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Abstract

Lasers with pulse lengths from nanoseconds to femtoseconds and wave-
lengths from the mid-infrared to extreme ultraviolet (UV) have been used
for desorption or ablation in mass spectrometry. Such laser sampling can of-
ten benefit from the addition of a second laser for postionization of neutrals.
The advantages offered by laser postionization include the ability to forego
matrix application, high lateral resolution, decoupling of ionization from de-
sorption, improved analysis of electrically insulating samples, and potential
for high sensitivity and depth profiling while minimizing differential detec-
tion. A description of postionization by vacuum UV radiation is followed by
a consideration of multiphoton, short pulse, and other postionization strate-
gies. The impacts of laser pulse length and wavelength are considered for
laser desorption or laser ablation at low pressures. Atomic and molecular
analysis via direct laser desorption/ionization using near-infrared ultrashort
pulses is described. Finally, the postionization of clusters, the role of gaseous
collisions, sampling at ambient pressure, atmospheric pressure photoioniza-
tion, and the addition of UV postionization to MALDI are considered.
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MS:
mass spectrometry

MALDI:
matrix-assisted laser
desorption/ionization
performed with
ultraviolet nanosecond
laser desorption

LDPI-MS:
laser desorption
postionization MS; fs
or ns refers to
desorption laser pulse
length of separate laser
for postionization by
various wavelength
pulses

SPI: single-photon
ionization, performed
here with vacuum or
extreme ultraviolet
radiation

VUV: vacuum
ultraviolet, typically
7.5 eV to ∼13 eV of
photon energy

1. INTRODUCTION: CAN MALDI BE IMPROVED
WITH POSTIONIZATION?

Pulsed lasers have been widely utilized for sampling of molecular analytes in mass spectrometry
(MS), leading to several prior reviews in this journal (1–4). Laser sampling can be most simply
characterized as occurring via either a gentle desorption of intact neutral molecules or an abla-
tion that is more of an explosive ejection of material, part of which might be charged. Since its
introduction over three decades ago (5, 6), matrix-assisted laser desorption/ionization (MALDI)
has become the most widely used method in laser sampling MS and is particularly dominant in
MS imaging (7–10), where it is used by ∼95% of all laboratories (11). The widespread adoption of
MALDI has been facilitated by methodological reports for many applications (7–9, 12, 13). There
are also several closely related strategies in laser desorption/ionization that can be implemented
onMALDI platforms (14–16). Recent reviews have summarizedMALDI quantification strategies
(17) and the several competing theories on its opaque ion formation mechanism (2–4).

Nevertheless, there are ongoing limitations to MALDI that have birthed competing strategies
in laser desorption. MALDI’s desorption and ionization events are coupled in a multistep process
(2–4), but most of the material desorbed from a sample is neutral and therefore not detectable in
MS (7, 9).MALDI also suffers from differential ion efficiency and ion suppression that complicate
and limit many analyses, especially applications involving imaging (18) and/or quantification (17).
There is a vast literature describing the wide array of matrix compounds and strategies for their
application, including crystallization conditions as well as sample treatments such as desalting
and washing (7–9, 12, 13, 17). However, following these literature recipes can be a barrier to
successful analyses as they can be sample dependent, time consuming, expensive, and/or difficult.
Finally, sample charging in MALDI can limit mass accuracy and mass resolution as well as lateral
resolution in MS imaging experiments.

These and other limitations of MALDI have led to the implementation of lasers beyond the
ultraviolet (UV) nanosecond (ns) pulsed lasers that are most common in MALDI. Laser sampling
has been demonstrated with ns to femtosecond (fs) pulsed lasers across a wide range of wave-
lengths (19–23). Postionization has been coupled to nearly all of these different varieties of laser
sampling (19–22, 24–26). Postionization of neutral species in the gas phase occurs separately in
space and time from the target from which those neutrals were volatilized in a prior desorption
or ablation event. The separation of ionization from desorption/ablation can improve sensitivity
and quantification, can reduce electrical charging effects, and is more amenable to modeling.

This review focuses primarily on one pathway to move laser sampling beyondMALDI: molec-
ular analysis by laser desorption postionizationmass spectrometry (LDPI-MS), also known as two-
laser MS, as shown schematically in Figure 1 (20, 21, 24, 25, 27). A description of single-photon
ionization (SPI) by vacuum ultraviolet (VUV) radiation is followed by a brief consideration ofmul-
tiphoton, short pulse, and other postionization strategies. This review focuses on postionization
with pulsed lasers, but some comparisons are made with postionization using VUV synchrotron
radiation, VUV lamps, and electrospray. Much of what is covered in this review is also appli-
cable to the combination of laser postionization with the ion sputtering employed in secondary
ion mass spectrometry, one focus of a separate review in this volume (28). The impacts of laser
pulse length and wavelength are considered for sampling at low pressure, with an additional focus
on atomic and molecular analysis by direct laser desorption/ionization using ultrashort pulses of
near-infrared (IR) radiation.Discussion of postionization of clusters, the role of gaseous collisions,
sampling at ambient pressure (19, 22, 23, 29, 30), atmospheric pressure photoionization (31), and
the addition of UV postionization toMALDI (26) leads to concluding comments regarding future
research directions.
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Figure 1

Schematic of laser desorption photoionization mass spectrometry (LDPI-MS). A pulsed laser (green) is
focused onto the sample plate to volatilize analyte via desorption or ablation: Nanosecond (ns), picosecond
(ps), and femtosecond (fs) laser pulses of various wavelengths have been used for this purpose. A pulsed laser
beam (purple) is used for postionization of the resultant neutral plume, implemented using a wide range of
pulse lengths and wavelengths.

2. LASER-BASED POSTIONIZATION

A primary goal of this review is to show the capabilities of detecting intact molecular species
when VUV postionization is coupled to laser sampling for the enhanced detection of molecular
neutrals. VUV postionization at low pressure is traditionally thought to proceed via SPI, which
is especially effective when the photon energy used for ionization is only a few electron volts
above the ionization energy of the target analyte (24, 32–34). The yield of ions, Y, formed by SPI
of neutrals, can be described by Y = σspiINgas, where σspi is the photoionization cross section, I
is the intensity of VUV radiation, and Ngas is the density of gaseous neutrals (24). SPI’s linear
dependence of ion yield on laser intensity is particularly attractive for quantification. The range
of known cross sections, branching between SPI and photodissociation to neutrals, as well as other
fundamental aspects were discussed previously (24).

Several studies have indicated that the optimum trade-off between maximum cross section
and minimal fragmentation for SPI often occurs near ∼10-eV photon energy (24, 32, 33, 35).
The ninth harmonic of an ns pulsed Nd:YAG laser at 10.5 eV (118 nm) is therefore well suited to
general SPI, allowing for low fragmentation ofmanymolecular analytes while excluding ionization
of water, carbon dioxide, nitrogen, hydrogen, and other common but uninteresting background
gases (33, 36).However, this 10.5-eV laser source suffers from very low laser fluences (<1μJ/pulse)
and low pulse repetition rates of 10–200 Hz that slow the collection of MS images.

Several other sources of pulsed VUV radiation are available, but they differ considerably in
photon energy, fluence, and repetition rate. The fluorine excimer laser is experimentally the most
convenient and accessible ns pulsed VUV source, generating >1-mJ pulses at up to 1 kHz rep-
etition rates. However, the fluorine excimer laser outputs 7.9 eV (157.6 nm) radiation that only
allows SPI of species with relatively low ionization energies such as polyaromatic hydrocarbons
(24), other extensively conjugated molecular systems, and certain pharmaceutical compounds
(37, 38). A pulsed extreme UV gas discharge laser that outputs microjoule pulses at 46.9 nm
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ns-LD: nanosecond
laser desorption using
∼1–10-ns pulses of
usually ultraviolet (but
sometimes
near-infrared)
radiation

LITD: laser-induced
thermal desorption

(26.4 eV) at <10-Hz repetition rates (39) can also be used for SPI of essentially any molecular
species (40), but the higher photon energy can lead to considerably more fragmentation compared
to VUVSPI (41).There are also tunable sources of VUV radiation: beamlines at synchrotron light
sources (42–45) as well as laboratory-based tunable laser systems (46, 47), though the need for a
VUV-emitting synchrotron for the former and the experimental complexity of the latter have
limited their application for analysis.

3. NANOSECOND LASER DESORPTION POSTIONIZATION

Nanosecond laser desorption postionization-MS (ns-LDPI-MS) has most commonly been per-
formed with UV nanosecond-laser desorption (ns-LD) that allows spatial resolution of a few
microns in imaging mode (45). High-quality optics such as a Schwarzschild microscope permit
focusing of the desorption laser to near one micron, approaching the diffraction limit (27, 48).
However, signal loss in the mass analyzer as well as the mechanism of desorption can degrade lat-
eral resolution from the focused laser spot. The mechanism and efficiency of desorption/ablation
and ionization depend upon the wavelength, fluence, and pulse length of the laser radiation; the
optical properties of the solid target; and the timescale/energy of the laser-solid interaction (16,
49, 50). Also critical in this regard is the presence in the sample of a matrix, nanostructure, or
other chromophore, as these permit the laser radiation to be resonantly absorbed, either electron-
ically or vibrationally. For example, UV ns laser pulses induce a linear optical absorption within
the matrix in MALDI, followed by an explosive ablation of a range of particulates that results in
ion formation through a complex process, the detailed steps of which are still under debate (2–4).
UV ns-LD of molecular species from porous silicon oxide and other nanostructures also occurs
resonantly, dramatically increasing efficiency (15, 16). Regardless of wavelength, whether or not
ns-LD is resonant with some component of the target will have a large impact on the desorption
efficiency.

Ns-LD can follow a variety of mechanisms in the absence of resonant absorption but per-
mits direct formation of useful molecular ion signal in only limited cases. Ns-LD of molecules
on a flat metal or semiconductor surface is often explained by laser-induced thermal desorption
(LITD). Early work showed that heat transfer following the resonant absorption of UV or near-
IR ns pulsed laser radiation by the substrate leads to surface temperature changes that closely fol-
lowed the laser pulse time profile (27, 51, 52). It was argued that the rapid heating rate in LITD
can kinetically enhance intact molecular desorption while suppressing the thermal decomposition
that can dominate at slower (i.e., resistive) heating rates (27). Analysis of experimental velocity
distributions of various laser desorbed neutral molecules indicated translational temperatures of
300–400 K, in support of LITD followed by cooling via gas-phase collisions in the desorption
plume (45). Supersonic jet cooling of molecules formed by ns-LD also reduces their fragmenta-
tion upon SPI due to their lower initial internal energy (see below) (53) and has permitted SPI
of kilodalton-sized species (54, 55). While LITD might be considered dominant in only limited
types of samples,more recent simulations support the LITDmechanism for molecular desorption
from semiconductor surfaces (56), metal oxide nanoparticles, and colloidal graphite (57).

Postionization is an effective strategy to generate or enhance ion signal for both thermal and
nonthermal mechanisms of laser desorption. For example, postionization strategies appear essen-
tial to detect the entirely neutral flux of molecular species generated by laser-induced acoustic
desorption (58, 59) as well as ns or picosecond (ps) laser ablation by mid-IR radiation (19, 22, 23).
Signal fromMALDI has also been dramatically enhanced by UV laser postionization (26, 60) (see
below).
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Figure 2

Nanosecond laser desorption photoionization (ns-LDPI) mass spectrum recorded with 7.9-eV postionization of various films
nominally composed of sexithiophene (6T). The bottom left spectrum shows quaterthiophene (4T) and other impurities in addition to
6T. The middle left and upper left spectra demonstrate zone sublimation purification of 6T and 4T from the same sample, respectively.
At right is the isotopic distribution of 6T (red bars; structure at top) overlaid on the actual 7.9-eV ns-LDPI mass spectrum.

A recent overview of LDPI-MS reviewed experimental strategies and demonstrated ns-LDPI-
MS imaging of an electrically insulating sample (25). A variety of sample types have been analyzed
by ns-LDPI-MS, including bacterial biofilms (24, 38), polymeric multilayers (34), nanocomposite
films (62), and photoresists (45). Ns-LDPI-MS has also been used to characterize pharmaceutical
drug compounds (63), asphaltenes in complex petroleum mixtures (64–66), dye and folic acid in
tissue (67, 68), and ink on paper (69). A few examples of ns-LDPI-MS are expanded upon below,
followed by some comments on short pulse postionization strategies.

3.1. Analysis of Organic Films for Electronic Devices by Ns-LDPI-MS

Films of conductive and semiconductive organic oligomers such as the oligothiophenes have been
long examined for use in photovoltaics, light-emitting diodes, and other electronic devices (70). An
example of the ability of ns-LDPI-MS to detect intact molecule species in such films is shown on
the left side Figure 2, where all spectra were recorded using the 7.9-eV laser to postionize species
desorbed by 349 nm, ∼5-ns laser pulses (62). The bottom (left) spectrum is that of a commer-
cially obtained sample of sexithiophene (6T, whose structure is shown in the inset on the right)
prepared by dissolution in toluene, then dried onto a substrate. This solution-prepared sample
(labeled 6T in toluene) displays a large quaterthiophene (4T) impurity with lesser amounts of
other oligothiophenes (5T and 8T). The middle and top 7.9-eV ns-LDPI mass spectrum showed
that zone sublimation could prepare pure films of 6T or 4T from the commercial sample by con-
trolling the deposition temperature. Furthermore, the 7.9-eV ns-LDPI mass spectrum preserved
the isotopic distribution of 6T (see spectrum at right, with solid vertical bars indicating theoret-
ical isotopic distribution), facilitating peak identification due to the 4% natural abundance of 34S
and the 1% abundance of 13C. Fragmentation, protonation, and/or deprotonation during many
other desorption/ionization strategies might not have permitted identification of these different
oligothiophenes or such a determination of their isotopic distribution. The 7.9-eV ns-LDPI mass
spectrum was also able to provide evidence for the chemical binding of 4T to semiconductor
nanoparticles in nanocomposite films (data not shown in the figure).
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commonly used for
automated analysis of
MS data

3.2. Quantification of Antibiotic in a Film by Ns-LDPI-MS

The growth of bacterial or fungal biofilms on medical device surfaces can lead to serious adverse
health consequences (71). The slow release of antibiotic from a medical device is one established
method for inhibiting biofilm growth (72), and ns-LDPI-MS was shown capable of detecting an-
tibiotics within biofilms (35). A strategy for quantifying the release of an antibiotic from a porous
substrate into a biofilm was then developed using 7.9-eV ns-LDPI-MS (38). Varying amounts
of an antibiotic, a modified version of ampicillin, were adsorbed onto polyelectrolyte multilay-
ers on gold substrates, which were then sterilized. Enterococcus faecalis biofilms were grown on
thick polymer membranes, then inverted onto the antibiotic-doped multilayers and incubated for
18 h. The antibiotic leached from the multilayer and into the biofilm during this period, inhibit-
ing biofilm growth. The amount of antibiotic in the multilayers before and after exposure to the
biofilm was then quantified by 7.9-eV ns-LDPI-MS using a standard addition method, determin-
ing the amount of antibiotic needed to inhibit biofilm growth.

3.3. Distinguishing Genetically Similar Biofilms

Ns-LDPI-MS was also used to distinguish genetically similar strains of Escherichia coli biofilms
(73). 7.9 eV ns-LDPI-MS was used to analyze metabolites from cocultured biofilms of two strains
of E. coli (referred to as tomato and citrine), which differed from the wild-type K-12 strain by
approximately four gene deletions each.The coculture biofilms were prepared by inoculating each
pure strain a few millimeters apart on the same porous polycarbonate membrane, then letting
the resultant colonies grow toward each other until they overlapped. Figure 3a represents the
principal component analysis (PCA) of 7.9-eV ns-LDPI-MS data on the cocultured biofilm. PCA
grouped the MS data into three distinct regions: the two monocultures and their overlapping
area. Metabolic interactions within the overlapped region appeared to render it physiologically
distinct from the pure regions. Figure 3b is a scree plot showing the variance of the complete
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(a) Principal component analysis of 7.9-eV nanosecond laser desorption photoionization mass spectrometry (ns-LDPI-MS) of the three
different regions of a coculture multistrain Escherichia coli (tomato and citrine strains) membrane biofilm. (b) Scree plot showing
variance of the entire data set with respect to the principal components. Adapted with permission of the corresponding author from
Reference 73, published by the Royal Society of Chemistry.
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pulses

data set versus principal components, indicating that ∼75% of the data is represented by the first
two principal components. PCA of 7.9-eV ns-LDPI-MS data of pure regions showed a greater
variance in the second principal component compared to similar measurements by 10.5-eV ns-
LDPI-MS (data not shown). The observed difference in PCA spreads can be explained by the fact
that many compounds have ionization energies between 9 and 10 eV, so 7.9-eV SPI samples a
subset of molecules with lower ionization energies, whereas 10.5-eV SPI detects a wider range of
analytes.

3.4. Multiphoton and Short Pulse Postionization in Ns-LDPI-MS

Single-photon ionization was used in the aforementioned examples, but resonance-enhancedmul-
tiphoton ionization (REMPI) can also be utilized in ns-LDPI-MS (25). REMPI has much higher
selectivity than simply tuning the photon energy in SPI (74, 75). Applications and the various
advantages of REMPI, including its capability to distinguish chiral isomers, have been discussed
previously in this journal (76, 77). For example, two-photon REMPI can be accessed in many
molecules via the fourth or fifth harmonic of a pulsed Nd:YAG laser or a tunable optical paramet-
ric oscillator equipped with second or third harmonic generation. Two examples of ns-LDPI-MS
with REMPI are an organic analysis for planetary missions (78) and a fundamental study of the
laser ablation of ice (79).

Molecular fragmentation can be excessive for many molecular species with REMPI using ns
laser pulses (74, 75), but shortening the pulse length can reducemolecular fragmentation (75).The
development of chirped pulse amplification has made fs laser pulses available for both postioniza-
tion and also laser ablation, as discussed further below (80). An example of the use of ultrashort
laser pulses (<100 fs) for postionization in ns-LDPI-MS is shown in Figure 4, where the artifi-
cial amino acid 2,5-dibromotyrosine was analyzed using 349-nm ns-LD and 267-nm,∼75-fs laser
postionization at various fluences and fixed delay time (81).Figure 4a displays the precursor struc-
ture (M) as well as those of the observed fragments, in clockwise order of descending mass (I–VI).
Figure 4b shows that overall signal increased with fluence, while Figure 4c shows that the pre-
cursor ion (M+) was a relatively minor component with extensive fragmentation that mostly sta-
bilized at an intermediate fluence. However, analysis of this amino acid by 10.5-eV ns-LDPI-MS
(not shown) displayed slightly less fragmentation.

The results shown in Figure 4 are consistent with experiments performed two decades ago
that essentially differed only in the amino acids analyzed and the use of thermal evaporation in
lieu of ns-LD (82, 83). Recent studies have found that using yet shorter (<50-fs) UV laser pulses
for ionization of gaseous species further reduces fragmentation (84).When considered along with
other recent work that has combined ion sputtering with postionization by near-IR ultrashort
pulses (28, 85, 86), it is clear that ultrashort pulse postionization holds great promise for application
to LDPI-MS, secondary neutral MS, and beyond.

4. SHORT PULSE LASER ABLATION AND FS-LDI-MS

As is the case with postionization, shortening the laser pulse length below the nanosecond regime
can access new phenomena that are highly advantageous for MS sampling. Laser pulses in the
mid-IR (∼3,000 nm) are resonant with OH vibrations in water, effectively ablate water-containing
samples (87), and form the basis of laser ablation electrospray ionization (LAESI) (22, 88). How-
ever, it has been argued that shortening the mid-IR ns laser pulse lengths down to 10–100 ps in-
creases the coupling of excited OH vibrations into the translational motion required for ablation
while reducing energy transfer into the sample (89). This reduction in the transfer of thermal and
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(a) Structure of 2,5-dibromotyrosine precursor ion (M+) and fragments (I–VI) observed by nanosecond laser
desorption photoionization mass spectrometry (ns-LDPI-MS) using 267-nm, ∼75-fs laser postionization.
(b) Intensity of M+ and fragments versus postionization laser pulse energy. (c) Fragment/precursor ion ratios
versus postionization laser pulse energy. Adapted with permission of the author from Reference 81.

acoustic energy can explain an observed reduction in sample damage and molecular fragmenta-
tion with ps laser pulses. The overall process is referred to as picosecond infrared laser desorption
via impulsive vibrational excitation (PIRL-DIVE), an effective strategy for laser surgery (90) and
ablation for MS both without (91) and especially with (23) postionization.

PIRL-DIVE is apparently driven by a vibrationally resonant excitation that does not lead to
photoionization (89), but electronic excitation that does lead to photoionization and then ablation
can be accessed nonresonantly via even shorter,<100-fs laser pulses. In fact, such ultrashort pulses
of even near-IR radiation can ablate virtually any material when focused to fluences of 1012 to
1015 W/cm2 (92–94). Excitation by <100-fs laser ablation (fs-LA) commences with a highly non-
linear optical absorption, leading to either nonresonant multiphoton ionization or tunneling ion-
ization that causes electron temperatures in a sample to increase before lattice motion, reducing
sample damage (56). Relaxation of this electronic excitation into the resultant plasma induces
melting, evaporation, shock waves, and/or bubble formation within the sample, which can then
lead to an ablative ejection of neutral and ionized atoms, molecules, clusters, and particulates.
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Fs-LA of water has been described in detail (95) and is summarized here as an example.
The exposure of water to fs laser fluences near the ablation threshold initially induces nonlinear
photoionization, avalanche ionization, and photodissociation that generate secondary electrons,
radicals, atoms, and other neutrals that collectively form a highly localized plasma. The subse-
quent <100-ps local heating by the plasma results in the formation of short-lived bubbles whose
small size and transient nature, combined with the moderate temperature increase associated with
their formation, localize the ablation event compared with ns laser excitation. Finally, ejection
of condensed-phase material into the gas phase occurs, releasing the stress confinement in these
bubbles. Similar processes have been proposed for fs-LA of polymer and organic systems that are
also thought to be distinct from those induced by ns laser pulses (96).

Relatively low thermal damage and a highly confined ablation event allow fs-LA to more pre-
cisely cut both opaque and transparent materials when compared to longer laser pulses. Metals,
glasses, silicon, and other materials (94) have all been micromachined by fs-LA with submicron
spatial accuracy, leaving behind smooth and relatively undamaged surfaces.Mammalian tissue (93)
and other cellular structures (97, 98) can also be cut cleanly by fs-LA, a phenomenon long exploited
for laser surgery (93). For example, tissue excision by fs-LA at repetition rates of ≤1 kHz produces
very clean cuts compared to ns pulse lengths (95).

These attractive characteristics have also led to the use of fs-LA for sampling of dielectric,
conductive, and semiconductive materials for MS analysis, without the need for added matrix or
another chromophore while overcoming the sample-dependent fluctuations in desorption effi-
ciency of optically resonant versus nonresonant ns-LD (20–22, 99, 100). Experiments tested the
capability of ∼75-fs, 800-nm fs-LA to cut bovine eye tissue with high precision (101). MALDI-
MS was then used to compare phospholipids and <6-kDa peptides that were lysed from proteins
on native bovine eye tissue and fs-LA modified tissue: Both showed similar mass spectra, indi-
cating that fs-LA can be performed in a fashion that causes relatively little chemical damage to
the remaining tissue (101). This and prior results on bacterial biofilms were used to argue for the
potential of fs-LA for depth profiling (20, 101, 102).

Unlike the intact sample surface left behind after fs-LA, the fate of the ablated material that
is ejected into the gas phase is an altogether different story. The ratio of ejected ions to neutrals
and the extent of molecular fragmentation from a given sample depend upon the laser fluence and
shielding of the sample by the laser-induced plasma (92). Fs-LA is used for a sampling feed into
inductively coupled plasma MS for elemental analysis (92).

However, atomic ions are formed directly in fs-LA under the appropriate laser conditions (99,
103) and allow ∼800-nm,<100-fs laser pulses to be used for direct fs-laser desorption/ionization
(fs-LDI) (99, 103–105). There is a fluctuation in sensitivity for different elements detected by
fs-LDI-MS that limits its application compared to fs-LA-inductively coupled plasma MS (103,
104). Nevertheless, the impressive depth and spatial resolution for fs-LDI-MS as well as its exper-
imental simplicity have provided this relatively new strategy with a growing niche for elemental
analysis (99, 105–107).

The detection of molecular species by fs-LDI-MS has also been examined, and an excellent
test case is the detection of lipids within tissue, a common application of MALDI-MS imaging
(7–9, 108). The detection of lipids with fs-LDI-MS was combined with multivariate analysis to
map lipids within human pancreatic tissue samples (109). Approximately 10-μm-thick tissue slices
were mounted on indium tin oxide–coated glass slides, submerged in lithium chloride/formalin
to enhance the formation of lithiated ions (108), dried, evacuated, then analyzed by fs-LDI-MS.
Figure 5b shows the total ion image from fs-LDI-MS of tissue as well as the result of maximum
a posteriori analysis of the collected fs-LDI-MS data, which were grouped into two categories

www.annualreviews.org • Laser Desorption with Postionization for MS 233



Downloaded from www.annualreviews.org.

 Guest (guest)

IP:  18.191.105.15

On: Sat, 25 May 2024 11:35:40

AC12CH11_Hanley ARjats.cls May 15, 2019 11:55

a

b

c

d
25

20

15

10

5

0

25

20

15

10

5

0

Figure 5

(a) Optical image of pancreas tissue slice that has been H&E stained to show adipocytes (fatty tissue).
(b) Total ion image from femtosecond laser desorption/ionization mass spectrometry (fs-LDI-MS) of
adjacent tissue slice. (c) Lipid and (d) nonlipid components extracted by multivariate analysis of the
fs-LDI-MS data. Analysis area: 630 × 360 µm2. Note that the upper two images are elongated slightly. Ion
intensities are shown using a heat scale. Adapted from Reference 109, with the permission of the American
Vacuum Society.
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that were identified as (Figure 5c) lipid and (Figure 5d) nonlipid regions by correlation with
(Figure 5a) bright field transmission optical microscopy of stained samples.

The shortcoming of fs-LDI-MS, for at least this lipid analysis on this particular mass analyzer,
is that the observed ions (109) differ from the intact precursor (parent) ions of phosphatidyl-
choline or other lipids observed byMALDI-MS (8, 108). Rather, the lipid-related ions detected by
fs-LDI-MS appeared to be atypical fragments that were not identified in this study. Excessive
molecular fragmentation is also a concern with LDI-MS using vacuum or extreme UV ns laser
pulses (110, 111), although both display high potential for submicron spatial resolution for MS
imaging (112, 113), and depth profiling has been demonstrated with at least the latter (113).

5. FS-LDPI-MS, PLUME EXPANSION, AND THE EFFECT OF DELAY
TIME BETWEEN LASERS

The most promising approach for using fs-LA for MS analysis is to couple it to postionization.
Fs-LDPI-MS coupled with 10.5-eV postionization was used to detect various intact small molec-
ular species in tissue (100), in biofilms (20), and from test patterns (21). Multiphoton (76, 77)
and short pulse ionization methods (81–85) can also be coupled with fs-LA at low pressures for
molecular analysis (see above). Prior work has discussed coupling fs-LA at ambient pressure with
electrospray postionization (22), and discharge-based postionization is also possible (30). More
thorough comparison of all the postionization methods is warranted, although it should be noted
that the relatively long durations of electrospray plumes and discharges are not optimal for cou-
pling to the temporally compressed ablation plume formed by fs-LA (or ns-LD).

The question arises as to whether fs-LA is excessively energetic for sampling in molecular
MS, especially given the aforementioned observation of atomic ions by fs-LDI-MS.The accepted
model for fragmentation of molecular ions in mass spectrometry is that it occurs unimolecularly
and is controlled by the internal energy imparted by the volatization/ionization event(s) to the
precursor (parent or molecular) ion in the gas phase (114). Internal energy can derive from the
desorption event (32), hence the fragmentation reduction upon cooling (53–55), or the ionization
event. Rice-Ramsperger-Kassel-Marcus (RRKM) theory has been used generally to estimate the
internal energies of thermometer ions (114) and applied specifically to interpret the fragmentation
of benzyl pyridinium thermometer ions formed by various laser-based strategies via correlation
with calculated unimolecular rate constants (115).Thermometer ions desorbed at low pressures by
MALDI via UV ns pulses with α-cyano-4-hydroxycinnamic acid matrix were thereby estimated
to impart ∼3.7 eV of internal energy (115, 116), compared with ∼4.3 eV by fs-LDI-MS (100) and
∼4.1 eV by 10.5-eV fs-LDPI-MS (100). These studies indicated that fs-LDPI-MS can produce
precursor ions that are only slightly more energetic than those generated by traditional MALDI.
A more quantitative comparison of these methods is probably not warranted given differences in
the data analysis methods and/or other experimental parameters (100).

Fragmentation can clearly be tuned by variation of the ablation laser fluence, where higher fs-
LA fluences lead to enhanced molecular fragmentation (21, 100). Another strategy to increase the
detection of intact molecule species in both ns- and fs-LDPI is tomaximize the time delay between
desorption/ablation and postionization laser pulses, as species that desorb with lower velocities
tend to have lower internal energy resulting from a higher number of gas-phase collisions (45).
Shorter delay times will often lead to enhanced fragmentation and can be used for structural
analysis. The role of collisional cooling was verified in fs-LDPI-MS by the decrease in energy
transfer with the high collision number that occurs with longer delay times between ablation
and postionization laser pulses (100). Of course, the maximum delay time is constrained by the
requirement that the postionization pulse intersect with as much of the ablation plume as possible,
as the latter continues to expand over time as it travels away from the surface.
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Figure 6

(a) Schematic of subdiameter imaging with femtosecond laser ablation (fs-LA) probe. Micrometer-scale square pattern of pentacene
deposited onto an Si wafer by sublimation, imaged by (b) an integrated optical microscope after mass spectrometry (MS) analysis and
(c) femtosecond laser desorption photoionization mass spectrometry (fs-LDPI-MS). Grid dimensions were: 16.5-µm pitch, 11.5-µm
hole width, and 5-µm bar width. One MS image pixel corresponds to a 1-µm sample translation step. (d) The line scan for the MS
image area demonstrates lateral resolution of ∼2 µm, obtained by signal integration of the yellow shaded region in the MS image).
Adapted from Reference 21, with the permission of the American Chemical Society.

Another advantage of fs-LDPI-MS is its demonstrated capability for high lateral resolution
MS imaging that is shown in Figure 6 (21). The additional signal afforded by fs-LDPI-MS com-
pared to fs-LDI-MS allowed the former to sample an organic test pattern at lower laser fluences
where ablation occurred from smaller volumes. An ∼4-μm-diameter laser beam focal spot used
for fs-LDPI-MS gave ∼2-μm lateral resolution by exploiting the nonlinear optical absorption
inherent to fs-LA, where only the intensity above a certain threshold leads to ablation (depicted
schematically at the top of Figure 6) (21).

6. POSTIONIZATION OF CLUSTERS AND SAMPLING
AT AMBIENT PRESSURE

VUV postionization of molecules at low pressures, where gas-phase collisions are largely absent,
is traditionally thought to proceed by SPI leading to the ejection of a photoelectron and subse-
quent formation of a radical cation (24, 33) (see above). Nevertheless, such an initial SPI event
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in a larger species like a cluster can be followed by loss of molecular fragments and formation of
a smaller, protonated ion. Such events were observed, for example, in VUV postionization of ac-
etaldehyde/water clusters forming protonated ions via loss of a deprotonated acetaldehyde neutral
(117). Similar phenomena were observed in ns-LDPI-MS, where the lower ionization energies of
clusters additionally allowed their detection at lower photon energies than expected based upon
the ionization energies of their constituent molecules (34). SPI followed by dissociation of clusters
is likely significant in many ns-LD and fs-LA events, given that abundant clusters are known to
be generated in MALDI (2–4, 118) and other types of laser sampling (23, 89, 119). These phe-
nomena must also be considered even though they complicate the traditional, gas-phase models
of SPI, REMPI, and other types of laser postionization.

Like LDPI-MS,MALDI-MS is most commonly performed with samples at low pressures (7–
9), allowing high sensitivity (120). Nevertheless, there are numerous advantages to laser sampling
at elevated or even atmospheric pressure (ambient) (30, 91, 119, 121), some of which have already
been discussed previously in this journal (22). Ambient sampling facilitates analysis of large and/or
complex objects while precluding the dehydration of samples that occurs under vacuum. Among
the many examples of ambient laser sampling forMS (30, 91, 119, 121), one of particular relevance
to LDPI-MS involves its coupling to low-pressure VUV SPI-MS that was applied to explosives
analysis (122).

Yet another advantage of ambient sampling in general is the internal cooling of ions that occurs
as a result of the many gas-phase collisions during transmission from atmosphere to the evacuated
mass analyzer. For example, significantly lower internal energies were observed for thermome-
ter ions that were laser desorbed at ambient pressure: ∼2.0 eV for both fs-LA (123) and mid-IR
ns laser ablation (124), although both experiments employed electrospray rather than laser pos-
tionization. This is roughly half of the internal energy imparted by MALDI, fs-LDI, and fs-LDPI
performed in vacuum (see above). Gas-phase collisions also help dissociate clusters and larger par-
ticles formed during laser desorption (4, 119), improving useful ion signal. However, it is unclear
to what extent this offsets ion transmission losses from ambient sampling to the mass analyzer.

VUV postionization at ambient is known as atmospheric pressure photoionization (APPI) and
is performed using noble gas discharges that emit an incoherent, continuous output of VUV ra-
diation (31). One major difference from VUV postionization in vacuum is that in APPI, the VUV
photons are strongly absorbed by air, perhaps before they can induce direct SPI of an analyte.
Ionization in APPI is instead thought to proceed via a series of chemical ionization–like steps (31,
125), often via addition of a dopant that undergoes SPI, facilitates proton transfer to the analyte,
and may also involve intermediate, protonated clusters. Similar proton and charge-transfer events
initiated by VUV SPI are likely to occur via ion–molecule collisions within the high-density realm
of ablation plumes, even for laser sampling at low pressures.

Several configurations of ambient laser sampling coupled to APPI have been reported: with
mid-IR ns laser ablation APPI (LAAPPI) (126), near-IR ns-LD (127), and laser-induced acoustic
desorption (128). Any of these configurations and the one shown in Figure 7 permit facile cou-
pling with the majority of modern high-resolution and tandem mass spectrometers that are built
to be coupled with electrospray ionization. Figure 7 depicts a recent iteration of ambient laser–
based sampling coupled to APPI, a laser diode thermal desorption (LDTD) APPI (LDTD-APPI)
source (129). The LDTD-APPI source combines a pseudocontinuous near-IR laser diode with a
Kr discharge lamp and a dopant gas sprayer. This LDTD-APPI source gave similar mass spectra
as mid-IR ns laser ablation (126) for Salvia officinalis (common sage) leaf with anisole dopant and
a Pseudomonas aeruginosa biofilm with toluene dopant (129). The diode laser was a relatively in-
expensive, battery-powered surgical laser, so the configuration could be implemented in portable
MS.
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Figure 7

Schematic diagram of LDTD-APPI source. Adapted from Reference 129, with the permission of the
American Chemical Society. Abbreviations: AP, atmospheric or ambient pressure; CW, continuous wave;
LDTD-APPI, laser diode thermal desorption atmospheric pressure photoionization; MS, mass
spectrometry; VUV, vacuum ultraviolet.

Because this review started with a discussion ofMALDI, it is appropriate to again consider how
this most popular method continues to evolve. Perhaps the oldest method of ambient laser–based
sampling is atmospheric pressure MALDI (7, 9, 120, 130). A lateral resolution of 1.4-μm imag-
ing has been demonstrated in atmospheric pressure MALDI using a Schwarzschild microscope
configuration (131), although it is likely that insufficient signal will limit this resolution for many
analyses. MALDI is also performed at intermediate pressure (9), to which UV postionization was
coupled in a method termed MALDI-2 (26). MALDI-2 enhances ion signal by up to 100× for a
variety of species from tissue.The postionization process ofMALDI-2 was described as secondary
MALDI on clusters and larger particulates that was observed to depend upon gas pressure as well
as laser wavelength, delay, and pulse energy (see above). It was argued that MALDI-2 will lead to
less fragmentation than photoionization, although the latter is also observed in MALDI-2 (26).
Enhanced lipid imaging was also described for MALDI-2 in a configuration coupled to a high
mass resolution mass spectrometer (60). Laser postionization has also been employed to probe
clusters formed in MALDI (118, 132).
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7. CONCLUSIONS

There are significant opportunities for analysis afforded by coupling laser postionization to laser
desorption or ablation: the ability to forego matrix application, the high lateral resolution, im-
proved analysis of electrically insulating samples, and an excellent potential for high sensitivity
and depth profiling while minimizing differential detection. Nevertheless, the question must be
asked: How might laser desorption postionization rise above MALDI and the plethora of other
MS ion sources (15, 16, 22, 26, 29–31, 119, 121, 125) that continue to be described? First, commer-
cial instrumentation must become available for users to develop protocols for specific applications
of LDPI-MS. Second, these instruments will likely need to incorporate traditional chromatogra-
phy, ion mobility, tandem MS, and/or high-resolution MS to compete in the realm of species
identification with established methods. Third, commercialization may also require development
of less expensive and more reliable postionization lasers, and such factors may ultimately dictate
whether VUV ns, UV ns, or short pulse lasers come to dominate postionization in LDPI-MS and
secondary neutral MS. Finally, bioinformatic strategies are needed for automated analysis of the
large data sets that arise from LDPI-MS. Nevertheless, it is clear that the ongoing rapid devel-
opment of new laser technologies will continue to open up new opportunities in laser-based MS,
as it has already for the use of ultrashort laser pulses in LDPI-MS (20, 21, 81) and elsewhere (23,
133). Perhaps in another decade, the use of attosecond laser pulses will even come to be used in
laser sampling MS (134).
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