest 

(29, 30). MALDESI, in addition to the resonant coupling to the matrix, uses an 

electrospray system to post-ionized the desorbed sample and has been used to analyze 

peptides and proteins ranging in mass from 1 to 17 kDa (28, 31, 32). MALDI also has 

been utilized at atmospheric pressure (AP-MALDI) (33, 34). However, the fact remains 

that all of these techniques have sample or laser requirements for successful analysis. 

LAESI requires the sample to be water rich, or to be sprayed with water before analysis, 

while MALDESI and AP-MALDI require a matrix to be mixed with the sample and 
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deposited onto a surface before analysis can be initiated. Thus, these techniques require 

that the analyte be soluble in the polar matrices. Finally, a laser of a specific wavelength 

is required to resonantly couple the laser light into the analyte system.   

Electrospray laser desorption ionization (ELDI) is another ambient mass 

spectrometry technique that is amenable to direct sample analysis in certain cases (35). 

ELDI employs a nanosecond UV laser to desorb sample prior to electrospray ionization. 

At least one component of the sample or substrate must resonantly absorb the UV 

radiation to induce desorption. Dried biological fluids such as tears, saliva, blood and 

serum (36) have been analyzed using this technique. Nanosecond ELDI has also been 

applied to drug tablets, porcine brain tissue and milk, as well as to the surface of a 

compact disc (37). Separations of dyes, amines and drug tablet extracts (using thin layer 

chromatography) have also been subjected to ELDI analysis (35, 38). When a matrix is 

not used, the laser intensity must be increased from 10
6
 W/cm

2
  to greater than 10

8
 

W/cm
2
 to allow for resonant absorption of the laser light by the substrate resulting in 

thermal desorption of the sample (39). 

Femtosecond laser sources have received increased attention as an ionization 

source for gas phase molecules (40, 41). The coupling mechanism between an intense 

femtosecond laser and a molecule is an active area of research (42-44) and the ultrafast 

excitation results in quantitatively different fragmentation pathways in comparison with 

nanosecond excitation (44, 45). In gas phase nonresonant laser ionization experiments, 

nanosecond laser pulses cause more fragmentation in comparison with femtosecond laser 

pulses at comparable intensities (46). This is due to the prevalence of the ladder 

switching mechanism and energy deposition into nuclear modes of the molecule in the 
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nanosecond ionization experiment (47). The use of shorter duration laser pulses typically 

increases the amount of molecular ion relative to fragment ions (48), which is 

advantageous in the analysis of complex samples where peak assignment in congested 

mass spectra can be arduous. Here we apply similar nonresonant ultrafast excitation to 

the vaporization of non-volatile molecules from the condensed phase into the gas phase.  

The use of nonresonant laser vaporization of biological molecules for mass 

spectrometry was recently reported (49). The new method employs intense femtosecond 

duration laser pulses to transfer molecules from the solid state into the gas phase with 

post-ionization by an electrospray source to enable mass spectral analysis of the 

vaporized samples at atmospheric pressure. Nonresonant absorption occurs when the 

spacing between the ground and pertinent excited energy levels is not equal to nħω (50). 

Nonresonant absorption occurs when two or more photons are absorbed (through virtual 

states) and typically requires high laser intensities, >10
10

 W cm
-2

. In the case of 

femtosecond nonresonant excitation, the laser will, in principle, couple into all molecules 

to induce vaporization. This means that sample preparation (elution, mixing with matrix, 

and choosing samples with a particular absorption spectrum) is eliminated. Two 

implementations of this method have been demonstrated previously, femtosecond 

electrospray laser desorption ionization (fs-ELDI) and femtosecond matrix-assisted laser 

desorption electrospray ionization (fs-MALDESI) (49). In those investigations, 

atmospheric pressure vaporization followed by post-ionization in the electrospray plume 

was demonstrated for a series of pure and matrix-solvated biomolecules with mass up to 

1355 Da (vitamin B12, cyanocobalamine). The general class of methods combining 
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nonresonant femtosecond laser vaporization with electrospray ionization mass 

spectrometry may be called laser electrospray mass spectrometry (LEMS). 

We investigate here the direct analysis of pharmaceutical active ingredients in 

tablet and pure form to demonstrate that LEMS is capable of analyzing complex samples 

in the presence of commercial binders and fillers without any sample preparation. LEMS 

analysis of molecules on substrates including glass, steel, fabric and wood demonstrates 

the interrogation of trace samples on complex, multifunctional materials. We demonstrate 

that a spatially-resolved, mass spectral image of oxycodone deposited on stainless steel 

can also be measured using LEMS.  Finally, the neutral capture efficiency of LEMS for 

the molecules atenolol and oxycodone adsorbed on a steel surface is determined using 

calibrated conventional electrospray ionization experiments. 

4.3 EXPERIMENTAL SECTION 

4.3.1 SAMPLE PREPARATION 

The four pharmaceutical drugs used in this study are loratadine, acetaminophen, 

oxycodone and atenolol. Claritin, an antihistamine, is formulated as a solid tablet 

containing 10 mg of the active ingredient loratadine [ethyl 4-(8-chloro-5,6-dihydro-11H-

benzo [5,6] cyclohepta [1,2-b] pyridin-11-ylidine)-1-piperidinecarboxylate]. Cold/Flu 

relief nighttime liquid caplets that contain the active ingredients acetaminophen (325 

mg), dextromethorphan HBr (15 mg), and doxylamine succinate (6.25 mg) were 

purchased from a local drug store. Oxycodone (4,5α-epoxy-14-hydroxy-3-methoxy-17-

methylmorphinan-6-one) is the active ingredient in Oxycontin and Percocet and was 

obtained in the powdered base form (51). Atenolol is a β-blocker formulated as a solid 

pill containing 50 mg of atenolol ((RS)-2-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy] 
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phenyl} acetamide). To investigate the detection of trace amounts of the active drugs on 

various surfaces, a Claritin pill was dissolved in 100 mL of 50/50 water/acetonitrile 

(Fisher Scientific, Fair Lawn, NJ, USA) to obtain a concentration of 2.6 x 10
-4 

M of 

loratadine. A 1.3 x 10
-4 

M solution of oxycodone was prepared by diluting 4.2 mg of 

oxycodone in 100 mL of 50/50 water/acetonitrile. For the LEMS analysis of the cold/flu 

medicine, the tablet was opened and the gel contents were deposited on a stainless steel 

slide.  A solution of 1.7 mg of pure atenolol (Spectrum Chemical, Gardena, CA, USA) 

dissolved in 50/50 water/acetonitrile was prepared at a concentration of 1.3 x 10
-4 

M.  A 

50 µL aliquot of the prepared solutions were spotted on individual slides of varying 

substrate composition including stainless steel, glass (Fisher Scientific, plain microscope 

slides #12549, Pittsburgh, PA, USA), polyester fabric (purchased from a local fabric 

store) and wood (Puritan Medical Product Company, standard tongue depressors, 704 

Hospital, Guilford, MA, USA). The glass and steel plates were untreated but cleaned with 

methanol and water before sample deposition. The solutions were deposited using a 

micro-pipet over an area of 10-160 mm
2
, depending on the sample and surface material. 

The wood substrate dispersed the solution over a larger area than the glass and steel, 

presumably due to hydrophilic interaction with the solvent. The solution deposited onto 

the glass and steel substrates tended to bead and dry in a smaller area. The sample plate 

holder was translated in the X and Y directions using X and Y stepper motors (Zaber 

Technologies Inc., Vancouver, British Columbia, Canada) to ensure fresh sample was 

available for each laser vaporization event.  
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The samples employed in the neutral capture efficiency experiment were pure 

atenolol and oxycodone having concentrations of 1.3 x 10
-4

 M. A 50 µL aliquot of each 

dilution was placed on steel sample plates (12 - 60 mm
2
) for LEMS analysis. 

4.3.2 MASS SPECTROMETRY 

The mass spectrometry apparatus combines nonresonant laser vaporization with 

an ESI source for ionizing and transferring vaporized sample into a vacuum chamber 

where pulsed deflection orthogonal time-of-flight (o-TOF) mass spectrometry was 

performed, with resolving power (m/∆m) of ~300 at m/z 1522. The ESI source (Analytica 

of Branford, Inc., Branford, CT, USA) was operated in positive ion mode and consisted 

of a needle, dielectric capillary, skimmer and a hexapole system. The needle was 

maintained at ground while the voltage on the inlet capillary was adjusted until a stable 

ion current/signal was established, typically around -5300 V. The acidified electrospray 

solvent (1% acetic acid, 50/50 acetonitrile/water) was pumped through the needle at a 

flow rate of 2 µl/min. The electrospray plume was desolvated by counter current nitrogen 

gas at 180
°
C before entering the dielectric capillary.  

4.3.3 VAPORIZATION AND IONIZATION APPARATUS 

A Ti:sapphire laser system (oscillator - KM Labs Inc., Boulder, CO, USA, 

regenerative amplifier - Coherent Inc., Santa Clara, CA, USA) operating at 10 Hz, 800 

nm central wavelength, 400 µJ per pulse with 70 femtosecond pulse duration, was used to 

vaporize the samples. The vaporization beam was focused to a spot size of 295 µm in 

diameter for steel surfaces and 190 µm in diameter for glass, cloth, and wood surfaces 

with an incident angle of 45
o
 with respect to the sample surface. For the LEMS spatial 

imaging experiment, the laser was focused to a spot size of 250 µm to increase the spatial 
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resolution.  The laser intensity at the surface was ~10
13 

W cm
-2

. The steel sample holder 

was biased to -2.0 kV to compensate for distortion of the electric field between the needle 

and capillary caused by the introduction of the sample stage. The vaporized sample was 

ejected perpendicular to the electrospray plume. The electrospray plume served to 

capture, ionize and transport the ions through an inlet capillary followed by three regions 

of differential pumping (1.2 Torr, ~10
-3

 Torr, ~10
-5

 Torr) leading to the high vacuum 

region (~10
-7

 Torr) for mass analysis. The inlet capillary was an 18 cm long dielectric 

glass capillary (6.4 mm o.d. 500 µm i.d.) coated with platinum metal at both ends. An 

ESI solvent background was acquired before each LEMS measurement to enable 

subtraction of electrospray solvent-related peaks. When vaporized, the sample molecules 

compete for charge with the electrospray solvent cluster. Thus, the solvent ion intensity 

distribution is modulated (both positive and negative) when the laser is present. The 

negative and positive features in the mass spectrum presented result from subtraction of 

the ESI background spectrum from the sample spectrum. Mass spectra were averaged for 

5 seconds (50 laser shots). 

4.3.4 SAFETY CONSIDERATION 

Appropriate laser eye protection was worn by all personnel and high voltage area 

was enclosed in plexiglass to prevent accidental contact with the biased electrodes. 

4.4 RESULTS AND DISCUSSION 

4.4.1 FEMTOSECOND LEMS OF CLARITIN, ATENOLOL AND COLD/FLU 

TABLETS 

To determine the capability of LEMS to directly analyze complex mixtures,  

pharmaceutical tablet formulations containing binders and fillers were analyzed. As a 
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first experiment, a Claritin tablet was placed directly onto the sample plate holder and 

was subjected to LEMS analysis. The mass spectrum of the intact tablet is shown in 

Figure 4.1. The protonated molecular ion of loratadine is observed with m/z 383 and 385 

in the mass spectrum of the Claritin tablet in a 3:1 ratio. While not fully resolved, the 3:1 

ratio is consistent with the expected isotope distribution for the chlorine atom in 

loratadine. Other peaks observed in the spectrum include fragments of loratadine ions and 

inactive ingredients (magnesium stearate and lactose monohydrate). The peaks at m/z  

253, 267, and 281 result from the CnH2n (n ≠ 1) loss from magnesium stearate. The ion at 

m/z 309 results from the loss of one of the stearate chains. Lactose monohydrate is also 

present at m/z 361. In loratadine, the three fragment peaks are tentatively assigned to the 

ethyl-1-piperidinecarboxylate fragment at m/z 155 and the isotopic peaks of the 8-chloro-

6, 11-dihydro-5H-benzo[5,6]cyclohepta[1,2-b]pyridine fragment at m/z 227 and 229. 

Other peaks observed in the spectrum such as [M+H-OCH2CH3]
+ 

at m/z 337 and 339 and 

[M+H-Cl]
+
 at m/z 349 are consistent with the literature (52, 53). This experiment 

establishes the capability of LEMS to laser vaporize and mass analyze the molecular 

components of tablets containing multiple compounds with no sample preparation or 

matrix deposition. 

As a second example of direct LEMS analysis of a commercial formulation, an 

Atenolol tablet was placed on the sample plate holder and interrogated. The mass 

spectrum of the tablet is shown in Figure 4.2. The protonated atenolol, [M+H]
+
, is 

observed at m/z 267. The sodium adduct of the intact atenolol ion, [M+Na]
+
, can also be 

seen at m/z 289 in the mass spectrum. The peak at m/z 116 is consistent with 

fragmentation of atenolol at the ether bond to produce [C6H14NO]
+
. The detection of  



 
 

 91 

 

 

 

 

 

 
Figure 4.1.  LEMS of a Claritin tablet placed on the sample plate. Labeled peaks are 

indicated by shapes: ■ lactose monohydrate m/z 361, ● magnesium stearate 

m/z 253, 267, and 281, and * fragment peaks (m/z 155, 227, 229, 337, 339 

and 349). 
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Figure 4.2.   Mass spectrum of an Atenolol tablet placed on the sample plate. The marked 

peaks correspond to sample and all unlabeled peaks are solvent-related. 
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protonated loratadine and atenolol molecules demonstrates that LEMS can be used for 

rapid discrimination of drugs in tablet form without further sample preparation or matrix 

deposition. 

To determine the capability of LEMS to analyze composite samples, a cold/flu 

relief nighttime liquid caplet containing the active ingredients of acetaminophen, 

dextromethorphan HBr, and doxylamine succinate was investigated. The protonated 

acetaminophen and doxylamine succinate peaks are observed at m/z 152 and 271 

respectively, in Figure 4.3. Dextromethorphan HBr, m/z 272, was also observed but can 

not be fully resolved from the doxylamine succinate peak at m/z 271. A regular series of 

peaks are observed in the m/z range of 100 – 600.  These peaks are consistent with 

polyethylene glycol (PEG), one of the inactive ingredients contained in the tablet. The 

PEG system is indicated by the asterisks (*) and squares (□), which are separated by 44 

m/z units.  This separation is consistent with the repeating unit of [-CH2OCH2-]. When 

there is no solvent being electrosprayed, no ions were observed in the mass spectrum, 

suggesting that molecules, rather than ions, are vaporized from the surface using a 

femtosecond laser.  This demonstrates that LEMS is capable of analyzing molecules in a 

complex mixture (a collection of inactive ingredients) without any sample preparation.  

4.4.2 LEMS OF TRACE AMOUNTS OF CLARITIN ON DIFFERENT 

SURFACES 

There is an increasing need to rapidly identify trace molecules, including 

pharmaceuticals and narcotics, on various surfaces for forensic analysis. To investigate 

the use of LEMS as a means to detect trace amounts of pharmaceuticals on various 

surfaces, 50 µl of the 2.6 x 10
-4 

M Claritin solution was deposited on wood, steel, glass,  



 
 

 94 

 

 

 

 

 

 

 

 

 
Figure 4.3.   The LEMS mass spectrum of a gel tablet containing nighttime cold 

medicine deposited onto steel slide. The (*) and (□) represent two different 

PEGs that are inactive ingredients in the tablet.   
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and fabric. The total sample applied to each surface was 1.6 µg, covering an area of 60 - 

160 mm
2
.
  

The Claritin sample dries in a larger, more uniform area than the atenolol or 

oxycodone, presumably due to the binders and fillers present. This even coverage 

provides a more stable ion signal in comparison with the pure compounds. 

Approximately 750 pmol of Claritin was vaporized during the 50 laser shot acquisition. 

The mass spectrum acquired after analysis of loratadine on wood is shown in Figure 4.4. 

In comparison with the other pharmaceutical molecules investigated, Claritin had the 

highest signal intensity on wood. The excess of binders and fillers present in Claritin 

presumably modulates surface effects and penetration into the wood substrate. The 

isotopic features of loratadine at m/z 383 and 385 are not fully resolved in the trace 

detection experiments, rather the features merge to a peak at m/z 384. The molecular ion 

of loratadine can be seen on both the metal and glass surfaces, Figures 4.5 and 4.6, 

respectively. Next, Claritin was deposited on the red, black and white polyester fabrics 

and subjected to LEMS analysis. Loratadine was not detected consistently on any of the 

fabrics, although ~10% of the laser shots revealed signal on the white fabric. Unlike 

atenolol and oxycodone, loratadine was obtained by dissolving a Claritin tablet into 

solution, and was the only pharmaceutical that was not obtained in its pure form. The 

lower signal intensity on fabric may also be due to the presence of pores, larger in size 

than those found in wood, allowing the sample to permeate into the fabric substrate. The 

vaporization of loratadine from the wood surface demonstrates a new release technology 

for substances adhered to shipping materials. This is significant since the increase of 

illegal transport of weapons and drugs on cargo ships requires the development of  
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Figure 4.4.   LEMS analysis of trace amounts of Claritin on wood. The molecular ion 

peak for loratadine is detected at m/z 384 due to the overlapping isotopes of 

35
Cl and 

37
Cl in loratadine. 

 

 

 

 

 

 

 

 

 

 



 
 

 97 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5.   LEMS analysis of trace amounts of Claritin on steel. 
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Figure 4.6.   LEMS analysis of trace amounts of Claritin on glass. 
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systems that are able to detect signature molecules on multiple surfaces including 

shipping crates and luggage (54). 

4.4.3 LEMS OF TRACE AMOUNTS OF OXYCODONE ON DIFFERENT 

SURFACES 

Laser vaporization of pure pharmaceutical molecules was investigated from 

surfaces including wood, steel, glass, and fabric. A 50 µl aliquot of 10
-4 

M oxycodone 

solution was deposited on to 10 - 120 mm
2
 of each surface and allowed to dry. This 

distributed 5 nmol (1.6 µg) of oxycodone over the area and approximately 650 pmol were 

vaporized during the acquisition, as estimated from the surface coverage and the number 

of laser shots. Figures 4.7, 4.8 and 4.9 show the mass spectra acquired after 50 laser shots 

on wood, steel and glass, respectively. Oxycodone ([M+H]
+
, m/z 316) has the highest 

signal intensity on the steel surface, followed by glass and then wood. The peak at m/z 

298 is consistent with the loss of water from the protonated molecular ion. The sodium 

adduct of oxycodone, [M+Na]
+
 at m/z = 338, is detected when the molecule is vaporized 

from the steel and glass surfaces.  

The capability of LEMS to detect pure pharmaceuticals from highly porous 

materials was investigated using white, red and black polyester fabric. Figure 4.10 and 

4.11 show the representative spectra resulting from LEMS analysis of oxycodone from 

white and red polyester fabric, respectively. White fabric has the highest protonated 

molecular ion signal followed by the red fabric. Oxycodone was not detected on black 

fabric above the limit of detection (S/N > 3). The differences in the signal intensity is 

likely due to a combination of the porosity, polarizability, and charging of a given 

surface. The polarity of the polyester backbone presumably forms a strong noncovalent  
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Figure 4.7.  LEMS analysis of trace oxycodone (m/z 316) deposited on wood.  

All unlabeled peaks are solvent-related. 
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Figure 4.8.   LEMS analysis of trace oxycodone (m/z 316) deposited on steel.  

The sodium adduct of oxycodone is also observed at m/z 338. 
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Figure 4.9.   LEMS analysis of trace oxycodone (m/z 316) deposited on glass.  

The sodium adduct of oxycodone is also observed at m/z 338. 
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Figure 4.10. The LEMS analysis of trace oxycodone deposited on white polyester 

fabrics. The protonated molecular ion for oxycodone is detected at m/z 316. 

All unlabeled peaks are solvent-related. 
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Figure 4.11.  The LEMS analysis of trace oxycodone deposited on red polyester fabrics. 

The protonated molecular ion for oxycodone is detected at m/z 316. All 

unlabeled peaks are solvent-related. 
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interaction with oxycodone that is not present on the glass or steel surface. The dye used 

to color the fabric, for example, the carbon black used in black fabric, will provide 

additional strong interactions that may serve to further decrease vaporization efficiency. 

As seen in Figures 4.7 – 4.11, the protonated molecular ion for oxycodone is detected on 

glass, metal, wood and fabric substrates. This suggests that laser vaporization will occur 

from a variety of surfaces when nonresonant femtosecond laser pulses are employed as 

the release method and that LEMS may form the basis of a universal detection method 

for organic molecules. 

4.4.4 LEMS OF TRACE AMOUNTS OF ATENOLOL ON DIFFERENT 

SURFACES 

To investigate the detection of trace amounts of atenolol on various surfaces, 50 

µl of the 1.3 x 10
-4 

M solution was deposited on wood, steel, glass, and fabric with 

sample coverage area ranging from 12 - 160 mm
2
. The total sample applied to each 

surface was 1.3 µg. Approximately 430 pmol of atenolol was vaporized during the 50 

laser shot acquisition to produce the measured mass spectra. Figure 4.12 shows the 

representative mass spectra of protonated atenolol on steel. Figure 4.13 shows the 

representative mass spectra of protonated atenolol on glass. Atenolol was not detected on 

the wood substrate. The protonated molecular ion, [M+H]
+
, can be seen at m/z 267 on 

both glass and steel surfaces and the sodium adduct, [M+Na]
+
, at m/z 289 can be seen on 

the steel surface, Figure 4.12. Figures 4.14 - 4.16 show the detection of atenolol on white, 

red, and black polyester fabric, respectively. The signal intensity on fabric was lower 

compared to the average signal from oxycodone deposited on these materials. Atenolol is 

more polar than oxycodone and an enhanced interaction with the substrate material may  
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Figure 4.12. The LEMS analysis of trace atenolol deposited on steel. The protonated 

molecular ion for atenolol is detected at m/z 267. All unlabeled peaks in the 

mass spectra are solvent-related. 
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Figure 4.13.  The LEMS analysis of trace atenolol deposited on glass. The protonated 

molecular ion for atenolol is detected at m/z 267. All unlabeled peaks in the 

mass spectra are solvent-related. 
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Figure 4.14.  The LEMS analysis of trace atenolol deposited on white polyester fabrics.  
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Figure 4.15. The LEMS analysis of trace atenolol deposited on red polyester fabrics.  
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Figure 4.16.  The LEMS analysis of trace atenolol deposited on black polyester fabrics.  
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account for the reduced signal, particularly in the case of the polar cellulose matrix 

composing the wood substrate. In comparison with atenolol, oxycodone will have weaker 

interactions with the cellulose matrix, facilitating vaporization. The same may be true for 

the reduced protonated molecular ion signal for atenolol on fabric. Protonated atenolol 

was not detected on the different colored fabrics but the sodium adduct of atenolol can be 

seen on all three fabrics.   

Table 4.1 shows the statistical analysis of the mass spectra measured for twenty 

LEMS experiments on each surface. The amount of atenolol, loratadine, and oxycodone 

deposited was 1.3 µg, 1.6 µg, and 1.6 µg, respectively. The area on the surfaces covered 

by the sample was 10-90 mm
2
 for glass, 12-60 mm

2
 for metal and 120-170 mm

2
 for both 

wood and cloth. The average integrated area (IA) was calculated as well as the relative 

standard deviation (%RSD). The %RSD was determined by dividing the standard 

deviation (× 100) by the mean. We define the signal-to-noise (S/N) threshold for signal as 

being greater than three. Claritin tends to have lower %RSD, compared to atenolol and 

oxycodone. This may be due to the binders and fillers present in the Claritin sample 

allowing a more uniform coverage on the sample surfaces. The capability of LEMS to 

detect pharmaceuticals on glass and steel was high compared to the detection on wood 

and cloth. Claritin was not detected on the polyester fabric while oxycodone was detected 

on both the white and red fabric.  

The relative standard deviation is high for all the surfaces because of the 

variability in sample preparation from the spot and dry deposition method. The deviation 

occurs from sample preparation rather than fluctuations in laser intensity, electrospray 

source or ion optics in the mass spectrometer. The sample preparation method results in  
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Table 4.1.    Statistical analysis of twenty LEMS experiments on steel, glass, wood and 

fabric surfaces. Average integrated area (IA) and relative standard deviation 

(%RSD) are calculated. 
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different amounts of sample ablated from position to position on a sample. Therefore, the 

%RSD for LEMS experiments are not comparable to the %RSD of traditional analysis 

techniques where a consistent amount of sample is analyzed for each experiment. 

However, the samples analyzed in these experiments are more consistent with field 

conditions. 

We note that the steel substrate (0.8 mm in thickness) provides the highest signal 

intensity for all the molecules investigated. This presumably results from the steel 

optimally compensating for the distortion of the electric field between the electrospray 

needle and the inlet capillary. Dielectrics (glass 1.0 mm thickness) and polymer-based 

substrates (fabric and wood 1.65 mm thickness) will have ill-defined field lines due to the 

build up of charge in localized areas from both the electrospray and laser vaporization 

process. These areas of patch charging can not be adequately discharged due to the non-

conducting nature of the substrates. The distortion of the electrospray plume results in a 

decrease in the observed signal intensity for the laser vaporized molecules. The enhanced 

signal from steel is unlikely to be due to rapid heating in the metal substrate because 

thermal mechanisms, which occurs on the nanosecond to microsecond timescale (55), 

would result in decomposition of sample molecules of this size and complexity. 

However, the desorption mechanism is still under investigation.  

4.4.5 SPATIAL IMAGING OF OXYCODONE 

The ability to perform ambient mass spectral imaging is of interest for biological 

and materials analysis. Several ambient mass spectrometry techniques have successfully 

imaged the spatial distribution of biomolecules in plants and tissues. DESI was used to 

image ink on paper, the distribution of lipids in a rat brain tissue (56, 57), phospholipids 
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composition in human papillary renal cell carcinoma (57), and cholesterol sulfate in 

prostate tissue which serves as a biomarker in cancerous tissue (58). LAESI was used to 

image the molecular distribution in the yellow and green sections of a zebra plant leaf 

(59) and in a French marigold leaf, stem and root (23). Here we demonstrate the 

preliminary spatial imaging capabilities of LEMS. An oxycodone sample dried on a 

metal slide was used to demonstrate ambient spatial imaging. The sample was prepared 

by depositing 50 µL of 10
-5 

M oxycodone solution onto a stainless steel substrate. The 

sample dried in a ring approximately 4 mm in diameter.  The focused laser (repetition 

rate = 1Hz) was rastered across the sample using an XY translational stage in 250 µm 

steps while a mass spectrum was recorded for every laser shot, with one laser shot per 

sampling position. The protonated molecular ion signal intensity at m/z 316 was then 

integrated for each measurement and plotted as a function of position to produce the mass 

spectral image of the surface as shown in Figure 4.17. Figures 4.18 and 4.19 are 

representative mass spectra from the data set for laser vaporization from a clean area and 

an area containing oxycodone on the steel substrate, marked 18 and 19, respectively, on 

the image shown in Figure 4.17. The molecular ion is only seen in Figure 4.19, as 

expected, when material is vaporized from the dried sample. The most intense signal in 

the reconstructed image occurs from the ring of the oxycodone droplet. This is consistent 

with visual inspection using an optical microscope revealing that the majority of the 

oxycodone dries on the perimeter. The signal line at the top left of the ring reveals the 

response of the system when an excess of sample is located in one spot, causing the 

vaporized sample to be detected for several seconds after the vaporization laser pulse has 

translated to the left of the sample spot.  This analysis demonstrates that LEMS is capable  
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Figure 4.17.  Spatial image reconstruction of oxycodone on a metal slide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 116 

 

 

 

 

 

 

 

 

 

 
Figure 4.18.  Representative LEMS spectrum from substrate with no oxycodone. 
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Figure 4.19. Representative LEMS spectrum from substrate spot containing oxycodone.  
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of providing a spatially-resolved mass spectral image of a complex molecular overlayer 

on a substrate. 

4.4.6 NEUTRAL CAPTURE EFFICIENCY 

To determine the neutral capture efficiency (NCE) of vaporized molecules by the 

electrospray plume, the ion abundance arising from LEMS analysis for a known quantity 

of sample was compared to the calibrated signal arising from direct electrospray mass 

spectrometry (ESI-MS) measurements. A 50 µL aliquot of 10
-4

 M atenolol or oxycodone 

was deposited on a steel surface to cover an area ranging from 12 - 30 mm
2
 for LEMS 

analysis. Direct ESI-MS measurements were recorded to calibrate the electrospray mass 

spectrometer instrument response function to calculate the neutral capture efficiency. The 

neutral capture efficiency is given by: 

LEMSESI

ESILEMS

molesI

molesI
NCE

×

×
=                          (1) 

where ILEMS is the integrated signal intensity for the LEMS measurement, molesESI is the 

number of moles consumed for the ESI measurement, IESI is the integrated signal 

intensity for the direct ESI-MS measurement and molesLEMS is the number of moles 

consumed for the LEMS measurement. Two assumptions were made in determining the 

neutral capture efficiency. The first assumption is that all of the captured neutrals have 

the same probability to be ionized and detected in comparison with sample that has been 

dissolved in the electrospray solution. This may not be a valid assumption if clusters are 

vaporized and the clusters do not have sufficient time to dissolve into the droplet solution 

before the ions enter the vacuum region. The second assumption is that 100% of the 

adsorbed molecules in the laser interaction region are vaporized. Both of these 

assumptions serve to make the NCE determined here have a lower limit.  
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 To calculate the neutral capture efficiency we compared the signal intensity of the 

electrospray spectrum to the LEMS spectrum for the same initial concentration of sample 

molecule. In this concentration range, the area under the peak is considered proportional 

to the concentration of the sample. The total moles consumed for the ESI-MS 

measurement is given by: 

    fCtmoles
ESI

=                                          (2) 

where f is the flow rate (2 µL/min), C is the concentration (10
-4 

M) and t is the analysis 

time (5 seconds). In the calibration experiment, 21 pmol of atenolol were consumed for 

the electrospray mass spectrometry analysis. The determination of the sample consumed 

for LEMS is complicated by the fact that after deposition on the steel surface, the dried 

sample is not deposited uniformly in the sample area, but tends to dry with the majority 

of molecules contained in a ring. Therefore, the assumption of uniform sample per unit 

area is not valid. Rather, we determined the amount of sample dried in, and vaporized 

from, the rings. To determine the amount of sample dried in the ring, a magnified picture 

of the sample slide was taken using a low power microscope. The picture of the sample 

was then imported into an image software program (ImageJ) to integrate both the number 

of black pixels (representing sample) and white pixels (representing the stainless steel 

substrate) in the area where sample was deposited as shown in Figure 4.20. The amount 

of sample found only in the ring can then be determined by restricting the integration to 

the area containing sample, the black pixels. This provides the area of the sample ring.  

After the sample was vaporized using LEMS (after five seconds of raster scanning), a 

second image of the sample was recorded. The amount of ablated sample is determined 

by comparing the amount of sample before and after vaporization. For the LEMS  
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Figure 4.20. Microscope picture of atenolol on a metal slide before LEMS analysis was 

imported into Image J software where the picture was converted into an 8-

bit image to integrate both the number of black pixels (representing sample) 

and white pixels (representing the stainless steel substrate) in the area where 

sample was deposited (right image). 
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measurement of atenolol, 0.5 - 1 nmol (1.3 x 10
-4 

M solution) was vaporized from the 

steel surface. Given the ratio of the signal intensity for ESI-MS and LEMS 

measurements, we conclude that not all of the molecules vaporized with femtosecond 

pulses are captured in the electrospray plume. Neutral capture efficiencies for oxycodone 

and atenolol on steel are 2.4 ± 1.5 % and 0.25 ± 0.18 %, respectively. The neutral capture 

efficiency of 0.02 % has been reported for nanosecond MALDESI of 10
-4

M ubiquitin 

using a matrix on stainless steel substrates (28). This calculation was based on the 

amount of material spotted, the size of the spot, the laser spot size, the number of laser 

shots and the absolute abundance of ubiquitin relative to its corresponding nano-ESI 

spectra. We have demonstrated neutral capture efficiencies as high as 2.4 % using 

femtosecond pulses without applying an external matrix. This suggests that more intact, 

neutral molecules are vaporized using femtosecond lasers in comparison with nanosecond 

lasers since the NCE ranges from twelve to one hundred times higher. 

4.5 CONCLUSIONS 

We have demonstrated that nonresonant, femtosecond laser vaporization is 

capable of analyzing intact pharmaceutical formulations without sample preparation and 

in the presence of binders and fillers. We demonstrated that LEMS is a new release 

technology for detecting pharmaceutical molecules that may be found on glass, wood, 

steel and fabric. Detection of pharmaceuticals from a variety of surfaces suggests that the 

method can be extended to a wide variety of controlled substances. Because there is 

essentially no sample preparation, the method has extremely short analysis times and the 

ability for detection of trace quantities from native samples. The neutral capture 

efficiency in LEMS is 12 to 100 times higher in comparison with nanosecond MALDESI 
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suggesting that more neutrals are vaporized using femtosecond laser pulses than 

nanosecond laser pulses. Finally, we have demonstrated that LEMS is capable of 

producing a mass spectral image of a sample under ambient condition with a spatial 

resolution of 250 µm.  
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CHAPTER 5 

MASS ANALYSIS OF BIOLOGICAL MACROMOLECULES AT 

ATMOSPHERIC PRESSURE USING NONRESONANT FEMTOSECOND 

LASER VAPORIZATION AND ELECTROSPRAY IONIZATION 

5.1 OVERVIEW 

This chapter builds on chapter 4 where small pharmaceuticals were vaporized 

from a variety of surfaces at atmospheric pressure using laser electrospray mass 

spectrometry (LEMS). In this chapter, a nonresonant femtosecond laser pulse, with an 

intensity of 10
13

 Wcm
-2

, vaporizes proteins and biomolecules intact, regardless of 

molecular structure, size, polarity or electronic structure for subsequent electrospray 

ionization and transfer into a mass spectrometer. Rapid, direct analysis from dried 

sample, aqueous solution and cellular material is demonstrated at atmospheric pressure 

using LEMS. Measurements are presented for lysozyme (14.3 kDa), hemoglobin from 

human blood, ovalbumin (45 kDa) from hen egg white and phospholipids from hen egg 

yolk. Mass analysis of the biological material is performed without dilution, extraction or 

sample preparation, other than placing the biological material onto the sample plate. 

5.2 INTRODUCTION 

The universal detection of biological macromolecules with a single technique is 

difficult due to the wide variety of chemical structures, polarities and low vapor pressures 

of the possible species. Two methods that are working towards becoming universal 

analysis techniques are desorption electrospray ionization (1) (DESI) and direct analysis 

in real time (2) (DART). Both DESI and DART require little sample preparation, but 

typically have lower spatial resolution than laser-based methods. Laser-based techniques 
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can improve the spatial resolution but require the resonant absorption of the laser light by 

the substrate or a matrix (e.g. 2,5-dihydroxybenzoic acid, sinapinic acid, water, etc.) (3-

12).
 
For example, matrix-assisted laser desorption ionization (MALDI) desorbs biological  

material from the condensed phase in to the gas phase for mass analysis using resonant 

nanosecond laser pulses. The remarkable success of laser-based mass spectrometric 

methods has allowed for the analysis of single cells (8, 9), tissue (7, 10-12) and biological 

material (3, 6, 13, 14). However, the requirement of a matrix increases sample 

preparation, motivating the search for matrix-free methods for desorption that would 

enable universal analysis in complex environments.  

Femtosecond laser pulses can be used for vaporization of molecules at 

atmospheric pressure. Due to the intensity of the laser pulse being inversely proportional 

to the pulse duration, high intensities are reached with femtosecond laser pulses (10
13 

Wcm
-2

). This laser intensity is seven orders of magnitude larger than conventional 

resonant MALDI schemes and enables vaporization of material through nonresonant 

absorption of laser light. At this high laser intensity, the details of the electronic structure 

of the target are not important and molecules adsorbed in a film, multilayer, or mixture 

are transferred into the gas phase intact (15-18). Insight into the mechanism can be 

gleaned from early work on vaporization of cryogenic multilayers of benzene at 10
13

 

Wcm
-2

 wherein only translationally energetic molecules (1-2 eV) were observed with no 

energy deposition into dissociation channels (15). Thus, the nonresonant femtosecond 

vaporization of small molecules bypasses thermal modes leading to dissociation and 

instead results in the transfer of intact molecules into the gas phase. The nonthermal and 

thermal transfer of material into the gas phase is further demonstrated by comparison of 
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photographic images of leaf samples after laser ablation. In these images, significant 

damage is seen around the ablation crater after nanosecond ablation due to thermal 

effects (19). This is in contrast to laser vaporization using femtosecond pulses which 

resulted in well defined patterns due to the non-thermal vaporization of material into the 

gas phase (20). 

The extension of ultrafast laser vaporization to the analysis of biological 

macromolecules represents a new area of research. Here we investigate the high intensity 

(10
13

 Wcm
-2

) laser vaporization and atmospheric pressure mass spectrometry for a series 

of macromolecules in their native states, without the addition of matrix or other material 

to facilitate vaporization. We investigate the nonresonant femtosecond laser vaporization 

directly from cellular material, both in the (natural) liquid state and from dried systems. 

We first investigate the vaporization of aqueous and dehydrated lysozyme, a 14.3 kDa 

enzyme. We then investigate the possibility of directly analyzing hemoglobin from 

human blood in the liquid and dehydrated states, followed by the analysis of ovalbumin 

from albumen (hen egg white) and phospholipids from hen egg yolk.  

5.3 EXPERIMENTAL METHODS 

5.3.1 SAMPLE PREPARATION 

Pure lysozyme (Sigma, St. Louis, Missouri, USA) and ovalbumin (MP 

Biomedicals LLC, Solon, Ohio, USA) were diluted to 10
-3 

M in deionized water and 20 

µL of each solution were placed on stainless steel sample slides. Chicken eggs were 

purchased from a local market and the albumen was separated from the yolk. A 500 µL 

aliquot of both the yolk and albumen were placed on separate stainless steel slides to be 

analyzed. Undiluted human blood (~20 µL), from a healthy volunteer, was deposited 
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directly onto a stainless steel slide. The sample slides were placed on a metal plate, 

supported by a three dimensional sample stage, in the electrospray ionization (ESI) 

source chamber. The translation of the stage in the X and Y position exposed fresh 

sample for each laser shot. Each sample was analyzed in the liquid (hydrated) and the 

solid (dehydrated) state. The dehydrated samples contained the same initial volume as the 

hydrated samples prior to drying. No further sample preparation, other than transfer of 

the sample onto the metal slide, was performed. 

5.3.2 VAPORIZATION, IONIZATION AND ANALYSIS METHOD 

The sample was vaporized with 1.5 mJ, 70 fs laser pulses, centered at 800 nm, 

that were produced by a Ti:sapphire laser system (oscillator - KM Labs Inc., Boulder, 

CO, USA, regenerative amplifier - Coherent Inc., Santa Clara, CA, USA). The laser was 

focused to a spot size of ~200 µm in diameter using a 17.5 cm focal length lens, with an 

incident angle of 45°, with respect to the sample. The intensity of the vaporization laser at 

the sample was ~5 x 10
13

 Wcm
-2

. The vaporized sample was captured and ionized by the 

electrospray plume which was emitted from a grounded needle 6.4 mm above and 

parallel to the sample stage. The electrospray solvent was composed of 1:1 (v:v) 

methanol:water (Fisher Scientific, Fair Lawn, NJ, USA) containing 1% acetic acid (J.T. 

Baker, Phillipsburg, NJ, USA). The positive ions were then analyzed and detected using a 

home built pulsed deflection orthogonal time-of-flight (TOF) mass spectrometer in a 

linear configuration with resolution of m/∆m of 140 at m/z 800. The electrospray solvent 

flow rate, set by a syringe pump (Harvard Apparatus, MA, USA), was 3 µL/min. The 

source setup and parameters are described elsewhere (16-18). The resulting positive ion 
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mass spectrum was collected and averaged for 100 laser shots (10 seconds) using a digital 

oscilloscope.  

5.3.3 SAFETY CONSIDERATION 

 Appropriate laser eye protection was worn by all personnel and the high voltage 

area was enclosed in plexiglass to prevent accidental contact with the biased electrodes. 

An Exposure Control Plan was approved by the University (#13314) for the blood 

analysis. 

5.4 RESULTS AND DISCUSSION 

5.4.1 NONRESONANT LASER VAPORIZATION OF AQUEOUS AND PURE 

HEN EGG LYSOZYME 

We previously demonstrated that fragile macromolecules up to the molecular 

weight of 1,355 Da could be transferred into the gas phase using intense femtosecond 

laser pulses (17). Proteins represent an important class of biological molecules for 

analysis and characterization. Lysozyme is a large biomolecule (14.3 kDa) that contains 

129 amino acids and four disulfide bridges. The mass spectrum resulting from 

nonresonant femtosecond laser vaporization and electrospray post-ionization of hen egg 

lysozyme from aqueous solution is shown in Figure 5.1. Analysis of the aqueous state is 

performed to simulate the natural physical state of lysozyme in the hen egg albumen. The 

LEMS spectrum contains primarily the 10+ and 9+ charge states. ESI mass spectra for 

folded proteins tend to display one or two intense peaks in comparison with the bell-

shaped distribution observed for unfolded protein (21, 22). Furthermore, the number of 

charge states for folded proteins is less than that for unfolded proteins because of the 

restricted number of protonation sites and the pairing of acidic and basic amino acids  
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Figure 5.1. LEMS mass spectrum of hydrated hen egg lysozyme. 
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within the folded structure (23). The predicted charge state for the folded conformation of 

lysozyme is 10+, based on 20 basic sites and 10 acidic sites in the protein (21). Previous 

ESI investigations reveal a similar restricted distribution at 10+, 9+ and 8+ for lysozyme 

under conditions that preserve the folded structure (24-26). This measurement reveals 

that an intense (5 x 10
13

 Wcm
-2

) femtosecond laser pulse is capable of transferring 

aqueous lysozyme into the gas phase without fragmentation. The charge state distribution 

further suggests the interesting notion that lysozyme is vaporized from the aqueous state 

in a folded conformation and that the intense laser pulses do not break the disulfide bonds 

that assist in maintaining the folded conformation. 

The laser vaporization of pure protein from metal substrates using nanosecond 

duration laser pulses has been enabled through two mechanisms. The first involves the 

resonant absorption of the laser pulse by a matrix or the sample (7, 27, 28). The second 

involves absorption by the metal substrate leading to thermal desorption (5). The rapid 

heating of the metal substrate enables desorption (29) and possible unfolding of protein 

due to the high equilibrium temperatures reached. However, with femtosecond laser 

pulses the energy is deposited into the sample much faster than thermal equilibrium can 

be established (30) decreasing the probability of protein unfolding. In vaporizing 

lysozyme from aqueous solution, one could argue that the water solvent plays a similar 

role as the matrix molecule typically required for desorption in MALDI, MALDESI, or 

LAESI experiments. To eliminate small molecule matrix effects, we investigated the 

nonresonant laser vaporization of dehydrated lysozyme deposited onto a metal substrate. 

The corresponding LEMS mass spectrum for dehydrated, pure lysozyme is shown in 

Figure 5.2. The mass spectrum contains charge states ranging from 8+ to 13+. This  
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Figure 5.2.  LEMS mass spectrum of dehydrated hen egg lysozyme. 
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suggests that as the lysozyme solution dries on the metal slide, there is partial unfolding 

of the protein. Previous investigations (31) suggest that a transition in the secondary 

structure from α-helix to β-sheet occurs when lysozyme becomes adsorbed onto the 

substrate. However, when the same sample is rehydrated (20 µL of water applied to dried 

lysozyme) the charge state distribution returns to the folded conformation, as shown in 

Figure 5.3. There were no low mass ions detected in these experiments, which suggests 

that lysozyme does not fragment during vaporization and ionization of the molecule. This 

analysis demonstrates the remarkable result that proteins can be vaporized into the gas 

phase intact (with no fragmentation) using laser intensities seven orders of magnitude 

larger than typical resonant nanosecond excitation experiments. This implies that LEMS 

is a “soft” vaporization method for pure protein. Measurements without the electrospray 

(laser only) reveal no ion signal suggesting that the molecules are vaporized in the neutral 

state. The electrospray plume does not interact directly with the sample since it is above 

(6.4 mm) and parallel to the sample stage. Measurements with the electrospray only (no 

laser) reveal no protein signal therefore DESI-like desorption does not occur. 

The limit of detection (LOD) for the LEMS analysis of lysozyme was determined 

by measuring the signal intensity from serial dilutions of a 10
-3 

M solution. A 10 µl 

aliquot of each sample, ranging in concentration from 10
-4 

to
 
10

-6 
M, was deposited on a 

stainless steel surface and analyzed in the aqueous state. A total of three experiments 

consisting of 50 laser shots each can be performed on a given 10 µL sample. The signal-

to-noise (S/N) is defined by the signal divided by the noise. Here the signal is measured 

from the middle of the noisy peak to the middle of the baseline noise. The noise is 

defined as the difference in the maximum and minimum amplitude of the noise in a  
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Figure 5.3.  LEMS mass spectrum of rehydrated hen egg lysozyme. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

141 

region free of signal. The resulting S/N is plotted as a function of concentration in Figure 

5.4. The LOD was defined as S/N greater than three. The LOD for this measurement 

occurs at a concentration of 5 x 10
-6

 M with a S/N equal to 3.3 for the 9+ charge state. 

This corresponds to a LOD of 17 pmol given that each experiment (50 laser shots) 

consumes approximately 1/3 of the sample. The corresponding LEMS mass spectra for 

the serial dilutions are shown in Figure 5.5.  

5.4.2 LEMS ANALYSIS OF BLOOD UNDER ATMOSPHERIC CONDITIONS 

WITHOUT THE AID OF A MATRIX OR A RESONANT TRANSITION 

The detection of lysozyme from the aqueous and dehydrated state using intense 

nonresonant laser vaporization suggests that LEMS may provide a means to analyze more 

complex biological systems in their native states under ambient temperature and pressure 

conditions. One of the most common biological fluids analyzed is blood (32). Human 

blood consists of red and white blood cells, platelets and plasma. Red blood cells (40% of 

blood) contain hemoglobin, an oligomeric protein that has four non-covalently bound 

polypeptide chains with a mass of 64.5 kDa, which transport oxygen to cells (33). The 

protein contains two α chains, each composed of 141 amino acids (15,126 Da), and two β 

chains, each composed of 146 amino acids (15,867 Da) (34). Each α and β chain contains 

a heme B group which is an iron containing porphyrin. The LEMS analysis of undiluted 

blood in the liquid state vaporized from a metal slide is shown in Figure 5.6. A bell 

shaped distribution of multiply charged α and β chains is observed with the maximum 

signal intensity at m/z 891. The LEMS mass spectrum of hemoglobin also shows the 

heme B at m/z 616. No fragment ions were observed in the lower mass region. This  
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Figure 5.4. The S/N plotted as a function of concentration for hydrated lysozyme. 
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Figure 5.5. The LEMS mass spectra resulting from the vaporization of 10 µL of 10

-4 
M, 

10
-5

 M, and 5 x 10
-6 

M lysozyme solutions.   
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Figure 5.6.  LEMS mass spectrum of human blood spotted on a metal surface and 

analyzed in the hydrated, liquid state. Filled in squares (■) represent the 

multiply charged α chain and filled in circles (●) represent the multiply 

charged β chain. Each spectrum was averaged over 100 laser shots for a 

total analysis time of 10 seconds. 
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measurement reveals that proteins can be vaporized from complex biological fluids using 

intense femtosecond laser pulses. The observation of the multiply charged α and β 

subunits is consistent with control ESI measurements (Figure 5.7) and with published ESI 

data (34). Tetramers, such as hemoglobin, avidin and concanavalin, have been detected 

using conventional ESI under mild conditions (35-40) where there is sufficient energy for 

desolvation, but not enough to cause dissociation. In the LEMS experiment, dissociation 

of the subunits occurs in the ESI source after capture by the acidified electrospray solvent 

plume. With our present apparatus, we can not determine whether intact tetramer is 

vaporized because the expected m/z (41) exceeds the maximum mass the ion optics can 

transfer in our spectrometer (< ~m/z 3000). Blood samples have been laser desorbed for 

mass analysis using 2.94 µm laser pulses that couple into the O-H stretching mode of 

water (3) and using a 337 nm laser that couples into carbon powder added as a matrix in 

liquid blood sample (42). In these studies, the intact α and β subunits were detected but 

the tetramer complex was not. The LEMS measurement again demonstrates that a 

resonant transition in the complex mixture is not required for vaporization and that no 

fragmentation of the α and β subunits of hemoglobin occurs during vaporization in the 

intense ultrafast laser field applied to the system. 

To determine whether water was necessary for the nonresonant femtosecond laser 

vaporization process of complex mixtures, blood was deposited, dehydrated on a metal 

surface and subjected to an intense laser pulse. Once again, features indicative of 

hemoglobin were observed in the mass spectrum, as shown in Figure 5.8. The similarity 

of the mass spectrum to the hydrated sample suggests that water is not necessary for the 

vaporization. However, the centroid of the charge state distribution shifts to higher charge  
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Figure 5.7.  ESI-MS of human blood in water/methanol 1:1 (v:v) with 1% acetic acid. 

Filled in squares (■) represent the multiply charged α chain and filled in 

circles (●) represent the multiply charged β chain. Each spectrum was 

averaged over 100 laser shots for a total analysis time of 10 seconds. 
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Figure 5.8. LEMS mass spectrum of human blood spotted on a metal surface and 

analyzed in the dehydrated state. Filled in squares (■) represent the multiply 

charged α chain and filled in circles (●) represent the multiply charged β 

chain. Each spectrum was averaged over 100 laser shots for a total analysis 

time of 10 seconds. 
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states suggesting an increase in unfolding, as also seen in the analysis of lysozyme. The 

analysis of hemoglobin from human blood demonstrates the capability to nonresonantly 

vaporize, ionize and detect large biomolecules from the native environment under 

atmospheric pressure and temperature with essentially no sample preparation. The total 

time required for the analysis is less than one minute. 

5.4.3 ANALYSIS OF NATIVE CELLULAR MATERIAL: HEN EGG 

WHITE AND YOLK 

We next investigate the nonresonant femtosecond laser vaporization of molecules 

in the albumen and yolk of a hen egg. The hen egg represents cellular material (43) that, 

while not testing the spatially resolved detection capabilities (16), does evaluate the 

capability to probe the complex environments found within a cell. Albumen (hen egg 

white) is composed of 90% water with the remaining 10% consisting of a mixture of 

glucose, vitamins and approximately 40 different proteins. The four major constituent 

proteins are ovalbumin (54%), ovotransferrin (12%), ovomucoid (11%) and lysozyme 

(3.4%) (44). The positive ion mode LEMS mass spectrum for raw albumen is shown in 

Figure 5.9. The high m/z region of the LEMS spectrum reveals a mass spectral 

distribution centered at ~m/z 1175. The bell-shaped distribution has features that are 

attributed to multiply charged proteins. Ion signal was also detected from albumen when 

the sample was dehydrated and analyzed using LEMS, Figure 5.10. The mass spectrum 

shows a similar charge state distribution but the center of the distribution for the dry 

albumen shifts to the higher m/z region and therefore lower charge states. This 

experiment was performed for a variety of eggs and the data shown are representative of 

the set.  
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Figure 5.9.  LEMS mass spectrum of hydrated albumen (hen egg white) averaged over 

100 laser shots for 10 seconds.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

150 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.10. LEMS mass spectrum of dehydrated albumen averaged over 100 laser shots 

for 10 seconds.  
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The most abundant protein in the albumen is ovalbumin. Ovalbumin contains a 

peptide sequence of 385 amino acids having a molecular weight of 42.7 kDa. The mass 

of ovalbumin increases to approximately 45 kDa after post-translational modification by 

the addition of carbohydrate and phosphate groups (45). Ovalbumin has a concentration 

of ~10
-3 

M in albumen and is 4-5 times more concentrated than ovotransferrin. Therefore, 

the signal corresponding to the bell-shaped distribution in the albumen mass spectrum is 

most likely from ovalbumin. To test this hypothesis, aqueous ovalbumin was analyzed at 

10
-3

 M to simulate the protein’s natural state in the albumen. The resulting LEMS 

spectrum is shown in Figure 5.11 and 5.12 for both the hydrated and dehydrated state of 

ovalbumin, respectively. Again, the mass spectral distribution centered at ~m/z 1175 is 

observed. The distribution has a one to one mapping with the mass spectral features 

measured for the albumen sample, suggesting that the features observed in albumen are 

indeed due to ovalbumin. The calculated m/z distribution for ovalbumin along with the 

measured m/z values for both hydrated albumen and hydrated ovalbumin are tabulated in 

Table 5.1 and are the same within the mass accuracy of our system.  

To determine whether LEMS is capable of intracellular differentiation, hen egg 

yolk was deposited on a stainless steel sample slide and analyzed. Egg yolk is composed 

of water, carbohydrates, fat, protein, cholesterol and phospholipids. Phospholipids make 

up 31% of dried egg yolk (46). The phospholipid composition is 73% 

phosphatidylcholine, 15% phosphatidylethanolamine, 5.8% lysophosphatidylcholine, 

2.5% sphingomyelin, 2.1% lysophosphatidylethanolamine and 0.6% inositol phos-

pholipid (47). The LEMS spectrum of hydrated egg yolk is shown in Figure 5.13. When 

the yolk is placed in the sampling region, the counter current drying gas at 180
o
C causes  
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Figure 5.11. LEMS mass spectrum of hydrated 10

-3 
M matrix-free ovalbumin averaged 

over 100 laser shots for 10 seconds.  
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Figure 5.12. LEMS spectrum of dehydrated 10

-3 
M matrix-free ovalbumin averaged over 

100 laser shots for 10 seconds.  
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Charge 

State 

 

Calculated 

m/z 

 

Measured 

m/z 

Albumen 

Measured 

m/z 

Ovalbumin 

26 1717 1718 1719 

27 1654 1654 1655 

28 1595 1595 1595 

29 1540 1538 1541 

30 1489 1489 1490 

31 1441 1442 1442 

32 1396 1397 1398 

33 1353 1353 1355 

34 1314 1313 1316 

35 1276 1275 1279 

36 1241 1240 1241 

37 1207 1209 1208 

38 1175 1175 1175 

39 1145 1145 1145 

40 1117 1116 1116 

41 1089 1090 1088 

42 1064 1064 1064 

43 1039 1039 1039 

44 1015 1015 1017 

 

Table 5.1 Calculated and measured m/z values for hydrated albumen and hydrated 

ovalbumin.   
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Figure 5.13. LEMS mass spectrum of hydrated raw egg yolk.  Peak 1 corresponds to 

[LPC C16:0 + H]
+
 at m/z 496, peak 2 [LPC C18:0 + H]

+
 at m/z 524, peak 3 

at m/z 760 is  [PC 16:0/18:1 + H]
+
, peak 4 at  m/z 788 is [PC C18:0/C18:1 + 

H]
+
, and peak 5 at m/z 810 is [PC C18:0/ C18:1 + Na]

+
. The mass spectrum 

was averaged over 100 laser shots for 10 seconds. 
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dehydration and the formation of a dehydrated “skin” layer. When the sample is left in 

the same XY position, the laser will drill through the dried layer to the native (hydrated) 

yolk, increasing the signal intensity as a function of time. The completely dehydrated 

yolk sample was also analyzed and is shown in Figure 5.14. Peak 1 at m/z 496 and peak 2 

at m/z 524 are consistent with protonated lysophosphatidylcholine (LPC) with fatty acid 

compositions of C16:0 and C18:0, respectively (48). The mass spectrum displays several 

peaks (peaks 3-5) between m/z 760 – 810, which are consistent with a group 

phosphatidylcholines (PC) found in egg yolk. A similar mass spectral intensity 

distribution was observed in this mass range previously (48) suggesting that peaks at m/z 

760, 788 and 810 are consistent with phosphatidylcholines of the following fatty acid 

composition: m/z 760 peak 3 [PC 16:0/18:1 + H]
+
, m/z 788 peak 4 [PC C18:0/C18:1 + 

H]
+
 and m/z 810 peak 5 [PC C18:0/ C18:1 + Na]

+
. The m/z feature labeled 6 was not 

identified but is unique to the egg yolk spectra. Egg yolk has been analyzed previously 

(49) using both UV (with the addition of a matrix) and IR lasers (resonant with water). 

LEMS employs a high intensity nonresonant femtosecond laser pulse to couple into the 

sample, therefore the presence of water or a matrix is not required. The LEMS analysis of 

albumen and egg yolk demonstrates the ability for intracellular differentiation using the 

same vaporization and electrospray ionization conditions. Finally, laser-based techniques 

that rely on resonant transitions in water for desorption have reported a 100-fold decrease 

in signal intensity for dehydrated samples compared to hydrated samples (4). However, 

nonresonant laser vaporization of all the hydrated and dehydrated samples reported here 

yield comparable signal intensities demonstrating that resonance is not required when 

intense femtosecond laser pulses are used for vaporization.  
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Figure 5.14. LEMS mass spectrum of dehydrated raw egg yolk.  Peak 1 corresponds to 

[LPC C16:0 + H]
+
 at m/z 496, peak 2 [LPC C18:0 + H]

+
 at m/z 524, peak 3 

at m/z 760 is  [PC 16:0/18:1 + H]
+
, peak 4 at  m/z 788 is [PC C18:0/C18:1 + 

H]
+
, and peak 5 at m/z 810 is [PC C18:0/ C18:1 + Na]

+
. Each spectrum was 

averaged over 100 laser shots for 10 seconds. 



 

 

158 

5.5 CONCLUSIONS 

 We demonstrate a new release technology for hydrated and dehydrated biological 

materials based on nonresonant laser vaporization using an 800 nm, 70 fs laser pulse with 

an intensity of 5 x 10
13 

Wcm
-2

. The nonresonant vaporization occurs without the addition 

of a matrix. Once vaporized, the molecules were ionized, analyzed and detected using 

electrospray ionization time-of-flight mass spectrometry. We have demonstrated that the 

nonresonant femtosecond laser vaporization method is capable of delivering biological 

macromolecules, ranging from phospholipids to enzymes and from pure solids to 

complex biological fluids, into the gas phase, intact. This analysis does not require 

homogenization of tissue samples or further sample preparation. Vaporization and 

ionization of a variety of biological molecules under ambient pressure and temperature 

conditions allows for rapid mass spectral analysis since sample preparation and laser-

sample (or substrate) resonance is eliminated. Finally, we note that with the rapid 

advances being made in solid state laser technology, the size and cost of femtosecond 

lasers is decreasing. Presently, turn key lasers are available that are on a size and cost 

scale of commercial electrospray systems making them affordable for vaporization 

methods.  
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CHAPTER 6 

NONRESONANT FEMTOSECOND LASER VAPORIZATION WITH 

ELECTROSPRAY POST-IONIZATION FOR EX VIVO PLANT TISSUE 

TYPING WITH COMPRESSIVE LINEAR CLASSIFICATION 

6.1 OVERVIEW 

 Building on the discoveries presented in the previous two chapters, nonresonant 

femtosecond vaporization of intact molecules from different surfaces and from their 

native environment, this chapter investigates the capability of laser electrospray mass 

spectrometry (LEMS) to discriminate plant tissues at atmospheric pressure using an 

intense (10
13

 Wcm
-2

), nonresonant (800 nm) femtosecond laser pulse to vaporize cellular 

content for subsequent mass analysis. The tissue content of the plant within the 0.05 mm
2
 

laser interaction region is vaporized into the electrospray plume where the molecules are 

ionized prior to transfer into the mass spectrometer. The measurements for a flower petal, 

leaf and stem of an impatiens plant reveal mass spectral signatures that enable 

discrimination as performed using a compressive linear classifier. The statistical analysis 

of the plant tissue samples reveals reproducibility of the data for replicate tissue samples 

and within a single tissue sample. A similar degree of discrimination was achieved for the 

green and white regions of aphelandra squarrosa (zebra plant) leaves. 

6.2 INTRODUCTION 

The detection and identification of molecules within complex biological matrices 

(e.g. plant tissue) requires homogenization, filtration and liquid extraction of the sample 

prior to analysis using techniques such as GC-MS, LC-MS, CE-MS and LC-NMR. Direct 

analysis of the plant tissue would be advantageous to reveal spatial information about the 
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phytochemicals. Two common techniques for ex vivo tissues analysis are matrix-assisted 

laser desorption ionization (MALDI) and secondary ion mass spectrometry (1-3). 

However, both techniques require high vacuum resulting in dehydration of the tissue 

sample. Mass analysis techniques such as desorption electrospray ionization (DESI) (4, 

5) and atmospheric pressure MALDI (6, 7) allow the natural state of the tissue to be 

probed ex vivo, preventing dehydration. DESI directs an electrospray plume onto a 

sample’s surface resulting in the desorption of molecules through the droplet pickup 

mechanism prior to mass analysis. The spatial resolution for DESI (8) is dictated by the 

electrospray plume diameter (~ 200 µm) and mixing which occurs when the spray 

interacts with the surface-adsorbed molecules. Laser-based methods provide higher 

spatial resolution in the lateral direction, in principal λ/2, and allow for depth profiling in 

the z-direction. Atmospheric pressure MALDI (AP-MALDI) (6, 7) can provide high 

spatial resolution, but the use of an electrospray to post-ionize the desorbed neutrals has 

shown to increase the ion abundance and sensitivity of the analysis (9). One such method, 

electrospray-assisted laser desorption ionization (ELDI) (10, 11), uses an ultraviolet 

nanosecond laser pulse to induce desorption of the sample followed by electrospray 

ionization mass spectrometry (ESI-MS) to post-ionize the molecules for mass analysis. 

Another laser-based method, laser-assisted electrospray ionization (LAESI) (9, 12-16), 

uses an infrared nanosecond laser to resonantly couple into the O-H stretch of water that 

is inherently present in biological samples. These nanosecond laser-based techniques 

have achieved spatial resolution of 100-150 µm and 200-300 µm for ELDI (11) and 

LAESI (13) respectively, and 50 µm in the z-direction (LAESI).  
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An intense, nonresonant femtosecond laser pulse can also be used to transfer 

analyte into the gas phase (17-19) without the addition of a matrix or the need for a 

resonant transition due to the high intensity of the pulse, 10
13

 Wcm
-2

.
 
Femtosecond laser 

vaporization of solid materials results in very clean vaporization profiles in comparison to 

nanosecond ablation where thermal effects dominate and poor etch profiles are obtained 

(20). Laser electrospray mass spectrometry (LEMS) employs a nonresonant femtosecond 

laser pulse to vaporize material without the addition of a matrix (or water rich sample) 

and therefore, can be used for direct analysis of native systems. We have demonstrated 

that LEMS is capable of analyzing a number of molecular systems including neat 

biomolecules (21), explosives (22), lipids (23), proteins from blood and hen eggs (24), as 

well as trace amounts of narcotics and pharmaceuticals (25) adsorbed on metal, glass, 

wood and cloth surfaces. The ability to vaporize samples without the need for resonance, 

to transfer large (> 1000 Da) matrix-free molecules into the gas phase (24), and to 

perform analysis under ambient, atmospheric pressure conditions suggests that LEMS 

may be capable of analyzing tissues ex vivo.   

Here, we explore the use of LEMS with offline linear classification to 

discriminate a variety of ex vivo tissues from two different plant species. We present the 

analysis of various tissue types contained in the impatiens plant (including the flower 

petal, leaf, and stem) and aphelandra squarrosa (zebra plant) leaves. Statistical analysis of 

the mass spectral features reveals the fluctuations of the data from tissue to tissue and 

within a single tissue. Nonetheless, the observed mass spectral features are distinct 

allowing for compressive linear classifier (CLC) to discriminate the various tissue types 

with high accuracy.  
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6.3 EXPERIMENTAL METHODS 

6.3.1 SAMPLE PREPARATION 

6.3.1.1 IMPATIENS PLANT 

Flower petals and leaves of the impatiens plant were cut approximately one 

minute before analysis to the dimension of 5 x 15 mm and affixed to a stainless steel slide 

using double-sided tape. The impatiens plant stems were cut to 15 mm in length and 

sliced axially before affixing to the stainless steel slide. The slide was placed on a metal 

plate, in the ESI source chamber, supported by a three-dimensional translation stage 

which was raster scanned to allow fresh sample to be analyzed by every laser pulse. For 

the impatiens plant analysis, three separate samples were analyzed for each tissue type. 

Ten experiments were performed on each tissue sample where a single experiment 

consisted of the average of 50 laser shots (five second acquisition time, total) for the mass 

spectrum. The resulting mass spectra for the ten experiments were then averaged to 

obtain a representative mass spectrum for each tissue sample. Seven different colored 

impatiens plant flower petals were also analyzed by averaging 50 laser shots from each 

petal to acquire the average mass spectrum.  

6.3.1.2 APHELANDRA SQUARROSA  

Three sections of both the white and green regions of a single leaf were cut and 

affixed to a metal sample plate one minute prior to LEMS analysis. Five experiments 

were performed on each section of the green and the white regions of a given leaf. The 

five mass spectra from each section were averaged to obtain a representative mass 

spectrum for each section and all fifteen mass spectra from one region (green or white) 
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were averaged to obtain a representative mass spectrum for each leaf. The same analysis 

was completed for a total of three separate leaves from the zebra plant. 

6.3.2 MASS SPECTROMETRY 

The mass spectrometry apparatus combines a nonresonant femtosecond laser for 

vaporization coupled with an ESI source for capturing, ionizing and transferring the 

vaporized sample into a vacuum chamber where orthogonal pulsed deflection (linear) 

time-of-flight (TOF) (Jordan TOF Inc, Grass Valley, CA, USA) mass spectrometry was 

performed. The ESI source (Analytica of Branford, Inc., Branford, CT, USA) was 

operated in positive ion mode and consisted of a needle, a dielectric capillary, a skimmer 

and a hexapole. The needle was maintained at ground while the voltage on the inlet 

capillary was adjusted until a stable ion current/signal was established, typically -5.3 kV. 

The ESI needle was 6.4 mm above, and parallel to, the sample stage and was located 

approximately 6.4 mm in front of the capillary entrance. The acidified electrospray 

solvent 1:1 (v:v) methanol:water (Fisher Scientific, Fair Lawn, NJ, USA) with 1% acetic 

acid (Fisher Scientific, Fair Lawn, NJ, USA) was pumped through the needle at a flow 

rate of 3 µL/min as set by the syringe pump (Harvard Apparatus, Holliston, MA, USA). 

The electrospray plume was dried by counter current nitrogen gas at 180
o 

C before 

entering the dielectric capillary. No DESI-like processes occur since the electrospray 

plume is parallel with, and above the sample plate, preventing interaction with the sample 

surface. A more detailed description of the apparatus has been reported elsewhere (21). 

The mass accuracy of the system was calibrated using a standard ESI tuning solution 

(Agilent Technologies Inc., Santa Clara, CA, USA, part no. G2421A) with a mass-to-
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charge (m/z) range from 100 to 3000. The mass resolution of the system was m/∆m = 140 

at m/z 800. 

6.3.3 VAPORIZATION AND IONIZATION APPARATUS 

A Ti:sapphire laser system (oscillator: KM Labs Inc., Boulder, CO, USA,; 

regenerative amplifier: Coherent Inc., Santa Clara, CA, USA) operated at 10 Hz, 800 nm 

central wavelength, 1.5 mJ per pulse (reduced from 2.5 mJ with a neutral density filter) 

and a 70 fs pulse duration was used to vaporize the samples. The vaporization beam was 

focused using a 17.5 cm focal length lens at an incident angle of 45
o
 with respect to the 

sample surface yielding a spot size of ~250 µm in diameter. This provides an intensity of 

~2 x 10
13 

W/cm
2
. The steel sample holder was biased to -2.0 kV to compensate for the 

distortion of the electric field between the needle and capillary caused by the introduction 

of the sample stage. The vaporized sample was ejected perpendicular to the electrospray 

plume where the sample was captured and ionized. An ESI solvent background mass 

spectrum (no laser vaporization) was acquired with the tissue sample present before each 

LEMS measurement to enable subtraction of solvent-related peaks. Note that the 

presence of vaporized analyte alters the solvent ion distribution due to the competition for 

ion attachment altering the solvent ion distribution. Therefore, upon subtraction of the 

control mass spectrum from the signal mass spectrum, large negative intensity features 

can result in the mass spectrum for the solvent related peaks.  

6.3.4 SAFETY CONSIDERATIONS 

Appropriate laser eye protection was worn by all personel and the high voltage 

area was enclosed in plexiglass to prevent accidental contact with the biased electrodes.   

6.4 RESULTS AND DISCUSSION 
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6.4.1 NONRESONANT FEMTOSECOND LASER VAPORIZATION OF AN 

IMPATIENS PLANT 

We first consider nonresonant femtosecond laser vaporization with electrospray 

post-ionization for mass spectral analysis of molecules as a means to discriminate various 

tissues from a flowering plant at atmospheric pressure. Figure 6.1 shows a representative 

mass spectrum acquired for a flower petal after laser vaporization and electrospray post-

ionization. There are several peaks in the lower m/z region at m/z 164, 176 and 287. The 

m/z region from 300-850 has been amplified by a factor of ten for better visualization and 

peak assignment. The peaks observed in this region at m/z 609, 625, 665, 771 and 812 are 

most likely due to flavonoids, including water soluble anthocyanins. There are several 

mass spectral features that have many possible structures due to a number of flavonoids 

that have the same molecular weight. Since MS
n
 analysis cannot be performed with the 

current instrument, peak assignments are based on those found in literature (13, 26-30). 

Table 6.1 lists the possible peak assignments for the mass spectral features observed for 

the flower petal. Representative mass spectra for three different flower petals, from the 

same plant, shown in Figure 6.2, exhibit the same m/z features with approximately the 

same intensity distribution. Slight variations in relative peak intensity are to be expected 

since the flower petals may not be in the same stage of growth and therefore may have 

varying amounts of a particular compound (31). 

To determine the capability of LEMS to discriminate between similar tissues, 

impatiens plant flower petals, in varying colors, were analyzed. A photograph of the 

seven different colored flower petals that were analyzed using LEMS can be seen in 

Figure 6.3. The representative spectra for the labeled pink, orange, blush, magenta,  
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Figure 6.1.   Representative LEMS mass spectrum for an impatiens plant flower petal. 

The mass spectrum shown has a x10 expansion from m/z 300 – 850. 
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m/z Peak Assignments for Impatien Plant   Literature Reference 

146 p-coumaric-H2O       Giusti 

164 rhamnose       Giusti 

  p-coumaric acid       Giusti 

176 ferulic acid - H2O       Giusti 

190 (191*) 2-oxo-7-methylthioheptanoate     Nemes 

256           

271 apigenin; pelargonidin, luteolinidin     Nemes 

287 luteolin       Lin 

  kaempferol       Lin 

  cyanidin       Giusti 

330 (329*) acetylkaempferol, acetylluteolin     Nemes 

433 peonidin 3-galactoside       Wang and Sporns 

449 kaempferol       Lin 

  cyanidin 3-glucoside       Wang and Sporns 

  dyanidin-3-O-glucoside       Heier 

  kaempferol-3-O-hexoside, quercitrin     Kumar 

  luteolin 7-O-b-D-glucoside     Lin 

465 delphinidin 3-glucoside       Wang and Sporns 

595 cyanidin 3-glucoside-coumarate     Wang and Sporns 

  
kaempferol-3,7-hexose-rhamnoside, kaempferol-3-O-
rutinoside Kumar 

609 dyanidin-3-O-glucoside       Heier 

  peonidin 3-glucoside-coumarate     Wang and Sporns 

625 delphinidin-3-O-(6-O-acetyl)-glucoside-pymvic acid   Heier 

  peonidin-s-rutinoside       Giusti 

  peonidin 3,5-diglucoside     Wang and Sporns 

  petunidin 3-glucoside-coumerate     Wang and Sporns 

  petunidin 3-glucoside-coumarate     Heier 

665           

771 petunidin-3-O-(6-O-p-coumaryl)-glucoside   Heier 

  peonidin-3-O-(6-O-acetyl)5-O-diglucoside   Heier 

  peonidin + rutinose + hexose     Giusti 

  malvidin + rutinose + pentose     Giusti 

  peonidin 3-glucoside-coumerate-5-glucoside   Wang and Sporns 

801 malvidin 3-glucoside-coumarate-5-glucoside   Wang and Sporns 

812 peonidin-3-O-(6-O-p-coumaryl)-5-O-diglucoside   Heier 

 

Table 6.1.  Peak assignments for the impatiens plant based on results in literature. 
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Figure 6.2.  Average LEMS mass spectra for three different impatiens flower petals 

from the same plant. Ten experiments were performed on each flower petal 

and averaged to obtain the representative spectra shown. The mass spectra 

have a x10 expansion from m/z 300 – 850.  
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Figure 6.3. Photograph of the seven impatiens plant flower petals used in the LEMS 

analysis.  
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salmon, red and purple flower petals are shown in Figure 6.4. There are several 

anthocyanins that are similar between all of the flower petals such as m/z 164, 176 and 

287. Several of the flower petals contain mass spectral features at m/z 449, 465, 595, 609, 

741, 771 and 812. The peaks at m/z 407 and 519 are only seen in the mass spectrum of 

the pink petal while the peaks at m/z 433 and 579 are only detected in the orange petal. 

The purple petal has a single distinguishing peak at m/z 801. The ability to analyze seven 

flower petals of varying color and determine the distinguishing anthocyanins shows the 

capability of LEMS to discriminate between similar tissues. 

 Three separate leaves from the impatiens plant were then analyzed to assess the 

reproducibility of the mass spectral features as a possible basis for tissue discrimination. 

The representative mass spectrum for a leaf is shown in Figure 6.5. Peaks were observed 

at m/z 256, 271, 287, 330, 449 and 595 in the leaf spectra. Again, the high m/z region 

from 400-650 was amplified by a factor of ten for better visualization and peak 

assignment. As shown in Figure 6.6, the peaks at m/z 256 and 287 maintain the same 

relative intensity for all three leaf spectra, while the other peaks fluctuate in relative 

intensity from leaf to leaf. The change in relative intensity may be due to the location of 

the leaf in the plant (top vs. bottom of canopy) or the different stages of leaf 

development. The literature-based peak assignments can be found in Table 6.1. 

 A representative mass spectrum for a stem is shown in Figure 6.7. Peaks were 

observed at m/z 146, 176, 190, 256 and 287. There were no consistent peaks observed in 

the m/z range 300-650. The likely peak assignments and representative mass spectra for 

three different stems can be found in Table 6.1 and Figure 6.8, respectively.  
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Figure 6.4. Representative mass spectra for a pink, orange, blush, magenta, salmon, red 

and purple impatiens plant flower petals. The mass spectra have a x10 

expansion from m/z 300-100 for better peak visualization. 
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Figure 6.5. Representative LEMS mass spectrum for an impatiens plant leaf. The mass 

spectrum shown has a x10 expansion from m/z 400 – 850.  
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Figure 6.6. Average LEMS mass spectra for three different leaves of an impatiens 

plant. Ten experiments were performed on each leaf and averaged to 

obtain the representative spectra shown. The mass spectra have a x10 

expansion from m/z 400 – 650. 
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Figure 6.7.  Representative LEMS mass spectrum for an impatiens plant stem.  
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Figure 6.8. Average LEMS mass spectra for three different stems of an impatiens 

plant. Ten experiments were performed on each stem and averaged to 

obtain the representative spectra shown. 
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To determine the reproducibility of the mass spectral response, we computed the 

standard deviation for a given mass spectral feature for measurements acquired at various 

locations on a single tissue sample and for multiple tissue samples. Each mass spectral 

peak of interest was integrated using LabView software where a baseline was fit for each 

peak prior to integration. The average, standard deviation and relative standard deviation 

(%RSD) of the signal intensity from the ten LEMS mass spectra acquired from within a 

single impatiens flower petal, leaf and stem are shown in Table 6.2 for three separate 

flower petals, leaves and stems. The overall average and standard deviation was 

calculated for the three samples and can be seen in the 8
th

, 9
th

 and 10
th

 columns under 

“Pooled Data.” The stem data has larger %RSD in comparison with the flower and the 

leaf. This may be due to the variation in sample thickness and changes in topography of 

the stem during the raster scan which results in different focusing conditions and 

therefore inconsistent vaporization of the sample from shot to shot. Overall, the %RSD’s 

are low considering the relatively large area (0.2 mm x 10 mm) of tissue sampled to 

obtain a representative mass spectrum. Analysis of variance (ANOVA) was also 

performed on the different tissue samples to determine the mean variance between the 

samples. ANOVA determines the F value which is equal to the mean squared variation 

due to groups divided by the mean squared variation due to error (32). A larger F value 

indicates a greater variation between sample averages than the variation within a sample. 

Therefore, mass spectral features with large F values vary more from tissue sample to 

tissue sample than mass spectral features with smaller F values.  
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Flower Sample 1 Sample 2 Sample 3   Pooled Data   ANOVA 

m/z Avg. 
Std. 
Dev Avg. 

Std. 
Dev Avg. 

Std. 
Dev   Avg. 

Std. 
Dev 

% 
RSD   

F  
Value 

164 2.44 0.54 1.49 0.46 2.43 0.77   2.12 0.74 34.8   8.15 

176 8.35 1.97 8.79 1.79 7.68 2.19   8.27 1.98 23.9   0.79 

287 3.53 1.08 4.85 1.03 3.21 0.87   3.86 1.2 31.1   7.6 

609 0.31 0.08 0.26 0.06 0.22 0.06   0.26 0.07 28.1   4.49 

625 0.18 0.03 0.15 0.03 0.11 0.03   0.14 0.04 28   13.7 

665 0.14 0.03 0.17 0.04 0.14 0.03   0.15 0.03 22.5   2.65 

771 0.79 0.3 0.7 0.23 0.75 0.31   0.75 0.27 36.8   0.26 

812 0.63 0.24 0.55 0.17 0.53 0.17   0.57 0.2 34.3   0.73 

                          

Leaf                         

m/z Avg. 
Std. 
Dev Avg. 

Std. 
Dev Avg. 

Std. 
Dev   Avg. 

Std. 
Dev 

% 
RSD   

F  
Value 

256 3.06 0.61 2.54 0.54 2.57 0.56   2.72 0.6 22.1   2.62 

287 7.44 1.4 6.69 1.63 7.36 1.41   7.17 1.47 20.5   0.77 

330 1.53 0.25 1.63 0.21 0.93 0.16   1.36 0.37 27.4   32.53 

449 0.33 0.07 0.18 0.06 0.23 0.07   0.25 0.09 37.7   13.06 

595 0.47 0.06 0.3 0.05 0.55 0.1   0.44 0.13 28.4   30.37 

                          

Stem                         

m/z Avg. 
Std. 
Dev Avg. 

Std. 
Dev Avg. 

Std. 
Dev   Avg. 

Std. 
Dev 

% 
RSD   

F  
Value 

146 0.86 0.42 1.47 1.3 1.87 0.93   1.3 0.85 65.2   2.84 

176 2.74 0.84 2.96 1.96 2.17 0.7   2.64 1.31 49.5   0.99 

190 1.65 0.53 1.55 0.77 3.14 0.84   2.1 1 47.9   15.06 

256 1.5 0.45 1.23 0.98 1.83 0.54   1.52 0.71 47   1.86 

287 3.81 0.97 3.47 2.61 6.79 1.84   4.47 2.3 51.3   8.99 

 

Table 6.2. Statistical analysis of the impatiens plant flower petal, leaf and stem 

showing the variation between three separate flower petals, leaves and 

stems.  



 

 185 

6.4.2 TISSUE DISCRIMINATION AND CLASSIFICATION USING A 

COMPRESSIVE LINEAR CLASSIFIER: IMPATIENS PLANT 

To determine whether mass spectral features can be used for tissue discrimination 

we investigated a compressive linear classification (CLC) scheme. Similar compressed 

sensing techniques have been investigated previously (33, 34). The CLC mathematically 

optimizes discrimination between tissue types by using all of the useful information 

contained in the mass spectrum. Each mass spectrum is described by a vector of 

dimension 10,000 representing the mass spectral waveform. An intensity threshold was 

empirically set to reduce the dimensionality of this vector to the 100 most intense features 

for each tissue type providing 300 discrimination bins in total. This eliminates data points 

that do not play a significant role in the classification of a given mass spectrum as a  

flower petal, leaf or stem of the impatiens plant. The reduced mass spectrum is then 

compressed to six dimensions using a 6 x 300 matrix (T). The T matrix is initially chosen 

randomly and is applied to the training set data. Then, linear discriminant analysis (LDA) 

is used for classification of the training data using MatLab software. A hyper-plane is 

generated in 6D space to separate the clusters corresponding to the three tissue types and 

classification is performed. If there are errors in the classification of the training set, 

random perturbations are applied to the matrix and the training data is classified again. 

This is repeated until classification errors are eliminated. This procedure is performed 

with a training set (12 spectra, 4 from each tissue type) of known tissue types. The 

optimized T matrix is then tested on the additional mass spectra (26 spectra) for each of 

the three tissue types after optimization to determine the robustness of the classifier.  
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Figure 6.9 shows a projection of the compressed data into three of the six 

dimensions for the flower petal, leaf and stem. The fidelity of the classifier can be seen in 

Table 6.3 where the classifier is evaluated using the entire testing set. All but one mass 

spectrum was correctly classified with respect to tissue type. The clear separation of the 

tissue types in the three dimensional space and the correct classification demonstrates that 

the samples can be differentiated using a compressive linear classifier with high 

precision. 

We have compared the performance of the CLC with principal component 

regression analysis (PCR) with LDA classification using MatLab software. PCR 

performs principal component analysis (PCA) with regression analysis to maximize the 

distances between the data clusters. The CLC out performs the PCR in the case of a low 

number of training sets as well as when classification is performed in low dimensional 

space. The method is also computationally simpler to implement as there is no matrix 

inversion.  

6.4.3 NONRESONANT FEMTOSECOND LASER VAPORIZATION OF 

APHELANDRA SQUARROSA 

To investigate the mass spectral response for two distinct tissue types within a 

single leaf, LEMS was performed on the aphelandra squarrosa plant (zebra plant). The 

zebra plant gets its name from the distinct contrast between the white strips along the 

veins of the green leaf. We investigated the differences in the mass spectral response 

between the green and white regions within a single leaf and for three separate leaves. 

Figure 6.10 shows the representative mass spectrum acquired from a white section of an 

aphelandra squarrosa leaf. Many of the peaks detected in the white section of the leaf are  
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Figure 6.9.  The projection of the compressed data into three of the six dimensions for 

the flower petal (red), leaf (black) and stem (green) data showing separation between the 

tissue types. 
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Sample 
Sample 

Size 
Training 
Set Size 

Samples Correctly 
Classified 

Flower Petal 30 4 26/26 100% 

Leaf 30 4 25/26 96% 

Stem 29 4 25/25 100% 

 

 Table 6.3. Classification of an impatiens plant flower petal, 

leaf and stem using CLC.  
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Figure 6.10. Representative LEMS mass spectra for the white section of an aphelandra 

squarrosa leaf. The mass spectra have a x10 expansion from m/z 400 – 

750.  
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consistent with previous measurements of the zebra plant using LAESI (13). The peaks at 

m/z 463, 477, 493, 623, 639 and 653 correspond to kaempferol glucoronide,  

methylkaempferol glucoronide, methoxykaempferol glucoronide, apigenin diglucoronide, 

kaempferol diglucoronide and luteolin methyl ether glucoronosyl glucoronide (13), 

respectively. Figure 6.11 displays the representative mass spectrum from a green section 

on a aphelandra squarrosa leaf. Electrospray solvent ions in the low m/z region (100-250) 

make peak assignment and statistical analysis of the leaf related peaks arduous. The only 

peak detected in the higher m/z region of the green section was at m/z 637, which 

corresponds to acacetin diglucoronide or kaemoerol (acetyl-coumarylglucoside). Table 

6.4 shows the average, standard deviation and %RSD for the mass spectral features 

observed in both the white and green sections of a single aphelandra squarrosa leaf. 

Representative mass spectra for the three white and three green sections of a single 

aphelandra squarrosa leaf can be found in Figures 6.12 and 6.13, respectively. Data for 

each section of the leaf can be found in Table 6.5.  

Next, we investigated the statistical differences in the mass spectra for several 

leaves. The representative spectra for both the white and green regions for three separate 

leaf samples can be found in Figure 6.14 and 6.15, respectively. Visual inspection shows 

that the same mass spectral features are observed in each of the leaves but the intensity 

distribution for the features varies between the leaves. Table 6.6 shows the average, 

standard deviation and %RSD obtained from the LEMS experiments of the three separate 

aphelandra squarrosa leaves. The %RSD for both within the leaf and between several 

leaves is comparable for the white and green sections of the aphelandra squarrosa plant.  
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Figure 6.11.  Representative LEMS mass spectra for the green section of an aphelandra 

squarrosa leaf. The mass spectra have a x10 expansion from m/z 400 – 

750.  
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    Within a Single Leaf    
Between Three 

Different Leaves   ANOVA 

  m/z Average 
Std. 
Dev. 

% 
RSD   Average 

Std. 
Dev. 

% 
RSD   

F  
Value 

White 463 0.32 0.1 30.5   0.31 0.08 27.2   0.62 

  477 0.5 0.2 40.4   0.45 0.15 34.1   1.95 

  493 0.34 0.12 35.3   0.27 0.1 38.1   9.43 

  507 0.21 0.07 34.7   0.19 0.06 31.4   4.00 

  521 0.11 0.04 40.8   0.12 0.04 32.3   0.33 

  623 0.06 0.02 28.4   0.05 0.02 33.1   2.91 

  639 0.5 0.14 27.7   0.4 0.12 30.8   10.74 

  653 0.15 0.04 23.2   0.12 0.04 29.1   10.7 

  668 0.13 0.03 21.3   0.1 0.03 31.6   18.51 

                      

Green 637 0.2 0.03 16.6   0.18 0.04 21.5   5.4 

                      

  

 Table 6.4. Statistical analysis of the white and green sections of the 

aphelandra squarrosa plant showing the variations within a single 

leaf and between three different leaves. 
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Figure 6.12. Average LEMS mass spectra for three white regions on a single 

aphelandra squarrosa leaf. Five experiments were performed on each 

section and averaged to obtain the representative mass spectra shown. 

The mass spectra have a x10 expansion from m/z 400 – 750. 
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Figure 6.13. Average LEMS mass spectra for three green regions on a single 

aphelandra squarrosa leaf. Five experiments were performed on each 

section and averaged to obtain the representative mass spectra shown.  

The mass spectra have a x10 expansion from m/z 400 – 750. 

 

 

 

 

 

 

 

 



 

 195 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Section 1 Section 2 Section 3 Pooled Data 

  m/z Average 
Std. 
Dev. Average 

Std. 
Dev. Average 

Std. 
Dev. Average 

Std. 
Dev. 

% 
RSD 

White 463 0.334 0.0918 0.324 0.109 0.303 0.112 0.320 0.098 30.5 

  477 0.565 0.216 0.517 0.260 0.422 0.129 0.502 0.203 40.4 

  493 0.369 0.117 0.373 0.157 0.284 0.080 0.342 0.121 35.3 

  507 0.216 0.0636 0.236 0.102 0.190 0.0591 0.214 0.074 34.7 

  521 0.0799 0.0419 0.123 0.0271 0.126 0.0534 0.110 0.045 40.8 

  623 0.0646 0.0232 0.062 0.0167 0.0573 0.0143 0.0612 0.017 28.4 

  639 0.560 0.102 0.507 0.184 0.439 0.117 0.502 0.139 27.7 

  653 0.157 0.0285 0.159 0.0500 0.143 0.0300 0.153 0.035 23.2 

  668 0.132 0.0203 0.141 0.0359 0.127 0.0316 0.133 0.028 21.3 

                      

Green 637 0.175 0.0297 0.199 0.0132 0.217 0.0398 0.197 0.033 16.6 

  

Table 6.5. Statistical analysis of the white and green sections of the aphelandra squarrosa 

plant showing the variations within one leaf. 
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Figure 6.14.  Average LEMS mass spectra for three white regions on three separate 

aphelandra squarrosa leaves. Fifteen experiments were performed on three 

sections of the white regions and averaged to obtain the representative 

mass spectra. The mass spectra have a x10 expansion from m/z 400 – 750. 
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Figure 6.15. Average LEMS mass spectra for three green regions on three separate 

aphelandra squarrosa leaves. Fifteen experiments were performed on three 

sections of the green regions and averaged to obtain the representative 

mass spectra. The mass spectra have a x10 expansion from m/z 400 – 750. 
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    Leaf 1 Leaf 2 Leaf 3 Pooled Data 

  m/z Average 
Std. 
Dev. Average 

Std. 
Dev. Average 

Std. 
Dev. Average 

Std. 
Dev. 

% 
RSD 

White 463 0.292 0.083 0.324 0.074 0.320 0.098 0.312 0.085 27.2 

  477 0.394 0.128 0.450 0.098 0.502 0.203 0.448 0.153 34.1 

  493 0.212 0.072 0.241 0.049 0.342 0.121 0.265 0.101 38.1 

  507 0.158 0.045 0.198 0.043 0.214 0.074 0.190 0.060 31.4 

  521 0.121 0.039 0.118 0.029 0.110 0.045 0.116 0.037 32.3 

  623 0.048 0.018 0.049 0.014 0.061 0.017 0.053 0.017 33.1 

  639 0.333 0.097 0.377 0.059 0.502 0.139 0.404 0.124 30.8 

  653 0.103 0.034 0.119 0.019 0.153 0.035 0.125 0.036 29.1 

  668 0.081 0.024 0.095 0.020 0.133 0.028 0.103 0.033 31.6 

                      

Green 637 0.190 0.0410 0.157 0.0325 0.197 0.0327 0.181 0.039 21.5 

 

Table 6.6. Statistical analysis of the white and green sections of the aphelandra 

squarrosa plant showing the variations between three leaves. 
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ANOVA was also performed on the different tissue samples to determine the mean 

variance between the samples and can be seen in the last column of Table 6.4. Again, the 

analysis reveals that there are certain mass spectral features that there are mass spectral 

features that are quite stable between different leaves and other features that vary 

considerably between leaves.  

In comparison to measurements made using 2.94 µm nanosecond laser pulses 

(13), vaporization from 800 nm femtosecond laser pulses results in fewer features in the 

mass spectrum for the aphelandra squarrosa leaves. The previous nanosecond duration 

laser desorption investigations of the green section, using positive ion mass spectrometry, 

revealed mass spectral features at m/z 325, 365, 637 and 663 corresponding to the sugars 

methoxy-hydroxyphenyl glucoside (Na), sucrose (Na), acacetin diglucoronide or 

kaemoerol, and kaempferol-(diacetyl coumarylrhamnoside), respectively, (where (Na) 

refers to the sodium adduct) that are typically found in the mesophyll layer of the leaf 

(35). This decrease in the number of features could be attributed to the energy, fluence, 

pulse duration and/or wavelength of the laser used for the analysis. Fewer features are 

observed for femtosecond vaporization despite the fact that the energy and fluence of the 

two techniques are similar, with 1.5 mJ/pulse and 3 J/cm
2
 for LEMS and 2 mJ/pulse and 

2 J/cm
2
 for LAESI (13). Therefore, the differences are most likely due to the wavelength 

and pulse duration. LAESI is a resonant process where the water within the tissue 

strongly absorbs the 2.94 µm laser light while LEMS is a nonresonant process since 

molecules within the leaf do not resonantly absorb the 800 nm laser light (36). The 

nonresonant wavelength, along with the shorter laser pulse duration vaporizes less 

material per laser shot due to the high threshold for multiphoton absorption and resulting 
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in a shallower ablation spot. Photographic images of the laser vaporization craters left in 

the zebra leaf tissue after 1, 5, 10, 15, 20, 25, 30 and 35 laser shots are shown in Figure 

6.16. To penetrate through the leaf, approximately 20-25 laser shots are required for the  

femtosecond duration pulse length while only six laser shots are required using a 

nanosecond duration laser pulse in the LAESI experiment (14). Therefore, only the top 

layer of the leaf is vaporized during raster-scanning in the LEMS experiments since only 

one laser shot is applied before translating the sample stage to the next position. In 

LAESI more material is ablated from structures throughout the leaf allowing for more 

compounds to be detected (14) per laser shot. This suggests that the use of femtosecond 

laser pulses would allow for enhanced resolution in the z-direction in comparison with 

resonant nanosecond pulse duration measurements.  

6.4.4 TISSUE DISCRIMINATION AND CLASSIFICATION USING A 

COMPRESSIVE LINEAR CLASSIFIER: APHELANDRA SQUARROSA 

The CLC was tested on tissue types within the same leaf to determine whether the 

signal-to-noise (S/N) was sufficient for discrimination. In this experiment, 15 spectra 

were used for training and 30 spectra were used for testing. The same classification 

procedure as described above was used to determine tissue type (green or white region) 

of the aphelandra squarrosa plant. The classification results are shown in Table 6.7 where 

all but one mass spectrum was correctly classified. The correct classification 

demonstrates that the CLC is a robust classifier that may be extended to other types of 

tissues. 



 

 201 

 

 

 

 

 
Figure 6.16. Photographic images of the laser vaporization craters left in the zebra leaf 

tissue after 1, 5, 10, 15, 20, 25, 30 and 35 laser shots as labeled in the 

photos. The bottom of the leaf was photographed to show that the laser 

actually penetrates through the tissue after 20 - 25 laser shots. 
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Sample 
Sample 

Size 
Training 
Set Size 

Samples 
Correctly 
Classified 

Zebra Plant      

White 45 15 29/30 97% 

Green 45 15 30/30 100% 

 

  Table 6.7. Classification of a zebra plant using CLC. 
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6.5 CONCLUSIONS 

The universal detection and discrimination of tissue samples is difficult due to the 

wide variety of structures, sizes and polarities of constituent molecules. Here we present 

an approach to tissue analysis employing nonresonant femtosecond laser-induced 

vaporization coupled to electrospray ionization mass spectrometry. LEMS analysis of  

plant tissue resulted in the determination of discriminating features for the flower petal, 

leaf and stem of the impatiens plant and the green and white regions of the aphelandra 

squarrosa leaves. A compressive linear classifier was employed to discriminate different 

tissue types and proved effective for the tissue identification in the impatiens and 

aphelandra squarrosa plants. The nonresonant laser-based mass spectrometry at 

atmospheric pressure represents steps towards imaging and classification of complex 

systems. 
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CHAPTER 7 

SUMMARY AND OUTLOOK 

The use of femtosecond laser pulses in laser-induced breakdown spectroscopy 

(LIBS) and for chemical analysis using mass spectrometry has been demonstrated. In 

Chapter 2, a comparison of fs-LIBS and R-FIBS in the analysis of graphite composites 

yielded more accurate results with filaments (R-FIBS) due to intensity clamping within 

the filament. The investigation of fs-LIBS and R-FIBS in the detection of explosives led 

to the discovery of femtosecond vaporization of intact molecules under ambient 

conditions as shown in Appendix A. This knowledge was then used in the development 

of a new ambient laser-based mass analysis technique. In Chapters 4 – 6, the combination 

of nonresonant femtosecond laser vaporization with electrospray post-ionization called 

laser electrospray mass spectrometry (LEMS) was investigated as a universal detection 

method for pharmaceuticals, biological macromolecules and plant tissues. We show the 

capability of femtosecond lasers to vaporize sample without any sample preparation or 

resonant transition in the sample or substrate. Chapter 4 shows the preliminary results of 

spatially-resolved mass spectral imaging of a complex molecular overlayer on a metal 

substrate which is a required capability of any universal analysis technique. The 

capability to analyze biological macromolecules in their native hydrated environment 

without any sample preparation was demonstrated in Chapter 5 where hemoglobin from 

blood, ovalbumin from hen egg white and phospholipids from hen egg yolk are 

vaporized, ionized and analyzed using LEMS. The versatility of LEMS was also 

demonstrated by analyzing the same samples after dehydration had occurred. Other 

analysis techniques require the sample to be hydrated or a matrix to be incorporated with 
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sample to enable vaporization, ionization and mass analysis. Finally, in Chapter 7, plant 

tissues were analyzed without homogenization, filtration or liquid extraction of the 

sample. Different tissues, flower petal, leaf and stem, found on the impatiens plant and 

the green and white regions of aphelandra squarrosa leaves were analyzed using LEMS. 

The resulting mass spectra were used to discriminate the tissue types using compressive 

linear classification (CLC). The CLC, developed in collaboration with Paolo Emilio 

Barbano, can be thought of as a numerical approximation to principal component analysis 

(PCA). It is a computationally simpler way to classify samples as it does not require a 

matrix inversion.  

Looking forward, the LEMS technique has an endless amount of experiments and 

capabilities to investigate. One such experiment is to investigate the dissociation constant 

of a noncovalently bound ligand with a protein by changing the energy imparted to the 

complex between the exit capillary and skimmer. The mass spectral spatially-resolved 

imaging capability will investigate tissue analysis, for example biopsy samples, followed 

by classification of the healthy and diseased areas. The accuracy of the classifier, 

although high, could be improved through the use of a gradient ascent method or 

electrospray solvent subtraction prior to classification. Future developments of the LEMS 

technique will only further support its unique capability as a universal analysis technique.  
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APPENDIX A 

FEMTOSECOND LASER VAPORIZATION OF 2,4-DINITROTOLUENE 

RESULTS IN INTACT MOLECULES AT ATMOSPHERIC PRESSURE 

Femtosecond laser-induced breakdown spectroscopy of explosives, such as 2,4-

dinitrotoluene (DNT), was investigated for stand-off detection purposes. To perform the 

femtosecond laser induced breakdown spectroscopy (fs-LIBS) experiment, the sample 

was placed 5.2 m from the 5.8 m focal length lens as discussed in Chapter 2. A plasma 

formed on the sample and induced emission from the target. The backscatter from the 

emission was collected with a 14 inch Meade LX 200R telescope with Ritchey-Chretien 

optics, at a distance of approximately 10 m from the target. The light collected from the 

telescope was focused into a 50 µm i.d. fiber optic cable connected to an Andor Mechelle 

spectrometer with an iStar ICCD camera. Gating was used to eliminate the reflected laser 

emission at 800 nm. A delay of 120 ns, gain of 200 and gate width of 1 µs was used to 

acquire the signal. The intensity of the laser pulse on the target was 2.3 x 10
13

 W/cm
2
. 

The sample was prepared by dissolving approximately 50 mg of DNT in acetone. 

The solution was deposited onto an aluminum surface, allowing DNT to recrystallize as 

the acetone evaporated. Femtosecond LIBS was then used to analyze the sample as 

described above. The expected atomic emission lines from DNT (C7H6N2O4) are carbon 

(C - 247.9, C2 - 516.3, CN - 388.3 nm), oxygen (777.2 nm), hydrogen (656.3 nm) and 

nitrogen (742.4, 744.2, 746.8 nm) according to the NIST Atomic Spectra Database. In the 

fs-LIBS spectrum acquired, there were no atomic emission lines from the explosive. 

However, emission from the aluminum metal and plasma continuum was detected. The 

lack of signal from the explosive suggested that the molecule was not fragmenting to a 
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high degree during the ablation process. To test this theory, a glass funnel was 

manufactured to allow the laser pulse to propagate through the stem of the funnel to the 

target for ablation as shown in Figure A.1. The ejected material was then captured along 

the mouth of the glass funnel. To determine the structure of the vaporized material 

nuclear magnetic resonance (NMR) was performed. Deuterated chloroform (CDCl3) was 

used to rinse the ejected material from the funnel into an NMR tube for analysis. DNT 

that was not vaporized using fs-LIBS was also analyzed using NMR to verify the quality 

and structure of the sample since explosives can decompose over time. The NMR 

spectrum of the standard DNT (not vaporized) is shown in Figure A.2. The NMR 

spectrum of the DNT vaporized during fs-LIBS analysis and collected in a glass funnel is 

shown in Figure A.3. Both NMR spectra, with and without ablation, show the same 

chemical shifts suggesting that femtosecond vaporization of molecules adsorbed onto a 

surface, under ambient pressure conditions, result in intact vaporization of the molecule.  
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Figure A.1. Experimental setup for DNT ablation using femtosecond 

laser pulses to determine if intact molecules were 

vaporized.  
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Figure A.2. NMR spectrum of the standard 2,4-dinitrotoluene sample that 

was not laser vaporized.  
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Figure A.3. NMR spectrum of the 2,4-dinitrotoluene vaporized and 

collected in a glass funnel during fs-LIBS analysis.  
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