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Abstract Although laser desorption mass spectrometry
was introduced in the 1960s, the potential of laser mass
spectrometry was not realised until the introduction of
matrix-assisted laser desorption/ionisation (MALDI) in the
1980s. The technique relies on light-absorbing compounds
called matrices that are co-crystallised with the analyte to
achieve high ionisation and desorption efficiencies. MALDI
offers a lot of advantages and is an indispensable tool in
macromolecule analysis. However, the presence of the
matrix also produces a high chemical background in the
region below m/z 700 in the mass spectrum. Surface-
assisted laser desorption/ionisation (SALDI) substitutes the
chemical matrix of MALDI for an active surface, which
means that matrix interference can be eliminated. SALDI
mass spectrometry has evolved in recent years into a
technique with great potential to provide insight into many
of the challenges faced in modern research, including the
growing interest in “omics” and the demands of pharma-
ceutical science. A great variety of materials have been
reported to work in SALDI. Examples include a number of
nanomaterials and surfaces. The unique properties of
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nanomaterials greatly facilitate analyte desorption and
ionisation. This article reviews recent advances made in
relation to carbon- and semiconductor-based SALDI strate-
gies. Examples of their environmental, chemical and
biomedical applications are discussed with the aim of
highlighting progression in the field and the robustness of
the technique, as well as to evaluate the strengths and
weaknesses of individual approaches. In addition, this article
describes the physical and chemical processes involved in
SALDI and explains how the unique physical and electronic
properties of nanostructured surfaces allow them to substi-
tute for the matrix in energy transfer processes.

Keywords SALDI - DIOS - NALDI - Nanomaterial -
Laser mass spectrometry

Introduction

Surface-assisted laser desorption/ionisation mass spectrom-
etry (SALDI-MS) was originally proposed by Sunner and
Chen as early as 1995 [1]. Graphite particles between 2—
150 um in size were used as ion emitters in a technique
referred to here as graphite SALDI. Graphite was thought
to be a suitable substrate because it is chemically inert,
electroconducting and can serve as an energy receptacle for
laser radiation. Subsequent development adopted a thin
layer of activated carbon particles immobilised on an
aluminium support [2]. Sunner referred to this approach
as SALDI-MS in order to emphasise that surfaces and
surface structures are critical not only to sample preparation
but also to the desorption/ionisation process [2]. Although
the original SALDI investigation was inspired by the early
work of Tanaka et al., in which fine cobalt particles were
used to couple the laser energy into a glycerol solution [3],
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in practice the upper mass limit and the sensitivity of the
two approaches differed greatly. Since then, a multitude of
different surfaces have been reported to work as SALDI
substrates with varying degrees of success. Based on the
elemental composition, the majority of the SALDI sub-
strates reported in the literature can be classified into three
main types: carbon-based, semiconductor-based and
metallic-based. However, this classification is insufficient.
For example, depending on the molecular structure or
atomic arrangement, pure carbon can range from being a
pure insulator (diamond) to semiconducting (semiconduct-
ing nanotubes) and metallic (metallic nanotubes and
graphite). While it is not a popular SALDI substrate of
choice, silica sol-gel has also been reported as a SALDI
substrate [4, 5]. Since the first report of the SALDI
technique, a number of notations have been used by
different authors. Some authors have termed the SALDI
technique “matrix-free” or “matrix-less” laser desorption/
ionisation (LDI), while others have referred to it as matrix-
assisted laser desorption/ionisation (MALDI) using an
inorganic matrix [6—8]. These terms have also been used
interchangeably with desorption/ionisation on silicon
(DIOS) [9, 10] when a porous silicon (PSi) surface is used,
and nanowire-assisted laser desorption/ionisation (NALDI)
[11, 12] when a surface of nanowires is used. TUPAC’s
provisional recommendation for the Standard Definitions of
Terms Relating to Mass Spectrometry (2006), and subse-
quent revisions of this, defined “SALDI” as MALDI using
a liquid plus particulate matrix [13]. Neither the definition
of “DIOS” nor that of “NALDI” were included in the final
submitted document. Opinion on the nomenclature of the
technique remains divided. There have also been somewhat
divided opinions and controversy regarding the optimisa-
tion of the method and the ionisation mechanism. The
physical processes proposed in the literature were often
speculations that were not supported by experimental
evidence.

As discussed in a review prepared by He et al. [14], the
initial development of graphite SALDI failed to capture the
attention or imagination of the wider scientific community.
This position changed after the introduction of nano-
materials as SALDI substrates. The technique has since
been rediscovered as a potentially viable method to address
the challenges of systems biology, particularly metabolo-
mics, and other areas of analytical chemistry. This is
because SALDI has the advantages of being high through-
put, free of matrix interferences in the low-mass region of
the mass spectrum, and capable of the global profiling of
complex biological matrices and tissue imaging. The
SALDI technique is defined here as a collection of
technologies that exploit novel materials and advanced
surface science for the application of laser mass spectrom-
etry. To qualify as a SALDI technique, the authors also
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propose that a technique should have the following
characteristics:

1. The LDI performance should be much higher than that
of direct laser desorption. A sanded metal or silicon
surface should only serve as an experimental control.

2. Laser fluence required to achieve LDI should be no
more than the normal operation of MALDI using
conventional organic matrices.

3. Being a soft ionisation technique, molecular ions, or
quasi-molecular ions of the analyte should dominate the
mass spectra.

4. If fragmentation occurs, the fragmentation pattern
should be both orderly and predictable.

5. A wide range classes of compounds could be analysed
by the technique.

This critical review addresses recent advances or strategies

in relation to carbon-based and semiconductor-based
SALDI techniques whilst weighing up the pros and cons
of each technique with regards to both chemical and
biomedical applications.

Carbon nanotubes and carbon-based SALDI

Carbon nanotubes (CNTs) were discovered in 1991 [15],
and, like fullerenes, are macromolecules of elemental
carbon. They can be thought of as a graphene sheet rolled
into a cylinder. These intriguing structures have sparked
much excitement in recent years, and a large amount of
research has been dedicated to their understanding. CNTs
are categorised as either single-walled nanotubes (SWNTSs)
or multi-walled nanotubes (MWNTSs). Vertically aligned
SWNTs reportedly exhibit optical properties that are very
close to those of the ideal black body in the spectral range
from UV to far infrared; even closer than those of super
black (a chemically etched nickel-phosphorus alloy) [16].
This makes CNTs an ideal material to couple laser radiation
for the application of laser mass spectrometry [17]. The use
of CNTs as a carbon-based SALDI substrate has been the
subject of several reviews [7, 18, 19]. Most noticeably,
CNTs gave a far superior LDI performance than activated
carbon. Chemically treated CNTs also exhibited an extend-
ed mass range to 12 kDa (cytochrome c). Several short-
comings encountered in the initial works were resolved by
immobilisation and oxidation treatments. CNTs could also
act as an SPE sorbent to extract drug molecules from urine,
which were then analysed directly by SALDI-MS [20-25].

Tang et al. undertook a detailed study comparing the
desorption efficiencies of a variety of carbon surfaces when
used as SALDI substrates [26], including multi-walled carbon
nanotubes (MWNTSs), buckminsterfullerene (Cgg), nanopo-
rous graphitic carbon [Hypercarb™] (PGC), nonporous
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graphite particles (G), highly oriented pyrolytic graphite
(HOPG) and nanodiamonds (ND) (Fig. 1). Although the
order of desorption efficiency was found to be MWNT ~ Cqg
> PGC > G > HOPG > ND, intriguingly, this is the opposite
trend to the extent of internal energy transfer: MWNT < Cgq
~PGC <G ~HOPG < ND. It was concluded that increasing
the extent of internal energy transfer in the SALDI process
might not enhance the desorption efficiency of benzylpyr-
idinium ions (or may lead to extensive fragmentation or
degradation). The type and size of the carbon substrates was
also found to be important. The authors noted that their
results contrasted with those reported previously by Alim-
piev et al. [27]. Specifically, HOPG and ND were found to
be poor SALDI substrates, despite these surfaces being
rough, and the HOPG surface required a high laser fluence to
achieve laser desorption. These differences may arise
because the actual substrate examined by Alimpiev was

Fig. 1 a—f Scanning electron
micrographs of a multi-walled
carbon nanotubes, b buckmin-
sterfullerene, ¢ nanoporous gra-
phitic carbon, d nonporous
graphite particles, e highly ori-
ented pyrolytic graphite, and f
nanodiamonds. Reproduced
with permission from [26];
copyright 2009, Analytical
Chemistry

pretreated with a hyperthermal atomic beam. Further
investigation revealed that parts of the carbon surfaces were
laser annealed under high laser fluence and clusters of sub-
um sized spherical particles were formed (Fig. 2a). A series
of carbon cluster ions (differing by m/z 12.0) was also
observed in the negative ion mass spectra. Destruction of the
surfaces of the CNTs after laser irradiation was observed, but
carbon cluster ions were not seen in the mass spectrum
(Fig. 2b).

Amini and Shariatgorji have also advanced the graphite
SALDI technique [28-30]. Graphitised carbon black (GCB)
particles embedded in a network of polytetrafluoroethylene
(PTFE) were shown to be an active carbon-based SALDI
substrate (Fig. 3a—c). A number of pesticides with varying
chemical properties were detected (Fig. 3d), though most of
the pesticides were detected as Na/K adducts or fragmented
ions. The method was successfully used to determine the
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Fig. 2 a, b Scanning electron micrographs of a clusters of spherical
particles formed on the surface of HOPG after N, laser irradiation
(laser fluence, 109 mJ cm ?) and b the destruction of multiwalled
carbon nanotubes (CNTs) after N, laser irradiation (laser fluence,
43 mJ ecm?). The carbon substrates were irradiated with the N, laser
at a frequency of 10 Hz for 1000 laser pulses. Reproduced with
permission from [26]; copyright 2009, Analytical Chemistry

presence of atrazine and one of its degradation products,
atrazine-desethyl-2-hydroxy, in agricultural drainage water
from rice fields [30] (Fig. 3e). Enhancement was further
achieved using oxidised GCB nanoparticles, with the result
being that propranolol extracted from Baltic Sea blue
mussels was successfully quantified by SALDI-MS using
deuterated propranolol as the internal standard [29].

The production of carbon cluster ions in carbon-based
SALDI obscures the mass spectra and/or suppresses the
signals of the analyte due to detector saturation. However,
with the development of ion-mobility (IM) mass spectrom-
etry, in an approach demonstrated by Ugarov et al. [31], the
carbon cluster ions can be filtered out because the migration
times of these ions are distinctly different from those of the
biomolecules investigated. In that study, derivatised fuller-
ene particles were chosen as the SALDI matrix and
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deposited on a 14 pum thick rat brain tissue slice. The
tissue was then analysed directly. Figure 4 shows a
representative SALDI-IM-TOF spectrum obtained before
and after carbon cluster signal filtering. Although peptide
and lipid ions were detected below m/z 2000, the presence
of fullerene ion signals greatly suppresses their signals
(Fig. 4a). However, the peptides and lipids show a
distinctive trend in their IM spectroscopy compared to the
Cgo and Cj,o clusters. The fullerene ions were readily
subtracted from the data (Fig. 4b), and, by combing the
information generated by SALDI-MS and IM, detailed
assignments of the lipid and peptide components could be
made. Furthermore, IM analysis of dynorphin 1-7 was
demonstrated in the same study using derivatised SWNTs
as a SALDI substrate.

Nanostructured semiconductor-based SALDI

The development of SALDI-MS entered a new chapter
after DIOS-MS was proposed by Siuzdak et al. in 1999
[32-34]. The innovation of DIOS-MS is its migration
towards a monolithic target. By using lithographical etching
(illuminating n"-type silicon through an optical mask), or
by covalent derivatisation before etching, photopatterning
of the surface can be achieved. From the operator’s
perspective, the fundamentally different approach of the
DIOS-MS lies in stark contrast to the early carbon-based
SALDI approaches that are used in a manner similar to the
conventional MALDI matrix. Even during the early phase
of the development of DIOS-MS, it had already been noted
that a wide range of biologically related small molecules
could be analysed. It was thought that the porous structure
of PSi provided a scaffold for trapping the analyte, and the
unique optical activity of these nanostructured silicon
substrates afforded an effective means of transferring the
laser energy to the adsorbate [35]. PSi has been a subject of
intense research effort since the early 1990s, and in-depth
knowledge has been accumulated in this area [36, 37].
Much of the interest in PSi and its morphology derives
from its room-temperature photoluminescent properties
[38]: visible light emission from high-porosity structures
arises from the quantum confinement effect. Bulk silicon,
however, emits light only weakly (<0.001%) in the IR
region owning to its indirect band gap [37]. Recently, on the
basis that explosive vaporisation was proposed as a possible
desorption mechanism, a refined version of DIOS-MS
emerged, namely nanostructure-initiator mass spectrometry
(NIMS) [39].

Despite the reported success of DIOS-MS, three major
problems were encountered during its early phase of
development. Firstly, freshly prepared hydrogen-terminated
PSi is chemically unstable and a dielectric layer forms on the



Recent advances in SALDI-MS techniques and their chemical and bioanalytical applications 2601

Fig. 3 a—e SEM images of a
graphitized carbon black disk sur-
face at magnifications of a 90x, b
300%, and ¢ 3000x. d SALDI
spectrum showing different pesti-
cides retained on a GCB disk:
[methomyl + NaJ" (m/z 184.9),
[simazine + H]" (m/z 202.1),
[atrazine + H]" (m/z 216.0),
[propazine + H]" (m/z 230.1),
[atrazine + Na]™ (m/z 238.0),
[carbofuran + Na]™ and
[chloridazon + Na]" (m/z 244.0),
[cyanazine + Na]" (m/z 263.0),
[parathion — methyl + H]" (m/z
263.9), [metazachlor + Na]”
(m/z 300.0), [metalaxyl + Na]",
(m/z 302.1), [metolachlor + Na]*
(m/z 306.1), [diazinon + Na]" (m/z
327.0), [malathion + Na]" (m/z
353.0), and [azinphos - ethyl +
Na]" (m/z 368.0). ¢ SALDI mass
spectrum of agricultural drainage
water showing atrazine (m/z
216.1) and one of its degradation
products, atrazine-desethyl-2-
hydroxy (m/z 170.0). Repro-

duced with permission from [30]; 216.0
copyright 2010, Analytical (d) ess02
Chemistry
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surface due to oxidation. Secondly, the substrates produced
by the wet chemical etching exhibit substantial inter-sample
variability. Thirdly, the material has a high affinity towards
hydrocarbons from ambient air and even from the residual
gas within the vacuum chamber of the mass spectrometer.
This leads to a characteristic chemical background in the

mass spectra. These undesirable properties of PSi hindered
the full potential of the material to work in SALDI-MS.

As nanomaterial science has advanced, alternative
fabrication methods, chemical treatments and modifications
were sought. Table 1 summarises some of the alternative
approaches used to prepare nanostructured semiconductor
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Fig. 4 a, b 2D SALDI IM-TOF MS spectra obtained from Sprague—
Dawley rat brain tissue using Cgo((CH;,),COOH),, matrix: a original
spectrum; b the same 2D spectrum after the carbon cluster signals had

SALDI substrates reported to date. Methods include thin-
film deposition approaches, such as a nonporous column/
void silicon surface produced by plasma-enhanced chemi-
cal vapour deposition (PECVD) [40, 41], germanium
nanodots (GeNDs) deposited on a silicon single-crystal
surface by molecular beam epitaxy (MBE) [42, 43], ordered
silicon nanocavity arrays produced by reactive ion etching
(RIE) [44, 45], and silicon nanowires (SiNWs) produced by
chemical vapour deposition (CVD) [46—48]. These physical
methods have advantages over wet chemical etching
approaches, as they are carried out in computer-controlled
systems ensuring the substrates produced have a high
target-to-target reproducibility.

The SiNWs substrate has recently been made commer-
cially available under the trade name of NALDI™ from
Nanosys, Inc. and Bruker Daltonics, Inc. The substrates are
prepared using colloidal gold nanoclusters deposited on a
silicon wafer as catalysts. Nanowires are then grown using
silane vapour (SiH,) as a reactant in a CVD furnace. The
SiNWs surface is further oxidised and derivatised with
(pentafluorophenyl)-propyldimethylchlorosilane [46, 47]. It
has been reported that the SiNWs surface exhibits signif-
icantly lower ionisation fluence thresholds than the DIOS
substrate and organic MALDI matrices. SEM images also
revealed that the SiNWs layer is easily melted and
evaporates upon laser irradiation [47]. Important surface
parameters governing the LDI performance have been
further optimised and the surface morphology of the
optimised substrate is different from the earlier develop-
ment version reported [12] (Fig. 5). In addition, indepen-
dent study has shown that the commercial NALDI™ target
outperforms the commercial DIOS™ target in several
aspects, particularly in low molecular weight peptide
analysis [64]. However, the positive ion NALDI mass
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spectra have characteristic background ions located at m/z
197, 235 and 243, etc. [65] due to the formation of Au",
[AuF,]", [AuSi(H,0)]" and other related cluster ions, and
these obscure the analysis of small molecules.

Alternative chemical etching methods have also been
sought. The relatively simply preparation procedure in-
volved in chemical etching make these approaches viable in
most laboratories. For example, a metal-assisted oxidative
etching process termed HOME-HF etching, first proposed
by Li and Bohn [66], has been explored in several studies
[67-70]. This method involves an uncomplicated fabrica-
tion set up and only requires a deposition of a metal layer,
such as palladium, gold or platinum, on a silicon wafer,
although only the substrates prepared by Au-coating prior
to HOME-HF etching were reported to be of use in SALDI.
A shadow mask can be used to pattern the metal deposition
and to generate an array of sample spots. Early works
employed sputter coating in metal deposition, which often
resulted in surface heterogeneity and the formation of
“pitches” (islands of less-processed surface area) [71].
These were because of uneven Au deposition on the surface
and the fluctuation of the glow discharge current during
sputter coating. Subsequently, work carried out by Tsao et
al. employed an e-beam evaporation approach, avoiding the
problems encountered in sputter coating [69, 72]. In that
study, a range of surface morphologies were produced by
HOME-HF etching, but apparently a surface morphology
with vertically aligned densely packed nanofilaments shows
a superior performance (Fig 6a—c). Moreover, it was shown
that this substrate outperformed the commercial DIOS™
target in peptide analysis.

Another similar approach that employs silver-assisted
chemical etching has been reported by Piret et al. [63, 73].
In this process, crystalline silicon is etched by a solution of
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Fig. 5 Comparison of the
surface morphology of the early
development version and the
commercially available version
of the NALDI™ target. Repro-
duced with permission from
[47]; copyright 2006, Journal of
Physical Chemistry, from [12];
copyright 2008, Journal of the
Association for Laboratory
Automation

Density: 10-50
wires/pm?
Diameter: 40 nm
Length: a few pym

Development version (2005/2006)

., Density: > 100
wires/pm?
Diameter: 20 nm
Length: 100-500 nm

Commercially available version
(2007/2008)

100 00 100men ¥

TR

Fig. 6 a—f Comparison of the surface morphologies of a—c¢ a  the substrates appear to be identical. Reproduced with permission from
nanofilament silicon substrate prepared by HOME etching and d—f  [69]; copyright 2008, Analytical Chemistry, and from [63]; copyright
silicon nanowire arrays substrate prepared by silver nitrate assisted 2010, Langmuir

etching. Despite being named differently, the surface morphologies of
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HF/AgNO;. Because the surface is anodised, the silver
ions are reduced to silver metal and silver nanoparticles
are deposited on the surface. Therefore, the prior
deposition of a metal layer (as in HOME-HF etching) is
not required. However, the method requires a follow-up
step to remove the silver particles and dendrites produced.
The substrates reported to work in SALDI have an
identical surface morphology to that reported by Taso et
al., despite all of these authors naming their substrates
differently (Fig. 6d—f).

In a collaboration with Vladimir Karavanskii and
Sergey Nikiforov of the Prokhorov General Physics
Institute of Russian Academy of Sciences, the authors
explored the PSi substrate prepared by iodine-assisted
etching [9]. Figure 7 shows the microscopic structures of a
PSi substrate prepared by iodine-assisted vapour-phase
etching. Using this method, the density of the surface
nanostructures can be vastly increased compared to the
conventional anodisation approach. In addition, a relative-
ly large and uniform target can be produced. The authors’

Fig. 7 a SEM image and b AFM topography of a typical PSi
substrate prepared by vapour-phase etching. Etching was carried out
by suspending a silicon substrate in a sealed chamber containing
saturated vapours of a HF-water (1:1) solution and I, powder for 1 h at
room temperature. No light illumination or electrical bias was required

investigations of argon plasma etching [9] and an
amorphous germanium thin film target (QuickMass™)
[10] have also become the basis for developments relating
to amorphous-Si (a-Si) thin film, as reported in [74]. The
investigation of «-Si thin film was driven by the
hypothesis that dangling bonds which are present in a
disordered network of «-Si thin film play a fundamental
role in the energy transfer mechanism.

In addition to optimising the substrate physicochemical
parameters, the authors also investigated the effects of
varying the ion source pressure on the DIOS performance.
Increasing the ion source pressure from 107 to 10 and
1 bar produces a damping effect on the desorbed ion. The
internal energy of the desorbed ions is reduced and
consequently extensive metastable fragmentation or degra-
dation can be minimised. Furthermore, because a surface or
an interface is a highly dynamic system that is greatly
influenced by its surrounding environment, the ion source
(vapour) pressure also affects the availability of water
adsorbed on the surface. The configuration of the mass
spectrometer and the experimental conditions are therefore
crucial factors, and may explain the inconsistent results
reported in the literature. These effects are demonstrated by
the DIOS mass spectra of the neuropeptides leucine—
enkephalin (Fig. 8). Different mass spectral responses were
observed from ultrahigh vacuum, high vacuum and atmo-
spheric pressure (AP) systems. The protonated molecule of
leucine—enkephalin and the fragment ion at m/z 491
dominate the AP-DIOS mass spectrum. Still, in-source
decay could not be avoided. On the other hand, in all of the
vacuum systems, the peak intensity of the protonated
molecule was lower than its fragment and its salt adducts.
In the DIOS-ToF spectrum, fragment ions at m/z 434 and
491 dominated. In DIOS-Q-ToF, the spectrum was domi-
nated by the fragment ion at m/z 326.

SALDI ionisation mechanism on nanostructured
semiconductors

The elucidation of the SALDI ionisation mechanism is
possibly the most controversial and elusive area of
SALDI research. The SALDI mechanism can be sub-
divided into adsorption, retention, radiation coupling and
transfer, desorption and ionisation reactions. The physical
processes that are thought to be involved in the radiation
coupling reaction are described below with an emphasis
on silicon substrates. Depending on the thickness of the
nanostructure layer of the substrate, at least 3—4 levels of
these physical processes are involved in transferring the
laser energy to the adsorbate and thereby promoting them
to an excited state before the desorption and ionisation
reactions.
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« Fig. 8 a The effect of ion source pressure on the relative internal

energies of the desorbed ions. Also shown are positive-ion DIOS mass
spectra of leucine—enkephalin acquired on b an atmospheric pressure-
LDI-QqLIT system, ¢ an ultrahigh vacuum LDI-ToF system, and d a
high-vacuum LDI-Q-ToF system

1. Fundamental energy transfer processes

Okuno et al. noted that increasing the specific surface
area of a surface, for example by sanding a silicon wafer,
enabled the substrate to acquire some SALDI activity [50].
They used such substrates to obtain mass spectra of a
hydrophobic polymer, reserpine and angiotensin. However,
a scratched metal surface did not result in the same activity.
Undoubtedly, enhancing the specific surface area will also
affect the adsorption and retention of the adsorbate on the
surface and the refraction of laser light. However, this
observation also suggests that efficient energy transfer is
achieved because of the unique electronic properties of the
semiconductor surface.

Fig. 9 a Schematic illustration a bulk
of band bending and charge
transfer on n-type semiconduc-
tor surfaces. Ec and Evy are the
conduction and valence-band
edges, while Er and Ep are the
Fermi energy and the energy of
the bulk donor levels. Photoex-
citation leads to the formation of
electron—hole pairs (¢ and h*)

In direct laser desorption, most species that are desorbed
from the surface are neutral at the laser fluences required to
preserve molecular integrity. Observations of how neutral
molecules are desorbed from a surface have concluded that
there are two main processes that contribute to the
molecular desorption: (1) laser-induced thermal desorption
(LITD) [75], and (2) nonthermal laser desorption induced
by electronic transitions (DIET) (or more correctly, desorp-
tion induced by multiple electronic transitions: DIMET)
[76]. LITD occurs through the excitation of the substrate by
the creation of electron—hole pairs that relax and cause
phonon excitation. On the other hand, DIET is a nonther-
mal process that occurs by substrate excitation, leading to
low-energy electron transfer to the surface species. How-
ever, LITD and DIET alone do not lead to ion formation.
The ionisation potential of a typical molecule requires 8—
9 eV. The photon energy from the 337 nm N, laser is only
3.68 eV. Therefore, ion formation on direct laser desorption
requires a substantially high laser fluence, which escalates

space charge layer

surface

adsorbate
affinity
level

or excitons. Nonradiative re-

combination of excitons takes
place at the electronic surface
state (Esg), which leads to the
promotion of the adsorbates to
an excited state. Energy

thereby being concentrated to
promote ionisation. Adapted
from [76]. b Schematic illustra-
tion of photocarrier relaxation
pathways available in silicon
nanocrystallites. Reproduced b
with permission from [90];
copyright 1997, Journal of
Applied Physics
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Fig. 10 Negative ion DIOS spectrum of a copper(Il) acetate/iron(I1I) chloride mixture. Copper(Il) was reduced to copper(l), and part of the iron

(IIT) was reduced to iron(Il)

the probability of multiple photons arriving at the same site
simultaneously, and thereby inducing fragmentation and
degradation of the adsorbate. An important concept in
MALDI ionisation is photoexcitation and energy pooling.
Energy pooling is one of several energy concentration
possibilities imagined in early MALDI work. This is a
phenomenon in which the electronic excitation energy of
two nearby molecules is redistributed and higher energy
processes become possible [77, 78]. It is thought that the
unique electronic structure of a semiconductor surface
allows the possibility of energy pooling.

Whilst charge-transfer excitation on metal and semicon-
ductor surfaces involves initial photon adsorption by the
substrate, the detailed mechanisms differ significantly for
the two surfaces. The charge-transfer dynamics on a
semiconductor surface are governed mainly by the band
structure; principally the presence of a space-charge layer.
Figure 9A illustrates a simplified schematic of a charge-
transfer photoexcitation process on an n-type semiconductor
surface. A space-charge layer occurs because the electronic
configuration of the surface atoms is different from the bulk.
All atoms in the bulk of a pure metal or elemental
semiconductor are equivalent. However, the atoms at the
surface do not possess their full complement of bonding
partners [79]. Consequently, a semiconductor surface usually
possesses electronic surface states and such states are
energetically located in the band gap [76]. These relatively
localised states can result from dangling bonds on the
surface, or from defects or impurities. Depending on the
type of surface state (donors or acceptors) and the position
of the Fermi level at the surface, the surface states may

@ Springer

carry charge, which is screened by an opposite charge
inside the semiconductor material. Due to the low free-
carrier concentration in semiconductors, the screening
length is long and a space-charge layer is formed, giving
rise to band bending [76].

When photons with energies that are larger than the band
gap are absorbed by the surface, electrons from the lower band
can be promoted to the upper band, and this creates energetic
electron—hole pairs or excitons. Within the space-charge layer,
electron—hole pairs are driven apart by the space-charge field.
For n-type semiconductors, electrons are driven into the bulk,
while holes are transported toward the surface. This is because
the charged carriers (electrons and holes) are separated by the
surface band bending, thereby producing UV radiation
mediated surface oxidation [80]. The oxidation of silicon
induces a reduction potential of —0.91 eV, which is sufficient
to reduce, for example, Cu(Il) and Fe(III) to Cu(I) and Fe(Il),
respectively [81-84] (Fig. 10). When such charge separation
or exciton formation creates an electric field, and when it is
relaxed via nonradiative recombination of electrons and holes
or carrier—phonon scattering, this causes an electronic pertur-
bation and vibrational excitation of the surface and adsorbates.

Without the band bending and the electronic surface
state, the photoexcited electrons would quickly settle into
the energy minimum of the conduction band. This is
because of the momentum difference between the energy
minimum of the conduction band and the energy maximum
of the valance band in indirect band-gap semiconductors.
Consequently, nonradiative recombination of electrons and
holes is prohibited, and efficient excitation of the adsor-
bates does not occur. Hence, for a surface composed of pure
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silicon, which does not have a thick layer of nanostructures
or nanocrystallites, and has its surface dangling bonds
hydrogenated and its defect density significantly reduced
by hydrogen plasma (e.g. a-Si—H) [85], the SALDI activity
would be quenched [74]. Then again, substrates that consist
of different materials may not share an identical excitation
pathway. Graphite, for example, has a negative indirect
bandgap—the energy maximum of the valence band is
higher than the energy minimum of the conduction band—
and so it may not have an identical excitation pathway to
that of silicon or germanium.

2. Optical absorption (photonic and electronic band gaps)

Although surface dangling bonds or defects play an
important role in the SALDI mechanism, the fundamental
processes described above are initiated by the absorption of
photons. Nonetheless, most of the UV photons are reflected
from a rough surface or penetrate through a thin film surface.
This contrasts with high-porosity surfaces, which have high
optical absorbance over UV wavelengths and appear dark
visually. Nayak and Knapp have correctly pointed out that this
distinct optical absorption is due to the photonic band gap
behaviour of nanoporous surfaces, which behave as photonic
crystals [86]. Since the photonic band gap behaviour is a
function of the pore lattice spacing, varying the width and
depth (or generally the overall porosity) of a porous surface
may change the photonic band gap behaviour, resulting in a
shift in the absorption maxima, which affects the SALDI
activity. This proposition is coherent with the observation
that was previously reported by Okuno et al. [50] that
SALDI from grooved surfaces is a function of the irradiation
angle, i.e. laser irradiation normal to the grooves yields a
good LDI signal, whereas parallel irradiation gives a poor
LDI signal, along with other experimental evidence [87-89].
This proposition is also consistent with the experimental
results reported in [45]. Still, the effects of the porosity of a
substrate are not just limited to radiation absorption; it also
affects the adsorption, retention and desorption of the
adsorbate and residual solvent, and the thermal conductivity
of the substrate, thereby attenuating the overall SALDI
responses of a nanoporous substrate.

Although nanophotonic behaviour provides important
insight into how optical absorption events may occur on
nanoporous surfaces, an electronic event must follow in
order to transfer the laser energy into internal energy. It has
long been proposed that a common optical absorption event
is necessary for the DIOS activity and the photolumines-
cence of the PSi, although both processes can occur
independently [67]. This contributes to the unique elec-
tronic properties of the silicon nanocrystallites on the PSi
surface [90]. The electronic structure of silicon is altered
on the nanoscale and the calculated band gap is reduced to
0.65-0.25 eV, depending on the lattice symmetry [91]. In

agreement with the calculated values, experimental meas-
urements using a time-of-flight electron spectrometer have
also shown that the band gap energies of nanosized Si
clusters (Siyy, Siy4, Siy7, Sig, Sizg, Siz3) are on the order
0f 0.4-0.6 eV [92]. However, the role of the nanocrystallites
is not limited to acting as an absorption body for laser
radiation; they also amplify all of the fundamental processes
described above (Fig. 9B).

3. Thermoelectric effect

The reduced thermal conductivity and field effect of
nanostructured substrates have both long been proposed to
be important elements in the SALDI mechanism. The field
effect was once suggested to be a sharp-tip electrostatic [27]
or an (inverted) lightning-rod phenomenon [44], despite the
lightning-rod effect occurring when the particle is off-
resonance, providing only a very small amplitude enhance-
ment [93]. Conversely, surface melting has been thought to
play a critical role in the SALDI mechanism [9, 10, 94, 95].
The underlying physical process is probably the thermo-
electric effect. This process is the direct conversion of a
temperature gradient to electric voltage and vice versa, and
it is pronounced on substrates that have a thick porous or
nanowire layer and have critical dimensions or spacings
below 300 nm. It is believed that laser irradiation induces
rapid heating on the top of the nanowire layer. An extreme
temperature results, which melts the surface, but the actual
melting temperature is hundreds of degrees lower than the
melting point of the bulk materials (crystalline silicon:
1410 °C; platinum: 1768 °C) due to melting-point
depression. However, owing to the large difference in mean
free-path lengths between electrons and phonons, electrons
are driven toward the cooler bottom layer—the bulk of the
substrate and the basal support—Ieaving the positive holes
on the top layer. However, recombination of the charge
carriers only occurs at thermal equilibrium, which is only
slowly attained. A very high electric field is generated.
Energy is transferred to the adsorbates via processes similar
to that of field ionisation, in conjunction with the thermal
processes already in place. As shown by the authors
previously [10], this process was disrupted as the laser
energy was increased beyond an optimal point. This was
partly because the surface and the surface nanocrystallites
were ablated and destroyed, and partly because the laser
radiation was sufficiently intense to penetrate deep into the
substrate, disturbing the thermal gradient. As a result, the
thermoelectric effect was quenched.

4. Desorption

A thermal process known as explosive vaporisation has
also been proposed as a possible desorption mechanism on
porous substrates [96-98]. Explosive vaporisation occurs
when a liquid is heated so rapidly that density fluctuations

@ Springer



2610

K.P. Law, J.R. Larkin

in the liquid become the dominant vaporisation mechanism,
rather than heterogeneous nucleation. Heterogeneous nu-
cleation takes place when the temperature of the bulk liquid
approaches saturation temperature and thus reaches equi-
librium with its vapour. In contrast, explosive vaporisation
occurs when the liquid approaches a region of intrinsic
instability because its temperature gets too close to the
superheat limit [99]. Indeed, when a fluid is confined to a
very small cavity that is close to being molecular sized, its
phase behaviour is altered. Long-range fluctuation and
thermal—vibrational effects could provide another energy-
transfer pathway. Nevertheless, molecular dynamics and
interfacial interactions in a confined space remain less
well understood and can only be studied by neutron
scattering [100—103].

5. lonisation

Depending on the chemical properties of the analyte
molecules, several possible ionisation reactions follow.
These include excited-state proton transfer, disproportion-
ation reactions, fragmentation reactions, ion-molecular
reactions, cation attachment or transfer, etc.

In excited-state proton transfer, the surface Si-OH
moieties play a critical role in the proton transfer reaction,
as evidenced in [9, 74]. Surface melting, which also
increases the bond distances of the lattice system, is also
implied to facilitate the protonation reaction, especially for
compounds such as amines that form complexes with the
surface Si-OH moieties [10, 74]. The theoretical basis that
interfacial water and Si-OH terminals are the major proton
sources, but not the Si-H groups (as some have proposed),
has also been described in [104].

A close inspection of the SALDI mass spectra of amines
acquired from a reflector ToF mass analyser often reveal a
tailing region of the molecular ion peak. This phenomenon
is due to the metastable states of desorbed ions. Metastable
peaks are result from fragmentations that occur in the field-
free region of the spectrometer (i.e. while passing down the
flight tube). Fragment ions are lost by the reflector due to
their change in kinetic energy. Only fragments that still
have kinetic energies close to that of the precursor, such as
[M+H-NH;]", are transmitted, due to the energy tolerance
of the reflector, and this gives rise to a “tailing” of the
signal. However, in linear ToF systems, the intensity of a
molecular ion signal does not reduce, because the linear
velocity of the fragmenting ion is conserved and the
fragments formed are therefore detected at the same flight
time as their intact precursor. The internal energy of the
excited molecules is redistributed via intramolecular vibra-
tional energy redistribution (IVR) [105]. The energy is
randomly distributed over the molecule and becomes
concentrated in particular ways which in turn give rise to
unimolecular reconfiguration and dissociation [106],

@ Springer

obeying the principles of quasi-equilibrium theory (QET)
[107]. This may explain the ordered fragmentation often
observed. Indeed, the relatively controlled and specific
fragmentation pattern and its application for post-source
decay (PSD) in DIOS, similar to that of MALDI, is an
unusual capability of the technique that is worth paying
attention to [32, 35, 108, 109].

Gas-phase secondary ion-molecular reactions can also
occur and give rise to products of cation attachment and
alkylation. As an additional note, ionisation reactions in
SALDI or MALDI are chemical processes and, like any
chemical reactions, are governed by the principles of
thermodynamics. Accordingly, it is the entropy of the
reaction which ultimately determines the ionic species
detected by the mass spectrometer, while the rate of
reaction determines the selectivity.

Chemical and biomedical applications

Over the years, a large number of works demonstrating
the versatility of the SALDI technique have been
reported, and these were reviewed previously by Peter-
son [6]. The applications reported range from novel
pharmaceutical and biomedical applications to environ-
mental and polymer sciences. Of all these SALDI
techniques, DIOS has been the most widely used. For
example, DIOS has been shown to be a powerful tool for
the forensic investigation of contraceptive polymers in an
alleged sexual assault case, and it produced evidence that
would not have been otherwise made available to the
prosecution by another analytical technique [110, 111]. It
has also been shown that the technique is highly desirable
for the forensic analysis of illicit drugs [112]. In that
report, despite the presence of “matrix constituents” in the
“authentic” sample (e.g. ecstasy tablets seized by the
police), the authors reported that interference was not
observed. However, another report described that 11
impurities were identified in ecstasy by DIOS, depending
on the synthetic route employed [113]. It was suggested
that profiling the impurities might provide information on
their origin. These authors also reported the identification
of catecholamines (dopamine and noradrenaline) in a
human peripheral blood lymphocyte extract [114], recon-
firming the result published by the same group eight years
earlier [115]. Okuno and Wada have also demonstrated the
quantitation of salicylate in human serum using DIOS-MS
in negative ion mode [116]. An ordered nanocavity silicon
SALDI substrate was also used to monitor osmotically
induced fluctuations in plant metabolites in both wild-type
and transgenic Arabidopsis thaliana (the transgenic was
modified with a human inositol polyphosphate-5-
phosphatase enzyme) under the environmental stress of
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drought. Root, shoot and leaf extracts were studied [44,
117]. On the other hand, there has been a great deal of
interest in using DIOS-MS in bottom-up and middle-
down proteomics, for example to enhance the confidence
in protein identification by extending the additional
information window in the low-mass region of the mass
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Phase Immobilized Substrate
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Fig. 11 a, e Schematic of an on-chip NIMS enzymatic assay. a The
fluorinated tagged metabolite is first immobilised in the fluorous
initiator liquid phase coated on the surface. b The surface with the
sample to screen for enzymatic activity is then incubated. ¢ After an
on-target sample clean-up, the target is then submitted to laser mass

spectrometry analysis. d The chemical structure of the fluorinated

Enzymétic Hydro.lysis of
Immobilized Substrate

spectrum, to detect peptide peaks that cannot be detected
by MALDI, and to identify post-translation modifications
that can only be detected by DIOS [46, 70, 97, 118-122].
Further selected applications highlighting the strength and
uniqueness of the SALDI technique are discussed in this
section.

Nanostructure-Initiator
Mass Spectrometry

a-{(2,3) sislyftranslerase
37°C, 22hr
Hgﬂ\FM'l
HN
HO OH OH
Q F F F F F F F F
P1 P2
1330 s 1400
ii L
400 m/z 2000

tagged substrate (S, [M+H]" m/z 1,074.30) and the products of -1,4-
galactosidase (P1, [M+H]" m/z 911.24) and a-2,3-sialyltransferase
(P2, [M+H]" m/z 1,365.40). e Mass spectra of the substrate (leff) and
the resulting products (right). Reproduced with permission from [127];
copyright 2009, National Academy of Sciences (USA)
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Monitoring enzymatic activity and enzyme inhibitor assay

On-target enzyme-catalysed reaction monitoring and direct
analysis by DIOS-MS was first reported by Thomas et al.
[119]. A number of enzyme systems were investigated. For
instance, acetylcholine esterase (AChE) was allowed to
react with its naturally occurring substrate acetylcholine to
produce choline. MALDI and ESI were also employed for
comparison, but neither was found to produce a strong,
reproducible signal for choline. The lack of a strong
chromophore on choline (and possibly other unadorned
natural substrates) also made absorption or emission
techniques difficult to employ. However, no technical
problem was encountered when using DIOS-MS, and they
reported that the presence of the enzyme on the surface (in
the concentration range investigated) did not interfere with
the detection of the small molecules of interest. The
strength of this approach was further demonstrated by its
ability to directly determine the selectivities of enzyme
inhibitors. Three different inhibitors of AChE (huperzine A,
tacrine and 2,6-dimethoxyphenyl-N-butylcarbamate) were
studied, and the inhibition potentials of the inhibitors were
found to correlate with their relative K; values. Further
comments can be found in [123].

Despite the fact that on-target enzyme activity and
inhibitor assay offers a wide range of advantages, the on-
target approach was abandoned in favour of an off-line
approach in subsequent studies [124—126], until further
work was reported by Northen et al. [127]. This was
achieved after substantial effort had been invested in the
development of NIMS [39] and the development of a
selective on-target sample enrichment and clean-up method:
fluorous affinity tagging [108]. This new approach took
advantage of the fact that perfluorinated tagged components
have a strong affinity toward the perfluorinated liquid
initiator coated on the surface and are noncovalently
immobilised. This factor is apparently a key consideration
for their subsequent mass analysis because of the difficul-
ties encountered in using covalent linker approaches
previously. A biological matrix, such as a cell lysate, which
contains the enzyme being investigated is then added to the
surface and allowed to react with its corresponding
substrate. Because the fluorous-tagged reactant and prod-
ucts are preferentially retained, this allows the use of
surface washing steps to remove all other unlabelled
components and cellular materials. This approach not only
eliminates the prior purification of the enzyme from a
complex biological sample as well as the subsequent
quenching step required in the previous studies, but it also
allows the resulting mass spectra to be free of interferences
and/or ion suppression (Fig. 11). However, since the
reactant is partly immobilised on the surface, which may
hinder the binding of the substrate to the enzyme, careful
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regions of the device and a DIOS-IMS image of arginine (m/z 173.1£1)
over the device after an enzymatic reaction has taken place within it.
Intensity correlates with relative concentration. Reproduced with
permission from [128]; copyright 2008, Analytical Chemistry

experimental design must be implemented to permit this
method to work effectively. In their study, a five-carbon
linker was introduced between the tagging and substrate to
reduce steric hindrance for enzyme binding, and arginine
was incorporated to facilitate ionisation (Fig. 11d). This
system was then applied to study the 3-1,4-galactosidase
activity of bacteria that were found to colonise in the near
vicinity of a hot spring in the Yellowstone National Park.
The results showed that the bacterial galactosidase is most
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active at a temperature of 65 °C but retains its activity at
even 100 °C. In addition, despite the bacteria being collected
from a slightly alkaline environment, the bacterial galacto-
sidase activity was optimal at pH 5.5, suggesting that the
intracellular pH was different from that of the surroundings
of the bacteria. Deoxygalactonojirimycin was also found to
have a stronger inhibitory effect on galactosidase than
phenylethyl-3-D-thiogalactopyranoside does.

A limitation of the approaches described above is that
they can only be applied to enzyme systems which have a
relatively low or moderate reaction rate. Improvements to
allow time-resolved kinetic analysis for moderately fast
reaction systems were reported by Nichols et al. [128].
They used an integrated microfluidic system with a PSi
microchannel to perform a chemical reaction in a contin-
uous flow regime and an in-line investigation of product
formation by DIOS-MS in order to study an arginase
system. The basic idea of the microfluidic system is that the
device first mixes an enzyme droplet and a substrate
droplet. This combined enzyme/substrate droplet then
travels down a PSi microfluidic channel, depositing a trace
amount of reaction substrate and product into the silicon
pore walls. Because the pore size is tuned to be larger than
the substrate and product, but smaller than the mean
diameter of the enzyme, the enzyme is therefore sterically
hindered from entering the pores. This not only allows
continuous substrate diffusion into the pores and the
reaction to continue down the line, but it also eliminates
the need for quenching. The flow rate of the liquid droplets,
or in this case the distance they travelled through the
microchannel network, represents the time domain of the
reaction. The whole device is then submitted to imaging
mass spectrometry, and the relative concentrations of the
reactant and product are monitored with respect to the
position (Fig. 12). The most obvious advantage of such a
device is being able to rapidly obtain enzyme initial
velocity measurements, and because the entire surface of
the microchannel is analysed using DIOS-MS, there is
nearly zero dead time.

Pharmaceutical development

One of the most challenging areas of drug development is
the search for novel receptor—ligand pairs and enzyme
inhibitors, as many novel proteins have no known binding
partners. Zou et al. have demonstrated an innovative
approach using DIOS to address this challenge [129]. They
immobilised a targeted protein (BSA) on a PSi surface that
acted as a probe. A mixture of drug molecules that contained
possible binding partners to the protein was then incubated
with the probe. The drug molecules that have a high affinity
for the targeted protein were captured by the immobilised
protein, and those with a weak affinity for the targeted

protein were washed off. The captured drug molecules were
then identified by means of on-probe SALDI analysis. This
method offers high-throughput screening of lead-drug
candidates, but—unlike the conventional methods—it does
not require fluorescence or chemiluminescence tags (note:
labelling molecules can sometimes alter the binding affinity),
radioactive markers, or even prior purification. It is not
limited to immobilising protein on the probe; the method
could potentially be extended to other biological macro-
molecules, such as DNA and RNA. The method was
developed further in a subsequent study after a silicon—
carbon surface attachment method was realised in which PSi
substrates were chemically modified to yield carboxylic acid
terminated surfaces, allowing proteins to be covalently
attached to the surface through an amide bond [130]. A
hemoglobin-modified surface was applied to identify the
noncovalent binding between hemoglobin and 13 environ-
mentally relevant chemicals, including antimicrobials,
insecticides, fungicides and herbicides. In all of the
compounds investigated, only triphenyltin chloride was
shown to bind haemoglobin strongly, indicating that it may
have a higher toxicity than the other compounds tested.
Then again, the immobilisation of typsin on a DIOS
substrate for enzymatic activity and inhibitor assay, al-
though possible, was not as promising [131]. Immobilisa-
tion of the enzyme resulted in a slight loss of its catalytic
activity and the value of v, was found to be lower than
that of free trypsin. Furthermore, because of the surface
chemical modification, the substrate exhibited a lower
SALDI activity, and the addition of organic matrix was
required to successfully desorb the peptide fragments
generated.

Biochemical evolution

Ribose molecules form the backbone structure of DNA and
RNA. The borate ion is thought to play an important role in
the synthesis of ribose and other pentoses from simple
organic precursors such as formaldehyde and glycolalde-
hyde which have been identified in star-forming regions of
interstellar medium [132, 133]. It is thought that glyco-
laldehyde may have a role to play in the origins of life in
our universe, and the reaction is thought to occur on or
under the surfaces of tiny dust grains, initiated by a shock
wave of energy. One important question in the evolution of
ribonucleic acids is why ribose was favoured over other
pentose isomers. Using the DIOS technique, an attempt was
made by Li et al. to answer this question [68]. The actual
study was performed to quantify the relative tendencies of
ribose, lyxose, arabinose and xylose to form a borate-
centred pentose dimer on the surface or in the gas phase,
in a combination of conditions similar to that of the
interstellar medium. The results showed that ribose
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Fig. 13 a PC-DFA score plot constructed using the first 60 PCs,
showing the discrimination of mutants gl and s4 from the other yeast
mutants and the wild-type strain. The test set is marked with an asterisk,
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loadings plot of the PC-DFA. Note the prominent peaks at m/z 145 and
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Fig. 14 Negative-ion NIMS spectra of 1 pl of a yeast cell extract and
of water (blank) using 3-aminopropyldimethylethoxysilane initiator.
Identified deprotonated ions of phosphorylated nucleotides are
labelled, and their corresponding exact masses (as neutral compounds)
are given in the inserted table. Reproduced with permission from
[136]; copyright 2009, Metabolomics
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discriminatory effect is observed. Note the higher peak intensity at m/z
146 (corresponding to glutamate, [M-H]") for gl compared to the rest. d
Mean spectral responses corresponding to glutamine (m/z 147) and
glutamate (m/z 148) in the positive-ion direct infusion mass spectra of
the three strains in ¢ (error bars represent one standard deviation about
the mean). Reproduced with permission from [134]; copyright 2005,
Metabolomics

exhibits a higher affinity to boron than other isomeric
pentoses do. The resulting enrichment could provide
insight into why ribose was favoured as a building block
in RNA evolution.

Metabolic profiling

With the increasing interest in metabolomics over the last
decade, SALDI-MS and other novel ionisation techniques—
collectively known as direct analysis mass spectrometry
(DAMS)—are becoming attractive alternatives or comple-
mentary approaches in metabolomics. Goodacre et al. were
the first to demonstrate that metabolic footprinting (metab-

Fig. 15 a, b A PCA model based on metabolite profiles of methanol/ p>

chloroform plasma extracts collected from patients and controls. a
PCA score plot of metabolite profiles from patients who suffered from
polycystic ovarian syndrome. The patient group is labelled “P” and
the control group is labelled “C”. b PCA loading plot corresponding
to the score plot shown in a
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Tissue analysis

Laser

2-4 ymt
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Fig. 16 a, ¢ The concept of tissue imaging with laser NIMS. a The
tissue slice (2—4 pm thick sections) is placed directly on the surface
and subjected to ~0.1 Jem */pulse laser irradiation, resulting in the
desorption/ionisation of endogenous metabolites and xenobiotics. A
NIMS mass spectrum shows the detection of clozapine [M+H]" (m/z
327.13) and N-desmethylclozapine [M+H]" (m/z 313.11) in the brain
tissue. /nset shows a magnified region. b Nitrogen laser beam
irradiation produces 15-20 wm diameter burn marks (black area).
The optical image shows the sagittal unstained section of a mouse

olites secreted) of yeast (Saccharomyces cerevisiae) using
DIOS-MS was feasible [134] (Fig. 13). Previously, similar
studies have been demonstrated by the same group using
direct infusion mass spectrometry (DIMS) with electrospray
ionisation [135]. A large number of metabolic profiles from
wild types and mutants were collected, and the data set was
analysed by multivariate data analysis to determine poten-
tial biomarkers. Principal component analysis (PCA) was
performed using a nonlinear iterative partial least squares
(NIPALS) algorithm, and a selected number of PCs (those
which contributed to more than 95% of the explained
variance) were chosen for discriminant function analysis
(DFA). Clustering in the PC-DFA space was then studied.
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desmethylclozapine image (dose: 100 mg/kg). For easy visualization,
the purple mark in the unstained section (6 mg/kg) indicates clozapine
localization by NIMS. In the NIMS image, the edge of the tissue has
been also highlighted in white. Reproduced with permission from
[142]; copyright 2009, Analytical Chemistry

This approach identified biomarker candidates that distin-
guished the wild types from the mutants. The results could
aid the calculation of gene expression under environmental
influences or enable speculation on the possible metabolic
pathways [134]. Still, because DIOS-MS lacked quantitative
ability without the aid of an isotopic internal standard, DIMS
was also used at the same time to assist data interpretation.
The profiling of endogenous metabolites of yeast was also
reported by Amantonico et al. using NIMS in negative ion
mode [136]. Various phosphorylated nucleotides were
detected and identified by making reference to standard
compounds. However, accurate mass/lock mass or PSD was
not performed. The reason that the negative mode was
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Fig. 17 Image quality compari-
son for DESI, NIMS and SIMS
IMS. Images are of rodent brain
tissue and are extracted from
[143-145]. Images are repro-
duced with the permission of the
International Journal of Mass
Spectrometry (copyright 2007),
and Analytical Chemistry
(copyright 2010)

DESI 0.25-1 mm

NIMS 100 pm

Increasing Spatial Detail

SIMS 100 nm

preferred over the positive mode was that only adenosine
nucleotides could be detected in the positive mode [137]. It
was also noted that the selection of the initiator was critical
to the successful analysis of the nucleotides (Fig. 14).

Clinical diagnosis

A metabolic profiling approach can also be effectively
applied to clinical applications [138]. In a preliminary study
carried out by the authors, the plasma extracts obtained
from patients who suffered from polycystic ovarian
syndrome (POS) were studied by DIOS-MS. The DIOS
metabolic profiles generated were compared with those of
healthy subjects. Multivariate statistical analysis was then
applied to evaluate the data generated (Fig. 15). The
procedures used for data conversion, filtering, peak align-
ment, normalisation and statistical analysis were the same
as those described in [138]. It can be seen from the PCA
loading plot that the patient and the control groups are
separated with an overlap of <10%. The information
obtained can be used to estimate disease progression and
the effect of medical treatment. The control c2 was identified
as an outlier and was diagnosed with a different medical
condition. The ions corresponding to the differences between
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— 20 ymn 20

360+385
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the patient and the control groups can easily be identified in
the PCA score plot, and (as discussed above) can provide
information to determine biomarker candidates.

Imaging mass spectrometry (IMS)

Normally, biological compounds are extracted into a
solution and deposited onto the substrate prior to mass
spectrometric study. Given that SALDI is a surface mass
spectrometric technique similar to MALDI and secondary
ion mass spectrometry (SIMS), small-molecule IMS is
possible. He et al. were the first to demonstrate that SALDI-
IMS of biological tissue was achievable [139]. Two-
dimensional ion images of mouse liver tissue and human
cervical cancer cells were obtained. The density or the
thickness of the biological tissue was important, since laser
radiation must penetrate through the tissue sample and be
absorbed by the PSi layer underneath. To overcome this
limitation, organic matrix was sublimated onto the tissue
section in subsequent studies [140, 141]. This approach was
termed matrix-enhanced surface-assisted laser desorption/
ionisation mass spectrometry (ME-SALDI-MS) to indicate
the hybrid nature of the technique and the enhancement
achieved. 2D ion images of mouse heart and brain tissue
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Fig. 18 a SEM image and b
AFM topographic analysis of
the highly oriented graphite
polymer film. ¢ PGS-SALDI
mass spectra of benzo[a]pyrene
(BP), bisphenol A (BPA),
pentachlorophenol (PCP) and
4-hydroxy-2-chlorobiphenyl
(OH-PCB). Insets show the
chemical structures of these
species. Reproduced with per-
mission from [146]; copyright
2009, Rapid Communications in
Mass Spectrometry
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were also successfully obtained. Siuzdak et al. also
exploited NIMS for IMS. Ion images of the drug molecule
distribution in brain tissue (Fig. 16), the cholesterol
distribution in brain tissue and the sucrose distribution in
a Gerbera jamesonii flower stem were demonstrated [142,
143]. SALDI has advantages over MALDI, SIMS and
desorption electrospray ionisation (DESI) in small-molecule
IMS because of the matrix background interference in
MALDI, the extensive fragmentation in SIMS and the
relatively low spatial resolution in DESI [144, 145] (Fig. 17).
Direct analysis of drug molecules and their metabolites from
biofluids was also demonstrated in [142].

Analysis of environmental pollutants

Using pyrolytic highly oriented graphite polymer film
(PGS), various environmental pollutants, including per-
fluorooctanoic sulfonic acid (PFOS), perfluorooctanoic acid
(PFOA), benzo[a]pyrene (BP), bisphenol A (BPA), penta-
chlorophenol (PCP), 4-hydroxy-2-chlorobiphenyl (OH-
PCB), 4-chloroaniline (4-CA) and 2,4-dichloroaniline
(2,4-CA) were investigated by Kawasaki et al. (Fig. 18)
[146]. The investigation of PFOS and PFOA was previous-
ly carried out using DIOS-MS in negative ion mode [147],
and a detection limit of 1 ppt was achieved for PFOS. This
sensitivity could not be achieved by MALDI or LC-ESI-
MS, and this highlights a unique ability of DIOS. PFOS in
the tap water (water service at Osaka in Japan) was
quantified (8.7+2.2 ppt) using sodium dodecyl-d,5 sulfate
(SDS-d5s5) as an internal standard. Although DIOS showed
a high performance in the detection of PFOS, the sensitivity
of PFOA was relatively poor. A new method that used
oxidised PGS modified with the cationic polymer poly-
ethyleneimine (PEI) was found to be more suitable for the
analysis of PFOA. The PFOA content in river water
collected from the Kanzaki River in Osaka, Japan was
quantified (50+20 ppb) using PFOA-'>Cyg as an internal
standard. All of these results were in agreement with those
obtained by LC-MS/MS.

Other environmental pollutants (PFOS, BP, BPA, PCP
and OH-PCB) were also detected efficiently by PGS-
SALDI as the protonated or deprotonated molecular ion.
The authors stressed that these compounds would have
been difficult to detect simultaneously by GC-MS or LC-
MS. Detailed examination of the PGS-SALDI mass spectra
revealed that BP was photoionised and detected as a radical
cation in positive ion mode. BPA, PCP and OH-PCB were
detected as deprotonated molecules in negative ion mode.
Interestingly, the spectrum of BPA shows a peak located
m/z 16 lower than the [M—H] peak of BPA, which (in our
view) could be a CHy neutral loss fragment peak of BPA.
Nevertheless, for reasons unclear to the authors, 4-CA and
2,4-CA were not detected. As mentioned earlier, photoex-

citation plays an important role in SALDI. A possible
reason (in our view) is that UV radiation excites the
electrons of the halo-aromatic system, and the electrons are
promoted to the 7* state. The interaction of the non-
bonding pair of electrons on a substitute with the 7t electron
has the effect of stabilising the 7t* state, thereby lowering
its energy. This induces an opposite effect to oxygen and
nitrogen. For oxygen, delocalisation of its lone pairs of
electrons with the excited halo-aromatic system favours
deprotonation. However, delocalisation of the lone pair of
electrons located at the nitrogen of the amine group reduces
its electron density, which does not favour protonation. The
formation of anilinium cation results in loss of a lone pair
interacting with the 7t* state and is energetically unfav-
ourable. Deprotonation of aniline in the gas phase requires
a relatively large input of energy. The calculated deproto-
nation energy of aniline at the amine nitrogen is 1534 =+
8 kJ mol'. The calculated values are 121, 145 and 151 kJ
mol ™' higher at C2, C3 and C4 positions, respectively
[148]. The relative position of the chorine in the aromatic
system also has an effect. For both 4-CA and 2,4-CA, the
chlorine atoms are located at the ortho and/or para positions,
and this induces a stronger electron-withdrawing effect than
a chlorine located at the meta position.

Conclusions

For the past decade, progress in systems biology and
pharmaceutical development has required innovation in the
analytical sciences. Mass spectrometry, one of the most
powerful and sensitive analytical platforms available, is at
the forefront of attempts to answer the challenges presented
by systems biology and other areas of analytical and
bioanalytical chemistry. Many new mass spectrometry tech-
nologies and applications have emerged and been reported.
Under these circumstances, SALDI-MS has been reinvented.
The technique has now developed into a number of varieties
that are vastly different from that originally proposed. Thus,
standardisation of terminology is needed. The most significant
development of the technique has involved the use of
nanomaterials, such as CNTs, metallic nanoparticles (mostly
silver, platinum and gold) and nanostructured surfaces. The
development of DIOS-MS in particular, and subsequently
NIMS and NALDI, has attracted the attention of analytical
scientists. These methods have since become a benchmark for
semiconductor-based SALDI research. SALDI-MS has many
advantages, and the potential applications of the technique are
extremely wide. In the authors’ view, the selected chemical
and biomedical applications are of particular interest because
these applications make use of the advantages of the technique
and are relatively difficult or are less suitable to perform using
other mass spectrometry approaches. On the other hand, the
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elucidation of the SALDI ionisation mechanism was contro-
versial. Available data were scattered, inconsistent and
complicated by the different experimental conditions
employed by different researchers. Data interpretation was
often subjective, and much was speculated or unsupported.
However, some knowledge has accumulated, and this has
influenced the direction of SALDI development. SALDI
shares many features with other laser mass spectrometry
techniques and, as with MALDI, multiple interrelated
excitation and ionisation reactions occur simultaneously. The
difference is that the functions of the matrix are substituted by
an active substrate. It is foreseeable that substrate develop-
ment and the exploration of novel biomedical, clinical,
chemical and environmental applications will continue.
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