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Interactions between pulsed laser radiation and nanostructured materials, with dimensions
ranging from 1 nm to 500 nm, can result in enhanced desorption and ionization of organic and

biomolecular adsorbates. When the critical dimensions of the nanostructures fall below the
characteristic lengths for the involved transport processes, novel regimes of ion production are
observed. Systems with dimensions commensurate with the wavelength of the laser radiation are
the basis of photonic ion sources with unique properties, including polarization dependent ion
yields and fragmentation. The main characteristics of these systems are often governed by altered
modes of transport, e.g., ballistic vs. diffusive, energy confinement, plasmon resonances, and local
field enhancements. Some structures offer control over the internal energy and the active
fragmentation channels for the produced ions. Emerging applications of photonic ion sources in
mass spectrometry benefit from ultrahigh sensitivity, a wide dynamic range for detection and
quantitation, and a broad coverage of adsorbates ranging from small organic molecules to
biopolymers, as well as to highly complex samples like single cells.

1 Introduction

The production of molecular ions is a prerequisite for surface
sputtering, ion implantation, ion mobility measurements, and
mass spectrometry (MS), a powerful method for material analysis.
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To enable continued advances in molecular biology, a great
deal of effort went into developing ion sources capable of
generating intact ions from molecules of biological significance.
The type, variety, and abundance of ions in these experiments
depend on the nature of the ionization process. Although ion
production accompanies almost all forms of energy deposition,
useful ion sources have to produce molecular, fragment, and
atomic ions with high efficiency. Traditional methods include
electron impact ionization, chemical ionization, field ionization,
fast atom bombardment, and ion sputtering, whereas newer
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techniques comprise soft laser desorption ionization (LDI)
and electrospray ionization. An ionization method is considered
soft if it results in limited or no fragmentation, i.e., there is a
limited increase in the internal energy during ionization.

Conventional techniques, such as electron impact ionization
and some of the early soft ionization methods, e.g., fast atom
bombardment, exhibited an upper mass limit between 500 and
5000 Da. This was inadequate for the ionization of proteins,
nucleic acids and other biopolymers. In the late 1980s, it was
discovered that a UV-absorbing matrix could be used to
facilitate the desorption and ionization of large biomolecules.'
Tanaka’s Nobel Prize-winning discovery was based on using a
mixture of 30 nm cobalt nanoparticles and glycerol as the matrix.
The corresponding method, later named matrix-assisted laser
desorption ionization (MALDI), became indispensable for the
MS of large molecules.®> Due to matrix-related ions however,
spectral interferences in the low mass range made the analysis of
small molecules difficult.

To benefit from the advantages of soft laser ionization
without the production of high intensity matrix ions, a search
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for matrix-free soft LDI platforms ensued. Advances in nano-
technology raised the prospect of producing nanoscopic structures
that efficiently utilized the laser pulse energy for the production of
ions exclusively from the adsorbates. These matrix-free systems are
promising candidates that minimize spectral interferences and
improve ionization efficiency.

The interaction of laser radiation with nanomaterials and
nanostructures gives rise to unique processes that are not
observed in bulk materials or at unstructured surfaces. The
main sources of these specific processes include altered energy
levels and band structure, confinement effects that result
in anomalous transport in the nanostructures, as well as
nanophotonic interactions between the laser pulse and the
structures. Depending on the material properties, structural
dimensions, and laser pulse characteristics, these mechanisms
can be manifested in diverse forms. In the first part of
this article, we describe the relevant characteristic lengths for
the various transport processes associated with the laser—
nanostructure interaction and compare them with the critical
dimensions of selected nanostructures used as ionization
platforms. We demonstrate that the resulting confinement
effects can facilitate the production of molecular ions. As
the critical dimensions of the nanostructures approach the
wavelength of the laser light, which for common laser ionization
sources is typically between ~ 100 nm and ~ 10 um, with the
overwhelming majority being in the UV range, nanophotonic
interactions emerge. These effects can also result in the pro-
duction of ions that do not form on unstructured surfaces. In
the second part of this article, we demonstrate some of the
unique features and applications of laser—nanostructure inter-
actions for ion production.

1.1 Characteristic lengths and critical dimensions

As most laser ionization sources rely on irradiation of ~1 ns
to ~100 ns pulse length, unless otherwise stated, we restrict
our discussion to such excitation sources. Whereas this
admittedly excludes ultrafast lasers and the related phenomena,
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sporadic experiments with femtosecond excitation for MALDI
show inferior ion yields compared to nanosecond pulses.*
Irradiation of surfaces with submicrometre features by
nanosecond UV laser pulses induces highly nonlinear processes.
Due to the rapid energy deposition, optical, electronic, vibra-
tional, thermal, mechanical, and chemical changes are induced
in the irradiated material. The extent and contribution of
these altered characteristics to ion production depend on the
substrate, adsorbate, and laser pulse properties. For example,
in the most commonly used soft laser ionization method,
MALDI, the desorption step starts with a rapid phase transi-
tion that releases the biomolecule or the corresponding ion
from the matrix®’ followed by in-plume ionization.®? The
relevant material parameters for the phase transition include the
optical absorption coefficients of the substrate and the plume, o
and oy, respectively, surface reflectivity, R, the temperature and
enthalpy of the phase transition, Ty, and AHy, respectively,
and the thermal diffusivity, x, whereas the essential laser
parameters are the wavelength, /4, pulse length, ,,, and fluence,
F. In addition, the in-plume ionization processes are governed
by the state-to-state absorption coefficients and lifetimes, the
ionization potentials of the various molecular and cluster
species, the ion recombination rates, and the exciton pooling
rate coefficients.'” An early observation of the role of charac-
teristic lengths and critical dimensions is the example of
preferential ion production from thin or small matrix crystals.'!
In this case for a crystallite thinner or smaller than the thermal
dissipation length, A,, which is typically ~2 um in MALDI,
the surface temperature dramatically rises and the crystallite
superheats and completely volatilizes resulting in high ion yields.
This process illustrates how the confinement of the deposited laser
energy in small crystals can result in enhanced ion production.
Similarly, in nanomaterials and nanostructures a wide
variety of confinement effects can be observed. Table 1 lists
the corresponding characteristic lengths most relevant for
laser—nanostructure interactions: electron wavelength and
mean free path, optical absorption length, phonon mean free
path, thermal dissipation length, exciton diffusion length,
near-field range, the dimensions of plasmon excitations, and
the plume expansion length. The typical characteristic length

ranges are calculated based on typical material parameters for
metals (Au, Ag, and Pt), semiconductors (Si and Ge) and wide
bandgap semiconductors (ZnO) used in soft laser ionization
experiments. Whenever a particular dimension of a nano-
structure falls below a characteristic length, confinement of
electrons, phonons, excitons, plasmons, the laser plume, or the
electromagnetic field can occur. The presence of a confinement
can significantly alter the laser—nanostructure interaction
dynamics by producing field enhancements, high heating rates
and prolonged interaction times, and promote ionization.

Fig. 1 shows the relationship between the estimated overall
ranges of characteristic lengths, and the critical dimensions of
some nanostructures used in soft laser ionization. As nano-
structures can, and often do have high aspect ratios, the critical
dimension is defined as the thinnest, shortest, or smallest feature
that limits the size of a quasi-particle or the flux in a transport
process. In the case of nanoparticles, nanowires, nanorods, and
nanoposts the critical dimension corresponds to their diameter. The
near-field range is determined by the aspect ratio of the smallest
feature in the structure or the diameter of an aperture. With respect
to redistribution of the deposited energy, for nanopores and
nanowells the critical dimension is the thickness of the material
between the pores or wells. In terms of plume dynamics, however,
the pore diameter can be viewed as the critical dimension.

Nanoparticles of metals and semiconductors comparable in
size to the electron wavelength exhibit altered energy levels,
which has a direct effect on their optical properties. Due to the
changes in their absorption spectrum these quantum dot
particles show size dependent colors. In principle, adjusting
the particle size and/or shape to exhibit enhanced absorption
at the laser wavelength can facilitate the energy deposition
(see Fig. 3a and b).'?

For nanoparticles with diameters less than 5 nm, the
electron wavelength significantly influences the spatial distri-
bution of the deposited energy.!® For larger structures, with
critical dimensions up to 100 nm, other characteristics, such as
the electron mean free path, which ranges from 1 nm to 100 nm,
the optical penetration depth, and the exciton diffusion length
can alter the laser—nanostructure interactions. For particles that
are smaller than the electron mean free path, surface plasmons

Table 1 Typical ranges for characteristic lengths depicted in Fig. 1 are calculated using the equations shown here. The values are derived for
metals (based on data for Ag, Au and Pt), semiconductors (represented by Si and Ge) and wide bandgap semiconductors (using data for ZnO), the
absorption coefficient, o, values are obtained for 4 = 337 nm and the thermal dissipation lengths are calculated assuming © = 4 ns. In these
equations kg = Fermi wave vector, vg = Fermi velocity, #; = scattering time, A = wavelength, D. = exciton diffusion constant, Tex. =
recombination lifetime, x = thermal conductivity, C, = volumetric heat capacity, ¢, = speed of sound in the material, © = laser pulse length,
p = density of material, C, = specific heat capacity of the material, and A, = near field range

Typical ranges/nm

Characteristic length Equation Confinement Metals Semiconductors ~ Wide bandgap semiconductors
Electron wavelength Je = AL’F‘ Electron <1 1-5 1-5
Electron mean free path l. = Vgt Energy 1-30 10-100 10-100
Exciton diffusion length Ae = \/Detexe  Energy n/a’ 10-100 0.1-25
Phonon mean free path =2k Energy 5-200 200-300 10
Thermal dissipation length A =2,/ % Energy 50-200 50-150 40
PCp
Optical absorption length A :é Electro-magnetic radiation 10-30 >10 > 60
Near-field range App < A Electro-magnetic radiation ~ 100-10000  100-10000 100-10 000

“ In some metals (Ag, Cu and Au) transient excitons do exist for short periods after ultrafast laser excitation.'®*'*> Time-resolved two-photon
photoemission shows that in Au their lifetimes are in the <300 fs range.'*®

This journal is © the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14,8453-8471 | 8455
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Fig. 1 Characteristic length ranges for energy and charge carriers that are relevant in the transport properties of nanostructures. Some
nanostructures used in laser desorption ionization are depicted and their critical dimensions are indicated with arrows.

can be created with dimensions that depend on the shape, size,
and dielectric constant of the material.'*

The depth that electromagnetic radiation can penetrate
a conducting surface is described as the skin depth. This
parameter is dependent on the frequency of the radiation
and the resistivity of the material. For conducting surfaces
irradiated with light of 337 nm wavelength, the skin depth
typically ranges from 2 nm to 100 nm. Structures that have
critical dimensions similar to or smaller than the skin depth
will undergo rapid heating and exhibit a uniform temperature.
For structures larger than the skin depth, a transient temperature
gradient in the structure is observed.'?

The distance that excitons can travel to donor or acceptor
interfaces is typically between 0.1 nm and 100 nm.'® This
exciton diffusion length is a particularly important characteristic
for organic semiconductors and is thought to affect the ionization
mechanism in MALDI.!"” Excitons within nanostructures may
also influence the interaction between the surface and adsorbate
during the ionization process.

For nanostructures with critical dimensions from 5 nm to
500 nm, the optical absorption length, phonon mean free path,
and the thermal dissipation length influence energy absorption
and dissipation. Heat transport in objects larger than the phonon
mean free path (5 nm to 300 nm depending on the material) is
diffusive, whereas objects with critical dimensions that are

comparable to or smaller than the mean free path exhibit
partially or completely ballistic transport.'® The distance heat is
transported within bulk material during the laser pulse is described
by the thermal dissipation length and is dependent on the thermal
conductivity, heat capacity, and density of the material as well
as the laser pulse duration. The thermal dissipation length for
Q-switched laser pulses, with typical pulse lengths in the low
nanosecond range, falls between 40 nm and 200 nm."®

Fig. 1 indicates how the characteristic lengths that govern the
deposition, redistribution and dissipation of energy in nano-
structures relate to their critical dimensions. As the critical
dimensions of the nanostructures diminish, they fall below
more and more characteristic lengths. This gives rise to the
onset of multiple confinement phenomena and increasingly
exotic interactions with the laser radiation. For example, it is
thought that ion generation from a silicon nanopost array
(NAPA) is simultaneously controlled by the near field enhance-
ment of the electromagnetic field, radial confinement of the
deposited energy in the posts, and plume confinement of the
desorbed material in the troughs between the posts.?

1.2 Nanostructures as ion sources

A variety of nanomaterials and nanostructures have been
proposed as matrix-free LDI platforms. One of the first
broadly adopted approaches was desorption ionization on

8456 | Phys. Chem. Chem. Phys., 2012, 14, 8453-8471
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Table 2 Abbreviations used for nanostructure-based and some other common ionization sources in MS

Acronym Resolved form References
DESI Desorption electrospray ionization 197, 198
DIOS Desorption ionization on silicon 21, 23, 139
DIOSTA Desorption and ionization from silicon tip arrays 46

ESI Electrospray ionization 199-201
GALDI Graphite-assisted laser desorption ionization 37, 41
LAESI Laser ablation electrospray ionization 202-204
LISMA Laser-induced silicon microcolumn array 24, 42,133
MALDI Matrix-assisted laser desorption ionization 2, 205, 206
NALDITM Nanowire-assisted laser desorption ionization 28, 132
NAPA Nanopost array 20, 43, 44
NIMS Nanostructure initiator mass spectrometry 147, 165
SALDI Surface-assisted laser desorption ionization 39, 127, 129
SINW Silicon nanowire 28,132

porous silicon (DIOS) (see Table 2 for abbreviations for
common ionization sources).Zl’23 Now, other disordered
monolithic silicon ionization sources include microcolumns,?*
nanodots,® nanowires,?*>° nanopalrticles,31 nanofilms,®> and a
few other types of nanostructures.>> In addition to silicon, nano-
structures from materials such as Au,>**? Ag,34 Ge,>>% C37 and
Pt*® have also entered the field. Surface-assisted laser desorption
jonization (SALDI)* and graphite-assisted laser desorption
jonization (GALDI)*”*' were primarily developed for particular
applications. Apart from minimizing matrix interferences, nano-
structures are found to significantly improve sensitivity, e.g.,
exhibiting detection limits as low as 800 ymol (yoctomoles),”
enhance selectivity, and enable adjustable fragmentation.****

Ordered monolithic structures, such as NAPA,* nanocavity
arrays,* and nanotips*® can also be produced using nano-
fabrication protocols. Exquisite control over their dimensions
makes these structures ideal for studying the mechanisms
involved in the desorption and ionization processes. It also
enables the optimization of the ion yields as a function of the
established critical dimensions.

In this perspectives article we discuss how the characteristic
dimensions and relevant material properties affect laser—
nanostructure interactions and the subsequent desorption
and ionization processes. A separate section is devoted to
some of the emerging applications.

2 Desorption and ionization processes on the nanoscale

The discussion of laser—nanostructure interactions can follow
the same three phases used to describe ion production from
non-structured surfaces. The driving force behind these
processes is the energy deposition from the laser pulse into
the nanostructure. From the fundamental principles governing
laser energy deposition, we turn our attention to the energy
redistribution within nanostructures and between the substrate
and the adsorbates. The third subsection deals with desorption
and the formation of molecular and fragment ions. Although we
discuss these steps in sequence, in reality some of these processes
take place simultaneously.

2.1 Laser energy deposition—optical properties

When laser radiation impinges on a solid target, the initial
phase of the interaction can be viewed as energy deposition.
According to the conservation of energy, the reflectance R,

absorbance, 4, and transmittance, 7, satisfy R + 4 + T = 1.
In many of the LDI experiments 7" ~ 0, i.e., no significant
transmission occurs, thus we focus our attention on the
reflection and absorption processes.

Whereas the intrinsic values of reflectance and absorbance
at low light intensities are defined by the properties of the bulk
material in the linear regime, the elevated laser intensities
present in these experiments frequently invoke a non-linear
response, for example, the saturation of absorption, shifting of
the absorption maximum, the generation of harmonics, and
luminescence up-conversion. Further complications arise because
the optical properties of the target can be modified by the laser
radiation. These often transient changes are induced by the
heating of the target, the photogeneration of charge carriers,
and the shifting of energy levels.

Nanomaterials and nanostructures can exhibit altered optical
properties both in the linear and nonlinear regime. Some of these
changes stem from the increased surface-to-volume ratio, whereas
others are the result of the splitting and increased spacing of
energy levels, or the transformation of the density of states in
reduced dimension materials. For nanostructures with reduced
critical sizes and increased aspect ratios, these effects intensify.

These changes have far reaching consequences not only for
the optical but for thermal and other material properties.
A detailed discussion on this topic for semiconductors and other
nanomaterials is described in an excellent recent monograph.*’
In this section we restrict the discussion to the optical behavior
most relevant for laser—nanostructure interactions.

Reflection. The wavelength corresponding to the main inter-
band transition scales with the bandgap. Therefore, in the wide
range between the band edge and the optical phonon energies,
insulators with no particular resonances are transparent.
At light intensities in the linear regime, insulators show low
reflectivity, whereas semiconductors and especially metals
below the plasma frequency are highly reflective.

Due to the more frequent electron—phonon collisions at
elevated temperatures, heating a metal target by a laser results
in significantly reduced reflectivity.*® The reflectivity of copper
and aluminium close to their melting points drops from 0.95
and 0.82, respectively, at room temperature to 0.75 and 0.65,
respectively.*” In semiconductors, the most important change
in the optical response is due to the generation of free carriers.
For example, in silicon the electron—hole plasma produced
by the laser pulse dissipates its energy through interactions

This journal is © the Owner Societies 2012
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Fig. 2 (a) Absorptance of microstructured silicon with various feature sizes remains close to unity even below the band gap (4 > 1.1 pm).
A comparison is made with crystalline silicon and with microstructured silicon after annealing, where the absorptance drops significantly for
wavelengths below the band gap. Reprinted with permission from ref. 193. Copyright [2001], American Institute of Physics. (b) White light
illumination of a silicon wafer with thirty-six NAPAs show strong specular reflection of different colors as the periodicities vary between P = 475

and 600 nm.

with the phonons, which, above a threshold fluence, results in
transient melting.>

When the optical absorption length in the material becomes
commensurate with the critical dimension of the nanostructure,
the energy stored in surface plasmon excitations can become
significant. This, in turn, results in a dramatic drop in the
reflectivity at a certain angle or wavelength corresponding to
resonance conditions. This resonance is extremely sensitive to
the magnitude of the critical dimension, e.g., the layer thickness
for thin films, and even to the presence of adsorbates. In the
case of silver nanoparticle films, reducing the particle size from
50 nm to 35 nm and below also resulted in significantly reduced
reflectance between the band edge and 800 nm.’! Silicon
nanotips, with base diameters of ~200 nm, exhibit low
reflectivity all the way into the terahertz region.>

Nanophotonic structures, with periodicity commensurate
with the wavelength of excitation, exhibit strong specular
reflectance (see Fig. 2b), whereas in other directions the
reflectivity is reduced. Light scattering is often measured as
part of the diffuse reflectance. As the size of nanoparticles or
structures approach the wavelength of the light, Mie scattering
can become significant. Further reducing the dimensions of
scatterers results in Rayleigh scattering. Because the density of
scatterers in these systems is large, a multiple scattering
approach is necessary to account for the observations. For
quasi-one-dimensional systems, e.g., nanowires and nanorods,
with lengths comparable to or larger than the wavelength of
the light, scattering can become strong enough to complicate
absorption measurements. Due to the presence of surface
plasmons, scattering from silver nanoparticle dimers, trimers,
or tetramers can lead to staggering intensity enhancement,
directionality, and polarization of the scattered light.>*>*

Absorption. Light absorption in bulk materials is associated
with the excitations of atomic, molecular and quasiparticle, or
collective energy levels. The absorption length is dependent on
the laser wavelength and the material parameters, i.e., the
conductivity and dielectric function. Energy deposition by an
ultraviolet laser penetrates metal and semiconductor targets to
depths of 1 to 60 nm at room temperature. During absorption,

the conduction-band and valence-band electrons are excited
by the photons, producing plasmon excitations. Other quasi-
particles, such as polaritons and polarons, may also be excited.

As we have mentioned, in the absence of specific resonances,
insulators and semiconductors between the band edge and the
optical phonon energies are transparent. Laser excitation,
however, can create electron—hole pairs and excitons that
dissipate their energy by radiative and nonradiative recombi-
nation. Relaxation of the electrons, via collisions in the lattice,
occurs on a sub-picosecond timescale. The electronic structure,
defect states, and the bandgap energy of semiconductors and
insulators will determine the response of the lattice to excitation.
Delocalized processes, i.e., electron—phonon scattering, are the
primary means of relaxation in homopolar semiconductors and
metals, and electron—electron scattering and localized processes
are less probable.

The reduction in size to meso- and nanostructured materials
has a pronounced effect on the electronic states resulting in
increased energy level spacing in the band diagram. In reduced
dimension systems, e.g., quantum wells, wires, and dots, the
density of electronic states goes from a continuum to discrete
values.*” This also leads to the departure of the optical
properties from the bulk values. For example, meso-structured
silicon surfaces, such as laser-induced silicon microcolumn
arrays (LISMA), exhibit close to unity absorptance from the
near-ultraviolet to the near-infrared®> and the luminescence
from such structures is attributed to recombination emissions from
the defect centers and quantum confinement.® A comparison of
the absorptance of microstructured silicon and crystalline
silicon is shown in Fig. 2a. At wavelengths below the band
gap energy (/4 > 1.1 um) the absorptance of crystalline silicon
drastically drops, whereas the absorptance of the micro-
structured silicon remains close to unity.

When the size of the structure is smaller than the exciton
diffusion length and commensurate with the electron wavelength,
which is typically an order of magnitude smaller for metals than
semiconductors, quantum size effects arise. Quantum confinement
is observed in porous silicon (with a crystallite size of a few
nanometres),”’ ® semiconductor quantum dots,®' small metallic
particles,> and quantum wires.®> The dimensions of these
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nanostructures can be changed to tune the bandgap and the
optical properties, such as photoluminescence, of the material #+%°

In nanowires with critical dimensions less than 100 nm, the
absorption and emission of the electromagnetic radiation are
strongly polarization dependent. In these structures, the
photoluminescence intensity reaches a maximum when light
is linearly polarized. This effect is correlated to the large
difference in the dielectric constant between the nanostructures
and the surrounding environment.%¢®

In LDI experiments, the absorption coeflicients of the
substrate, the adsorbate and, in some cases, the materials in
the desorption plume need to be considered. In the ultraviolet
region, molecules containing polycyclic aromatic hydrocarbons,
primary nucleobases, and aromatic amino acid residues absorb a
portion of the radiation via n — o* or © — n* transitions.®® For
radiation in the mid-infrared range, the OH stretching modes
of water exhibit strong absorption. Although absorption by
the plume can be important at high laser irradiances, most
desorption ionization experiments from nanostructures utilize
fluences close to the ionization threshold in the near ultraviolet
range (>300 nm), where biopolymers and many metabolite
molecules do not strongly absorb. In this case, the optical
properties of the nanostructured material will govern the light
absorption mechanism.

2.2 Energy redistribution—thermal properties

Upon laser irradiation of a material at low to moderate
fluences, some of the absorbed energy is dissipated through
thermal processes, rapidly increasing the temperature of the
target. In metals, the excitation of electrons produces a high
temperature electron gas which heats the lattice through
inelastic electron—phonon scattering.”® In semiconductors,
electron-hole pairs, generated during photon absorption,
thermalize via energy exchange with phonons. The optical
and thermal properties, such as the absorption and reflection
coefficients, and the thermal conductivity of the material
govern the heat conduction and resulting surface temperatures.
For macroscopic objects, the Fourier heat conduction law can
be used to predict the diffusive heat transport of the scattered
carriers. Based on the Fourier law, the thermal dissipation
length for the duration of a laser pulse can be calculated using
the thermal conductivity and heat capacity of the material. As
shown in Table 1, for some of the commonly used materials this
value ranges between 40 nm and 200 nm for a 4 ns laser pulse.
Thus, for substrates with features larger than the dissipation
length, a temperature gradient in the target is established.

However, on short time and spatial scales, i.e., when the
times are similar to that of the phonon relaxation times and
the sizes of the structures are on the scale of the phonon mean
free path, which can be as large as 300 nm, heat transport is
ballistic in nature.'® This means that the phonons travel
through the structure unimpeded and the scattering events
primarily take place at the interface. Therefore, the transport
mechanism, and ultimately the thermal properties of the nano-
structures used for ion production, are dependent on phonon
confinement and boundary scattering.

Thermal conductivity is not only influenced by the size of
the system, but also by the temperature.”"’> At temperatures
above 300 K, phonon—phonon scattering processes dominate

and the thermal conductivity is dependent on the phonon
mean free path. In the case of nanostructures, the thermal
conductivity is also dependent on the effect of roughness on
the phonon-boundary scattering and the size and shape of the
structure.”>”® For structures with features smaller than the
phonon mean free path, exhibiting ballistic transport, e.g., thin
silicon nanowires, a significant decrease in the thermal lattice
conductivity from the bulk is observed.”®7® This is attributed
to the enhanced boundary scattering as the dimensions of the
structure become smaller.”®> For dimensions less than 10 nm,
e.g., quantum dots, spatial confinement leads to an increase in
phonon relaxation times and the thermal conductivity signifi-
cantly deviates from the bulk value.” Even for structures with
critical dimensions larger than the phonon mean free path,
such as nanoposts and nanowells, thermal transport can still
be affected. For example, in 3 pm thick single crystal films, the
thermal conductivity is still half of the bulk value and can be
further decreased by grain boundary scattering.®®

Electronic thermal conductivity also contributes to the heat
conductivity in metals and semiconductors. Due to local and
phonon boundary scattering in micro- and nanostructures at
or below the electron mean free path, i.e., a few hundred
nanometres, a decrease from the bulk electrical conductivity is
observed.®'® As the dimensions of the structure become
smaller, the thermal conductivity also decreases due to diminishing
contributions from the electrons.®*%* Additionally, intrinsic
surface phenomena, e.g., surface plasmon excitation, can
cause deviations from the bulk.

Due to the difficulty in measuring the heating of nano-
structures, most surface temperatures are assessed using model
calculations. The energy dissipation and surface temperatures
of NAPA with different post diameters have been solved for
using the Fourier law by including the temperature-dependent
thermal conductivity, reflectivity, and specific heat.** Calculations
for posts ranging from 50 to 800 nm in diameter confirm that, due
to radial energy confinement effects, thinner posts reach higher
surface temperatures than larger posts. Measuring ion yields
from nanostructures can be used to evaluate the laser induced
thermal load on them.®®

Laser induced phase transitions occur when the material is
irradiated to temperatures above its melting threshold. The
formation of a transient melt layer alters the reflectivity and
surface morphology of the material.*3” Due to evaporation,
atoms and particles from the surface of the nanostructure can
be removed, which alters the size of the nanostructure. Surface
restructuring of porous silicon induced by the laser is thought
to play a role in adsorbate desorption and material ablation.®
Melting and ablation of nanostructures with critical dimen-
sions smaller than 100 nm can also impact the desorption and
ionization mechanism. For example, gold nanoclusters are
ablated and detected along with the analyte molecules in some
MS experiments.®

Near-field effects take place when a macroscopic illumina-
tion source interacts with nanostructured surfaces, or when a
nanoscale illumination source interacts with a surface. In the
latter case, near-field effects become predominant when the
nanoscale irradiation source interacts with a surface in its close
proximity (optical near-field). This nano-source can be a
pulsed laser coupled to a probe tip (apertureless configuration)
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or a tapered optical fiber (apertured configuration). In the laser
ablation regime, light confinement in the optical near-field leads
to non-diffraction limited material modification and represents
one of the main strategies for enabling high-spatial resolution
laser-ablation based chemical analysis.

Near-field laser ablation-based chemical analysis has been
demonstrated in both apertureless and apertured configurations.
Elemental analysis with sub-micrometre lateral resolution has
been reported for apertureless near-field laser ablation induc-
tively coupled plasma MS.”>°! In the apertured near-field
scheme, mass spectrometric analysis of molecular solids was
performed via atmospheric sampling of the ablated material
through a capillary interface. A spatial resolution of hundreds
of nanometres®” to a few micrometres’> was achieved depending
on the mass spectrometer configuration used.

In addition to MS-based techniques, laser-induced break-
down spectroscopy (LIBS) has been used for chemical analysis
in the near-field. Micrometre-scale spatial resolution has been
demonstrated in apertured near-field LIBS,”*?% a resolution
inferior to that observed in far-field LIBS.® Craters smaller
than 30 nm have been reported in apertured near-field laser
ablation,”” however, the detection of spectral emission in this
case is extremely challenging due to the infinitesimal amount of
corresponding ablated mass. Interestingly, the structures formed
in materials like Si by atmospheric pressure near-field ablation
can be tuned between craters and protrusions depending on
the laser wavelength or number of pulses,”” underlining the
importance of laser, material and sampling environment
combinations as means to promote/impede certain types of
processes (e.g., oxidation).

2.3 Desorption, ionization and fragmentation of adsorbates

Some of the main factors and mechanisms governing desorption,
ionization, and fragmentation of adsorbates and surface layers
from nanostructures will be described in this section. First we
demonstrate some basic principles on laser induced processes at
macroscopic surfaces. This is followed by delineating the effects
specific to nanoscopic systems and nanophotonic ion production.

The energy deposited by the laser pulse can drive the
excitation of electrons, atoms, molecules, and quasiparticles.
Depending where a substantial portion of this energy ends up,
different desorption ionization mechanisms can be activated.
These processes can be driven by exciting the electron gas
in a metal substrate, electron—hole pair generation in semi-
conductors, phonon excitations, generation of excitons (e.g.,
in MALDI), plasmon excitations, and the electronic excitation
of the adsorbate (e.g., in desorption induced by electronic
transition (DIET)). Often, the combination of these mechanisms
is observed.

Laser desorption ionization from macroscopic surfaces. To
understand the essential processes underlying LDI, idealized
model systems, based on single crystals exhibiting a well-
defined crystallographic plane as the substrate and monolayers
of small molecules as adsorbates, were introduced in the 1980s.
This enabled well controlled experiments on the angular
distribution of final-state resolved ion yields produced by the
laser radiation, and the exploration of kinetic and internal
energy transfer. Working with simple solids and adsorbates

also allowed the construction of potential energy surfaces and
theoretical models to complement the experiments.

Molecules adsorbed on a solid surface experience shifting of
their energy levels (physisorption) or the formation of chemical
bonds (chemisorption). In turn, some adsorbates restructure the
surface.”® The stronger the adsorbate-surface interaction the
more substantial surface restructuring is observed. Restructuring
upon adsorption ranges from relaxation of the reduced bond
lengths at the surface closer to the bulk values, to the chemical
transformation of the surface layer.

Laser energy deposition into the substrate in the presence of
the adsorbate initiates the desorption process through several
potential pathways. Laser pulses in the UV and visible range
can couple their energy to the electrons in the substrate. The
hot electron gas equilibrates with the lattice phonons in a few
picoseconds. The phonon excitation mediated processes rely on
vibrational energy transfer to release the adsorbate. Laser-induced
thermal desorption of H, observed from Si(111) and Si(100)
surfaces was explained in terms of hydrogen atom migration
and recombination on the substrate followed by the departure
of the H, molecule.”®

An alternative pathway for desorption is the direct energy
transfer from the excited electron gas to the adsorbate. Early
observations of internal and kinetic energy distributions in
NO desorption from a Pt(111) surface showed that the hot
conduction band electrons were responsible for driving the
process. %1% Analysis of the results based on semiclassical
scattering theory indicated the transient presence of a negative
adsorbate ion, NO™, that facilitated the desorption process.102
Ultrafast excitation of the Cu(111) surface covered with CO
adsorbates results in hot electron mediated desorption events
in less than 325 £s.'%% In some cases, energy transfer through
phonons and electrons results in the desorption of different
chemical species. Thermal excitation of the ruthenium substrate
with carbon monoxide and oxygen atoms adsorbed on its (0001)
surface results in CO desorption, whereas laser excitation of the
electrons in the Ru target releases CO,.'%*

If the laser radiation induces an electronic excitation in the
adsorbate leading to a repulsive state, a desorption event can
result.'%>1% Investigation of this DIET process gave insight
into the role of surface bond orientation and numerous
dynamical processes. Desorption of the adsorbate is triggered
if it acquires sufficient kinetic energy before returning to the
ground state. In order for this to occur, the photon energy
needs to exceed the surface bond energy. Since the lifetime of
excited states is typically less than a picosecond, the desorption
efficiency is low.'” However, further exciting molecules that are
already in the excited state increase the desorption efficiency.

In some insulators, efficient energy deposition into phonons
and exciton generation proceed simultaneously. In MALDI,
energizing the phonons drives a phase transition in the
matrix, %1% while the generated excitons advance the ionization
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Laser desorption ionization from nanostructures. Nanoscopic
protrusions on silicon surfaces are known to result in a
significant local enhancement of the electromagnetic radiation.
Fora 10 : 1 aspect ratio column, this can result in an intensity
gain close to 200 in the near-field.'!® Metal nanostructures can
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exhibit additional enhancements through surface plasmon
resonances and operate as optical antennas.'''"''® These
structures demonstrate resonant energy absorption'!'® that is
sensitive to polarization''® and antenna length,''? and their near-
field response can be tuned through altering their geometry.''®

The absorption of light by noble metal nanoparticles with
dimensions smaller than the electron mean free path creates
surface plasmons, i.e., a collective oscillation of electrons in
the conduction band of the material. This produces enhanced
electromagnetic fields and charge interactions that are localized
on the surface of the material. The plasmon resonance frequency
and intensity is dependent on the size and shape of the metallic
nanoparticle.'* Experiments show that when the desorption laser
is near the resonant frequency of the metallic nanoparticles,
strong near fields, due to surface plasmons, are induced and
facilitate desorption and ionization (see Fig. 3).!%117-12!

In recent years, the idea to utilize localized plasmon resonance
for LDI has attracted growing attention. Plasmons in gold
nanorods!'”!"® and other nanoparticles''*1?*1?>1?* have been
exploited to shift the energy deposition resonance into the UV,
visible, and NIR range.'>'?! Because the wavelength of energy
coupling through localized surface plasmon resonance can be
selected by changing the geometry of the nanoparticles, e.g., the
aspect ratio of nanorods, an extended selection of lasers can be
used for LDI-MS to offer high sensitivity and specificity in
biosensor applications.'?>!2°

The desorption step from NAPA structures was probed
using preformed ions, ie., ions that already exist as an
adsorbate. As the laser fluence was increased, the fraction of
ions that remained intact decreased, indicating enhanced
energy transfer.*® Results also demonstrated that the desorption
threshold decreased for thinner posts, pointing to the contribution

of a thermal mechanism.?® Other experiments also suggested
that rapid heating of the nanostructure was a key factor in the
desorption process. For example, for DIOS structures it was
found that a minimum surface temperature of 800 K was
required to desorb preformed ions from the porous silicon
substrates.'?’ It was suggested that desorption was induced by
heating the surface rather than direct photoionization by laser
irradiation.

Experiments using preformed ions desorbed from ordered
nanocavity arrays found that the laser threshold for ion
detection depended on the substrate morphology, due to
differences in the thermal confinement.** For silicon nanowire
(SiNW) substrates, the desorption efficiency of preformed ions
at low laser fluences was attributed to the attained high surface
temperatures, due to thermal confinement effects.”® In this
regime the substrate thermal properties and surface chemistry
(i.e., the intentional or inadvertent chemical modification of
the nanostructure surface layer) play an important role. For
example, no molecular ions were detected from oxidized
SiNWs.'?® The adsorbate ion yields in LDI experiments from
various metallic nanoparticles were found to depend on the
thermal conductivity of the metal. Using nanoparticles with lower
heat conductivity and higher melting temperature promoted
ion production.'® Studies on two-layered nano- and micro-
structured surfaces also show that the substrates with lower
thermal conductivity and coatings with high absorptivity at
the wavelength of the UV laser result in the greatest ion
yields.** These experiments demonstrate the large influence
that the thermal properties of the substrate have on the
desorption efficiency.

Desorption of the substrate material and adsorbate can occur
via a defect-mediated process. Defects alter the electronic structure

spheres & b ' '
* 10}

0.5}

spheres

T

0'0 I I

Optical Absorbance

—

0.0 1 L
200 400 600

(@) (b)

6 101112
14 20 1J
I
< 1112
= 13 35
E
©
=
(%]
c Okl
T 6 1 1]13 25 1J
L] ll.LUiM
00

800 1000
wavelength (nm)

0200 600 8

(©)

Fig. 3 (a) Transmission electron microscope images of three gold nanoparticle types: (top) spheres, (middle) rods, and (bottom) stars with
approximate dimensions of 20 nm, 25 nm (width), and 35 nm (core diameter), respectively. (b) Optical absorbance spectra corresponding to the
nanoparticles in aqueous solution (blue dotted lines), in a thin film on quartz (black line), and from a film on nanoparticles precipitated with PEG
(red line). Red circles represent the relative inverse fluence thresholds (y-axis on the right). (c) Laser desorption ionization mass spectra at a laser
wavelength of 355 nm for PEG600 deposited on the gold nanoparticles. The laser pulse energies are noted in the top right corners. Reprinted with

permission from ref. 12. Copyright [2010], Springer.
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of the material and affect its optical and vibrational properties.
They can also drive desorption by acting as recombination
centers for electron—hole pairs or by weakening the bond
structure of the lattice. Hole trapping at localized surface
vacancies was found to play a role in the desorption of
adsorbates from silicon surfaces by changing the surface
charge density.'”

Electromagnetic fields in the vicinity of nanostructures
deviate from the far-field values due to the local interactions
between the radiation and the structures with features on the
order of the wavelength of light or smaller. The resulting
highly confined electromagnetic fields can cause the desorption
and ionization of molecules.”? Analogous to the behavior of
macroscopic antennas, the field enhancement depends on the
polarization of the incoming radiation and on the length and
aspect ratio of the structure.'*® In the vicinity of high aspect
ratio silicon tips, the light intensities were enhanced by more
than to two orders of magnitude compared to the incident
radiation.'%!3! Tt was suggested that these strong near-fields
induce a desorption process that contributed to the low fluence
thresholds for the detection of preformed ions observed from
SiNWs.!3? Evidence from NAPA-MS experiments showed
that enhanced near fields around high aspect ratio posts did
result in decreased fluence thresholds for LDI.** Confirmation
of truly photonic ion production was found for LISMA and
NAPA structures. Ion yields from these substrates were
strongly dependent on the plane of polarization of the electro-
magnetic radiation, also suggesting a behavior similar to
energy coupling in optical antennas. In the case of p-polarized
laser pulses, ion yields exhibited a maximum, whereas s-polarized
radiation resulted in vanishing ion production.*'??

Another mechanism, termed field ionization, has been
proposed for laser desorption and ionization platforms with
nanoscopic protrusions.>>13%13% Here, the applied electric field
causes charge accumulation in the protruding structures,
where, depending on the interaction strength between the
surface and adsorbate, molecules can be desorbed.!*® Since
the surface charge density decreases with increasing size, it is
critical that the protruding structures have fine tips or sharp
edges to produce the very high fields required for field
desorption. The applied electric field also increases the energy
of the electrons in the atoms near the surface, causing electron
tunneling and resulting in adsorbate ionization.

Depending on the characteristic dimensions and surface
roughness of the nanostructure, the particles in the desorbed
plume may experience confinement within its cavities and
crevices. If the diameter of nanoscale pores is close to the size
of the molecules, then the surface—adsorbate interactions may
be altered resulting in phase transitions and long range density
fluctuations.'**!'37 Computational modeling reveals that higher
primary ion yields are observed from porous substrates than
from less structured surfaces.'*® In nanostructures with high
aspect ratios, entrapment of the sample within the structure
may occur.'® In this scenario, the density of the desorbed
plume remains elevated for longer periods due to the one-
dimensional expansion. However, in the case of nanowires and
quantum dots, the expansion of the plume is three-dimensional 2
The different plume dimensionalities result in altered plume
reactions, between the plume and surface and within the plume.

In-plume collisions and secondary ion—molecule reactions are
highly dependent on the plume dynamics.

In metallic structures, the absorption of photons can also
result in the emission of electrons via the photoelectric effect.
Ion yields from very thin layers of sample in MALDI experi-
ments are shown to change depending on the work function
of the target plate material, indicating the role of electron
emission.'*® Such effects are absent in the case of thicker
samples."*" The emitted electrons can react in the plume and
produce more negatively charged species, decrease the number
of positively charged species, or produce more fragment ions
via electron impact. Enhanced electron emission was observed
on biased silicon surfaces microstructured at sub-bandgap
wavelengths.'*> The combination of these observations points
to the potential role of the enhanced photoelectron emission
from some of the nanostructures in altering the ion yields.

Except in the case of preformed ions, the source of protons
in matrix-free LDI experiments is unclear. Protons may come
from residual solvent molecules, surface functional groups, or
the adsorbate itself. The solvent and surface effects have been
studied in DIOS'? and LISMA®* using deuterated reagents
and surface derivatization to determine the source of protons.
In the DIOS studies, the solvents with low proton affinity and
vapor pressures showed to be better proton donors, and more
acidic surface functional groups resulted in improved signal.

In LDI experiments from LISMA, exclusively protonated
molecular ions were observed when the microcolumn structures
were produced in D,O rather than H,O, whereas using D,O
solvent for the deposition of the adsorbates instead of H,O
resulted in deuterated molecules in the mass spectra. These results
seem to indicate that the role of the surface functional groups in
LDI from LISMA is minimal and the residual solvent molecules
act as the source of protons.43 However, when the concentration
of surface hydroxides on the LISMA was increased by raising the
pH of the processing environment, the ionization process became
more efficient.!** This implied that surface chemistry also
played a role in LDI from LISMA.

On structured silicon substrates, interactions with surface
functional groups, specifically hydrogen bonds, were shown to
participate in the chemical reactions with the adsorbate.'*
These experiments also showed that the proton affinity of the
adsorbate might govern the ionization efficiency. In other
surface assisted methods, the acidity of surface interface layers
was found to be important.'** In the studied methods, the
origin of protons can be traced to both the surface groups and
the residual solvent molecules.

The dissociation of molecular ions is governed by the excess
internal energy transferred to the ions during and after the
laser pulse. In some matrix-free soft ionization techniques,
e.g., DIOS and SiNW, the internal energies of the desorbed
ions are independent of the laser fluence.”®'* To enhance the
fragmentation of some adsorbates (for example, peptides),
often a second ion activation step, such as collisions with a
background gas, is needed. LDI from gold nanoparticles
results in fragmentation of molecular ions as well as gold
clusters; however, in these experiments the fragmentation is
not controlled.'?® In contrast, the desorption and ionization of
peptide ions from LISMA and NAPA substrates results in the
formation of molecular ions at low laser fluences followed by
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the emergence of structure-specific fragment ions as the laser
fluence increases.*>** The fragment ions are produced through
both high- and low energy decomposition channels and the
fragmentation pathways have many similarities with surface-
induced dissociation. Furthermore, the desorption and fragmen-
tation of ions is dependent on the plane of polarization of the
desorption laser.?*!** The enhanced fields around high aspect
ratio posts, energy confinement in thin posts, surface—adsorbate
collisions, and reactive fragmentation channels are all thought to
contribute to molecular fragmentation from NAPA. The ability
to control the degree of fragmentation is useful for molecular
identification and structure elucidation of adsorbate molecules.

3 Applications
3.1 Figures of merit for photonic ion production

From the point of view of applications, the initial appeal of
using nanostructures to facilitate ionization for MS was the
elimination of matrix interferences, endemic in MALDI, in the
low mass range. It was also anticipated that nanostructured
substrates would result in increased sensitivity due to the better
signal-to-noise ratio, improved control over fragmentation, and,
with nanofabrication, the ability to optimize ion production.
Current experience with these ionization platforms, however,
paints a varied picture of their performance.

In mass spectrometric applications, simplified sample prepara-
tion, minimized interferences, and increased sensitivity afforded
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by the nanostructure-based ionization platforms are essential.
For example, Fig. 4a shows that with DIOS an ultralow
detection limit of 800 yoctomoles can be achieved, i.e., ~480
molecules can be detected.? This is the result of high ion yields
from these surfaces, as well as the dramatically reduced back-
ground in the low mass range due to the lack of matrix-related
ions. An additional advantage of the matrix-free approach is
that no chemical compatibility of matrix and analyte is
needed. It is worth noting that some nanoparticle systems
require the use of surfactants, additives or surface modifiers
that can also obscure the low mass region.

Mesoscopic and nanostructured materials, such as LISMA >
NAPA,* DIOS, ' the substrate used in nanostructure initiator
mass spectrometry (NIMS),'*” GALDIL?*” nanorods,'*' and
nanowells,'*® at adsorbate ion generation fluences do not
undergo substantial morphological transformation. Surface
derivatization, including hydrosilylation,?! can further improve
substrate stability and reusability. In addition, as shown in
Fig. 4b for verapamil as the analyte, substrates with improved
stability, e.g., LISMA, can provide a wide dynamic range for
quantitation.

When certain nanostructures, such as gold nanofilms,>? are
exposed to high laser fluences, ionized clusters of the substrate
can cause interferences.'?® Thus, keeping the laser fluence close
to the analyte ion generation threshold improves the quality of the
mass spectra. Nanodots, composed of various semiconductors
and metal oxides, have been developed to improve the limits
of detection for small organic molecules and peptides.
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Fig. 4 LDI-MS from various nanostructures. (a) An 800 yoctomole limit of detection was demonstrated on a DIOS platform. Reprinted with
permission from ref. 23. Copyright [2004], American Chemical Society. Image in the inset is reprinted with permission from ref. 22. Copyright
[2010], Elsevier. (b) LISMA exhibits a dynamic range of 5 orders of magnitude and a limit of detection of 8 amoles for verapamil. (c) Large
peptides, such as cytochrome ¢, are detected from derivatized gold nanoparticles. Reprinted with permission from ref. 149. Copyright [2007],
American Chemical Society. (d) Structure specific fragmentation of the synthetic peptide P14R from derivatized NAPA was obtained by increasing

the laser fluence. Sodiated a- and c-type fragment ions are observed.?’
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For example, self-assembled germanium nanodots, grown on
silicon substrates, exhibited low detection limits (800 amol for
angiotensin I and 200 fmol for insulin) along with the ability to
detect small molecules.**

Another important figure of merit for matrix-free ion
production is the high mass limit characterized by the decline
of efficient ionization. In the past few years, extensive efforts
were made to improve the detection of large molecules using
nanoparticles (see Fig. 4c),"* nanowells,'*® or closely packed
nanotube arrays'®® with diameters of ~200 nm. Nanotube
arrays have shown a high mass limit of ~29 kDa and are
robust enough to withstand high laser fluences. However, for
small molecules the limit of detection is somewhat disappointing
(~ 6 fmol), making this ionization platform less suitable for trace
analysis. It has also been demonstrated that CdS quantum dots,
with particle sizes between 1 nm and 10 nm, can be used to detect
large proteins with molecular weights from 5-80 kDa, including
bovine serum albumin (molecular weight 66.0 kDa) and human
apo-transferrin (molecular weight 79.8 kDa).!>! These quantum
dots, however, seem to ablate with the adsorbate, acting as a
pseudo-matrix.

Gold nanorods,'?! with longitudinal surface plasmon resonance
modes that are commensurate with the wavelength of the
desorption laser, efficiently desorb and ionize small biomolecules
but are not suitable for the detection of larger molecules. It was
observed that the resonance frequency was influenced by the
aspect ratio of the nanorods and, at an aspect ratio of 5, the
resonance band overlapped with the Nd:YAG laser wavelength
at 1064 nm. Similar to MALDI, these nanoparticles were mixed
with the analyte during the preparation steps and deposited
together onto a metal substrate. At high laser fluences, Au
clusters from the nanorods were desorbed and ionized resulting
in spectral interferences. However, in comparison to standard
MALDI matrixes like 2,5-dihydroxybenzoic acid and a-cyano-
4-hydroxycinnamic acid, these interferences were minor.

Structures with even higher aspect ratios, typically greater
than 15, are categorized as nanowires and can be used as
efficient ionization platforms. SiNWs are produced by
chemical vapor deposition and are typically derivatized with
(pentafluorophenyl)-propyldimethylchlorosilane.® These sub-
strates are the basis of nanowire-assisted LDI commercially
available from Bruker Daltonics under the trademarked name
of NALDI™. An advantage of SiNWs is a significantly lower
ionization fluence threshold compared to MALDI and to
other nanostructure-based devices. However, the nanowires
are easily melted and evaporated by laser irradiation making
shot-to-shot comparisons difficult.?® In addition, they are
prone to interferences due to the presence of silicon cluster
ions.!>?

Chemical etching is used to produce nanofilms from various
metals such as palladium, platinum, and gold. These films usually
have a heterogeneous morphology that results in significant shot-
to-shot variations in the spectra. Nanofilament substrates can
be activated through a dynamic electrowetting process.'”
Electrowetting results in stronger interactions between the
analyte and the nanofilament structure, and improves the limit
of detection to a few attomoles.'>*

When working with real world samples, both high mass
resolution and the production of structure specific fragments

improve the identification accuracy for unknown molecules.
Substantially increasing the laser fluence has been shown to
induce analyte fragmentation.*> At elevated fluences, robust
structures, e.g., LISMA* and NAPA,* have been demonstrated
to induce structure specific fragmentation without the use of
collision activated dissociation, electron capture dissociation, or
other activation methods (see Fig. 4d). These structures enable a
new approach to the structural characterization of small organic
molecules and peptides. Additional efforts to understand the
interaction of laser radiation with nanophotonic structures at
elevated intensities can lead to the development of new ways to
induce structure specific ion fragmentation.

Nanoparticles such as TiO,,* Ag,155 and Au'® can be
modified with surface ligands that can selectively bind to a
particular type of molecule. These selective capturing agents
increase the specificity and selectivity of the LDI analysis.
When these nanoparticles are irradiated with the laser, the
surface ligands are detached from the core and become ionized.
These derivatized nanoparticles are envisioned for imaging,
protein recognition, and clinical diagnostics applications."” In
other cases, various molecular caps have been added to gold
nanorods to selectively target molecules that have an affinity to
the capping agent.!?!

Quasi-periodic nanostructures, such as nanowells and
nanocavities,'>® exhibit characteristics comparable to LISMA
and DIOS. Nanocavities can be produced by oxidizing a
silicon wafer and convectively assembling SiO, beads to the
surface. The structures are then processed via reactive ion
etching and cavities are created where the SiO, beads do not
cover the surface. By systematically varying the size of cavities,
it was established that signal-to-noise ratios for the mass
spectra exhibited a minimum at a particular surface roughness.

In order to better understand the laser—nanostructure inter-
actions, systems with dimensions tailored in a broad range are
necessary. Nanofabrication protocols with sufficient control
over the array geometries can be developed to systematically
tune the interaction between the structures and the laser
radiation for optimum ion production. Ordered monolithic
silicon structures such as NAPA,* nanocavity arrays,45 and
nanotips*® are examples of such mechanistic studies. Cylindrical
NAPA fabricated with systematically varied heights, diameters,
and periodicities showed up to a 55-fold improvement in ion
yields when for a given post diameter the optimum aspect ratio
was found.**

Systematic studies on nanocavity arrays indicated that when
the porosity of nanocavities increased, the fluence threshold
required to obtain ion signal decreased.*> Nanocavities with
porosities similar to DIOS were found to have the lowest
fluence threshold as well as the greatest ionization efficiency.
Furthermore, deeper nanocavities (459 nm) exhibited lower
laser fluence thresholds than structures with shallower cavities
(200 nm). Similarly, silicon nanowell arrays demonstrated a
100-fold increase in ionization efficiency when well depths
increased from 10 nm to 50 nm.'*®

Desorption and ionization from silicon nanotip arrays
(DIOSTA) is another example of ordered monolithic structures
used for LDI. Following the techniques used to create electron
field emitters, DIOSTA were produced with tip diameters as small
as 10 nm.*® These nanotip arrays were used for ion production

148

8464 | Phys. Chem. Chem. Phys., 2012, 14, 8453-8471

This journal is © the Owner Societies 2012



from low mass peptides and other biomolecules, including
dopamine, with moderate limits of detection in the low
picomole range. Systematically exploring the parameter space
for the geometry of these devices could significantly improve
the ion yields and consequently the analytical performance.

3.2 Amenable sample types

Following the success of MALDI-MS for the analysis of
proteins and peptides, the need for a laser-based method for
small molecules became apparent. Due to the overwhelming
spectral interferences from the matrix ions in the low mass region
(m/z < 500), important classes of compounds and applications
remained intractable, initiating a quest for a ‘matrix-free’ laser
ionization technique. It was quickly recognized that nanostructures
held the potential to utilize laser energy for the desorption and
ionization of pharmaceuticals, metabolites, peptides, lipids
and xenobiotics, as well as their complex mixtures. In this
section we discuss specific applications of nanostructures used
in the mass spectrometric analysis of various sample types.

Metabolites and xenobiotics. Metabolites are the intrinsic
molecular building blocks of biological systems, whereas
xenobiotics are extraneous molecules introduced from the
environment. The vast structural diversity of these chemical
species makes it difficult to find a universal technique for
their efficient ionization. Due to the complexity of biological
samples, minimizing interferences, improving sensitivity and
selectivity, and exhibiting a wide dynamic range are critical.
Nanostructure-based ionization methods can meet several of
these challenges.
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With the proper selection of the initiator molecule in
negative mode NIMS, trace level detection of phosphorylated
metabolites associated with energy transport (adenosine
5'-triphosphate (ATP), adenosine 5’-diphosphate (ADP) and
guanosine 5'-triphosphate (GTP)) was achieved.'”® Oxidized
DIOS structures appear to efficiently aid the laser ionization
of catecholamines, important neurotransmitters, and other
metabolites extracted from lymphocytes.'®

In the analysis of small biomolecules, laser ionization from
silicon nanopowder substrates offers improved sensitivity, reduced
interferences, and expanded coverage of trace components,
e.g., xenobiotics in urine (see Fig. 5a)."®! Due to the homo-
geneous distribution of the nanopowder—sample mixture, this
technique offers improved reproducibility and semi-quantitation.

Trace components, such as resveratrol, in highly complex
samples, e.g., red wine, have been linked to beneficial health
effects. However, the average concentrations of resveratrol in
wine are low (2-10 uM) and the conventional mass spectra of
these samples are complex, usually resulting in the need for a
separation step. Fig. 5b shows that laser irradiation of a wine
sample on NAPA efficiently ionizes the resveratrol without the
need for extraction.

Peptides. Model peptides and their simple mixtures are
commonly utilized to demonstrate the analytical figures of
merit of new ionization methods in the low to medium mass
range.'*’ Biologically relevant peptide-containing samples
(microorganisms, tissues, efc.), however, are highly complex.
Laser ionization from nanostructures can be used for the analysis
of these complex specimens. Direct mass spectrometric analysis
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Fig. 5 Selected applications of laser desorption ionization sources based on nanostructures. (a) The analysis of morphine in biofluids using silicon
nanopowder. Reprinted with permission from ref. 161. Copyright [2007], American Chemical Society. (b) Direct analysis of white wine using
NAPA shows the presence of resveratrol. (c) Imaging and identification of glycolipid species from rat brain tissue with GALDI. Reprinted with
permission from ref. 37. Copyright [2007], American Chemical Society. (d) Direct analysis of a single cancer cell with NIMS. Reprinted with

permission from ref. 147. Copyright [2007], Nature Publishing Group.
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of several neuropeptides from exocrine tissue, single neurons,
and the atrial gland of Aplysia californica was achieved with
DIOS in the 1000-4000 Da mass range.'®? Similarly, inorganic
nanoparticles were used to promote the laser ionization of
peptides under 1500 Da in rat cerebellar sections for MS
imaging with lateral resolution of 15 um.'®?

The ability to promote peptide fragmentation on nano-
structures offers advantages in the elucidation of their
structure. The ability to generate peptide fragments has been
demonstrated for, e.g., LISMA,?* NAPA? and capped gold
nanoparticles.'®* Methods to promote fragmentation included
surface modifications,'’ increasing the laser fluence,?>* and
varying the polarization angle of the laser beam.*

Carbohydrates. Carbohydrates are omnipresent in biologically
relevant substances but are not always amenable to ion production
by conventional laser-based methods. The ionization of
carbohydrates is inefficient because they lack basic or acidic
groups that promote protonation and deprotonation. Laser
ionization on nanostructures offers alternative ionization
pathways through the formation of Na™ and K™ adducts
with appreciable yield.

Reported examples include the detection of carbohydrates
in biofluids and tissues'®® and proteolytic digests'®® by NIMS.
Other nanostructures successfully used for the laser ionization of
carbohydrates include nanoparticles, e.g., gold'®” and titanium
oxide,'®® and platinum nanoflowers.'®

Pharmaceuticals. Pharmaceutical research relies on ion
production for MS during the development and synthesis of
drug candidates, as well as in studying their absorption,
distribution, metabolism and excretion (ADME) in various
organisms. To improve their bioavailability, the molecular
weights of most pharmaceuticals are below 1000 Da, making
them amenable for nanostructure-based LDI. These ion
sources are particularly fitting for pharmaceutical analysis
due to the minimal interference from substrate-related ions
observed in the low mass range.'”

Quantitative response!’' and selective capture!” of drug
molecules from complex mixtures have been shown using DIOS
with the prospect of affinity purification on a chip for the latter.
Other nanostructures, such as nanofilms,'” graphite174 ‘

2

and silicon
nitride nanoparticles,170 LISMA,** and NAPA* have also
been utilized for the analysis of pharmaceuticals with ultra-low
limits of detection, e.g., 6 attomoles of verapamil for the latter.

Once administered, the metabolized drugs can be analyzed
from various biofluids, e.g., blood serum'*’” and urine,'” as
well as from tissues. In one such example, LDI from TiO,
nanoparticles was used to detect metabolized pharmaceuticals,
such as the hypertension drug propranolol, in urine. Indicator
metabolites, for example, testosterone, can also be monitored
to verify the delivery of an ingested drug.'”®

Forensic samples. Low limits of detection and short analysis
times have motivated the application of nanostructure-based
LDI MS to forensically relevant small molecules such as drugs
of abuse, 71176178 certain xenobiotics' 7% and explosives.181

A growing number of examples indicate the potential of
nanostructures in the LDI of illicit drugs. Using SiNWs, cocaine,
along with one of its metabolites, were detected in human serum.?

In LDI-MS experiments, dusting agents containing carbon
black nanoparticles, used to visualize latent fingerprints, proved
efficient in detecting the presence of drugs of abuse in the
prints.'”® DIOS-MS showed promising performance in the
rapid quantitation of codein,'”! and in some cases, e.g., for
3,4-methylenedioxymethamphetamine (Ecstasy), the impurity
profile of the drug could be determined to identify the producer
or reveal potentially lethal contaminants.'®? The specificity of
detecting a particular component in the presence of multiple
drugs can be improved by combining its immunocapture on
the nanostructure with LDI-MS.'"®

In criminal investigations, trace amounts of synthetic
polymers from contraceptives were detected in physical evidence
by DIOS-MS.!""180 Thijs is probably the first example of
nanostructure-based LDI-MS of evidence admitted in court.

The detection of high explosives, e.g., tetryl, was also demon-
strated on meso-structured porous polymer monoliths.'®! These
synthetic polymer substrates offer better air stability than the
porous silicon in DIOS enabling their long term storage.

Environmental samples. The efficacy of nanostructures for
LDI-MS of environmental contaminants, including harmful
organic compounds as well as microbial pollutants, is tested in
various laboratories. To gauge the success of remediation,
trace detection of the contaminants is necessary, making high
ionization efficiency essential.

A pyrolytic graphite polymer film'* and DIOS'®* were used
for the ultrasensitive detection of perfluorooctanoic acid,
perfluorooctane sulfonate, bisphenol A, pentachlorophenol,
and other industrial pollutants. A large variety of environmental
contaminants showed a strong ion signal when oxidized carbon
nanotubes were used as LDI substrates.'®>

In a recent study, the detection of highly infectious bacteria in
air, on human skin, and in nasal passages was demonstrated.'*®
Due to the high sensitivity of LDI-MS using TiO, nanoparticles,
the time consuming culturing step involved in the traditional
method of detecting Staphylococcus aureus (“‘Staph’) infection
could be eliminated. The resulting MS-based biosensor is a faster
(a few minutes compared to 48 hours) and more sensitive
approach to “Staph” detection.

Tissue imaging. Publications on MS imaging of tissues have
increased exponentially since the emergence of MALDI-based
methods in 1997.'% There are two approaches to establish MS
imaging of tissues based on LDI from nanostructures. First,
nanoparticles can be deposited on the tissue surface in a way
similar to the application of a conventional matrix. In the
second approach, a thin tissue section can be deposited on top
of a nanostructure. In both cases the laser pulses excite the
surface pixel-by-pixel and mass spectra are collected from
every spot. The distributions of the various chemical species
on the surface can be visualized by representing the intensity of
the corresponding ion peak in the mass spectra for every pixel
on a false-color scale.

Due to the superior limits of detection and dramatically
reduced interferences in the low mass range compared to
MALDI, nanostructure-based MS imaging is more suitable
for exploring metabolite and lipid distributions in tissues. In
an example of the first approach, colloidal graphite with a
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typical particle size of 1 um was sprayed on rat brain tissue
sections. This imaging GALDI technique captured the distri-
butions of some glycolipids (cerebrosides and sulfatides) in the
section (see Fig. 5¢).%’

The second approach is best represented by NIMS!#16% and
NALDI'® imaging studies. Distribution of lipids in and around
the spinal cord of a mouse embryo was mapped by NIMS from a
tissue section.'*’” To enhance the ionization of carbohydrates and
steroids, sodium and silver salts, respectively, were deposited on the
porous silicon surface. Distributions of sucrose in a flower stem
and cholesterol in a mouse brain section were observed.'®® Using
commercially available NALDI structures, LDI-MS imaging of
lipids in mouse kidney samples indicated the ability to chemically
distinguish between the adrenal gland and the kidney tissue.'®

Single cell analysis. Understanding the nature and biological
role of cellular heterogeneity, the biochemical differences between
individual cells, promises new insights into how cellular systems
grow, develop, and interact with their environment. The extremely
small volume of cells (the volume of a yeast cell is typically ~ 30 fL)
and their compositional complexity (thousands of metabolites,
lipids and proteins) make this task challenging.

Based on the biomass composition of Saccharomyces
cerevisiae,'®® in order to detect abundant components like
alanine and uridine 5’-monophosphate (UMP) from a single
cell, limits of detection of at least 32 fmol and 4 fmol,
respectively, are required. However, to detect a less abundant
metabolite, for example ergosterol, a detection limit of 70 amol
is necessary. As MALDI-MS typically exhibits ~ 1 fmol limit of
detection, it is able to detect alanine and UMP but not
ergosterol in a single yeast cell. However, LISMA, with limits
of detection in the low attomoles and a wide dynamic range,
could detect ergosterol and other less, as well as more abundant
metabolites resulting in richer, more informative spectra.

Direct LDI-MS analysis of single cells deposited intact on
a nanostructure can simplify sample preparation, minimize
interferences from matrixes, and reduce contamination. Fig. 5d
shows how NIMS can be used to generate a mass spectrum from
a single metastatic breast cancer cell.'*’ Repeating such measure-
ments for cells of different genotypes or phenotypes can reveal
compositional differences stemming from cellular heterogeneity.

Continued research involving the direct analysis of small cell
populations and single cells can lead to a better knowledge of
their biochemical functioning. Due to the commensurability of
nanostructures and cells—that are biological nanostructures
themselves—manipulation and analysis of individual cells on
these platforms promise to be a rich area of research.

4 Outlook

Pulsed laser excitation of nanostructures above a certain fluence
gives rise to ion production from organic and biomolecular
adsorbates. In many cases, the associated phenomena rely on
modified optical, electronic, and thermal properties due to
nanoscopic structuring. Enhancement of the excitation field in
the proximity of the surface, various confinement effects,
plasmon resonances, in-plume reactions, and adsorbate—solvent
and adsorbate—surface interactions may all affect the mechanism
of desorption, ionization, and fragmentation.

Many of these phenomena can be derived from photonic
interactions. They result in a new method of producing ions
that we have termed photonic ionization. The unique properties
associated with the corresponding devices, i.e., photonic ion
sources, include polarization dependent ion yields and frag-
mentation, as well as ion yield resonances at particular aspect
ratios of the nanoscopic features.

Accumulating evidence points to the role the relationship
between the characteristic lengths of transport processes and
the critical dimensions of the nanostructures plays in ion
production. The confinement of energy, charge or plume
material that occurs when a characteristic length exceeds the
critical dimension of the structure can all be important in the
underlying ionization mechanisms. With a growing under-
standing of the mechanisms, there is an increasing possibility
of rational nanostructure design for the production of ions.

Chemical modification of the surface to either selectively capture
certain adsorbate types or to enhance the desorption ionization
yields can also have a major impact on the performance of
photonic ion sources. Powerful examples include the capping of
nanoparticles with organics to extend the high mass range of these
ion sources. The modification of the substrate, via chemical
derivatization, can decrease the adsorbate—surface interaction thus
increasing the rate of desorbing and ionizing intact molecules.
Introducing protons from the surface or from trapped solvent can
result in more efficient ionization. Ultimately, ion production from
large adsorbates (m2/z > 10000) is very efficient through conven-
tional MALDI, so there is less motivation for the use of nano-
structures in that mass range. Therefore, it is more likely that
surface modification will find a use in lowering the limit of
detection and controlling the internal energy of the produced ions.

The ability to control ion decomposition levels from no or
little fragmentation to the production of structure-specific
fragments through adjusting the laser fluence, incidence angle,
or polarization is a feature unique to some nanostructures.
This property offers a yet unutilized approach to structure
exploration in MS. Currently, complex methods and extra
instrumentation are used to induce controllable fragmentation
in organic and biomolecules. These techniques include collision
induced dissociation, surface induced dissociation and photo-
dissociation, in combination with tandem mass spectrometers.
Manipulating the fluence and the plane of polarization in
photonic ion sources offers a simpler approach, potentially with
a single stage mass spectrometer. Analytical applications of
nanostructured ionization platforms benefit from ultra-low
limits of detection with a wide dynamic range. Tailoring the
dimensions of these structures through nanofabrication has
shown that major improvements can be achieved in the ion
yields due to resonant behavior, e.g., at certain aspect ratios
for NAPA. Similar resonances are expected for plasmonic
structures with concomitant drop in the limit of detection.
A greater understanding of the essential factors, contributing
to the laser desorption and ionization mechanisms in these
systems, will allow for the optimization of the nanostructure
dimensions for efficient ion production. As a result, the
application of nanostructured ionization platforms could be
extended from metabolomics to other classes of biomolecules.

Limitations of the nanostructure-based approach to LDI include
the need for robust production of the structures themselves.
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To achieve high ion yields and low background levels, the
ultimate preparation of these platforms will probably include
nanofabrication.

Primary metabolites in single cells are present at the low
femtomole levels. With certain nanostructures exhibiting
limits of detection in the zeptomoles to yoctomoles range,
they are prime candidates for the panoramic metabolic analysis
of single cells. This fast growing field promises new insights
into cellular heterogeneity and related biological phenomena.
Integration of the culturing and manipulation of cells on these
nanostructured platforms can also be achieved by common
nanofabrication procedures.'*°

With the advent of ambient ion sources, there is growing
interest in shifting the use of nanostructured LDI platforms
from vacuum to atmospheric pressure.!**!°! With a large
surface area in these systems exposed to laser excitation,
oxygen and humidity in the ambient environment, chemical
stability is expected to be a significant issue. Despite the
technical difficulties in creating a sufficiently stabile LDI
substrate, the promise of minimal sample preparation and
the ability to directly analyze functioning cells can provide
sufficient incentive to pursue their development.

Combining separation with ion production in nanostructured
systems promises enhanced capabilities. For example, due to the
unique adsorbate—surface interactions on SiNWs, molecules in a
complex mixture can be separated to different regions of the
structure followed by LDI of the separated components.'> Other
strategies include substrate-selective binding for the capture of a
target molecule. Selective capture by nanostructured platforms is
a promising tool for the analysis of the enzymatic digest products
of proteins and for the cleanup of complex samples.?*!?""!92
Altering the surface chemistry of the nanostructures can promote
selective capture of certain molecules and improve the sensitivity
by their accumulation on the surface.

Utilizing the interactions of photonic structures with laser
radiation for ion production is beginning to take off. The small
size of these versatile multifunctional ionization platforms makes
them good candidates for the integration with miniaturized mass
spectrometers. Understanding the underlying principles of ion
production by nanostructures paves the way for their rational
design and integration into complex analytical systems.
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