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Abstract

Mass spectrometric ionization methods that operate under ambient condi-
tions and require minimal or no sample pretreatment have attracted much
attention in such fields as biomedicine, food safety, antiterrorism, pharma-
ceuticals, and environmental pollution. These technologies usually involve
separate ionization and sample-introduction events, allowing independent
control over each set of conditions. Ionization is typically performed under
ambient conditions through use of existing electrospray ionization (ESI) or
atmospheric pressure chemical ionization (APCI) techniques. Rapid analy-
ses of gas, liquid, and solid samples are possible with the adoption of various
sample-introduction methods. This review sorts different ambient ioniza-
tion techniques into two main subcategories, primarily on the basis of the
ionization processes, that are further differentiated in terms of the approach
used for sampling.
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1. INTRODUCTION

The ionization of analytes in different states under ambient conditions, known as ambient ioniza-
tion mass spectrometry, is currently a fruitful research area in mass spectrometry. To distinguish
the ambient ionization approaches from preexisting atmospheric pressure ionization methods,
the former are commonly defined as those mass spectrometric ionization methods that operate
under ambient conditions and require minimal or no sample pretreatment (1-3). A characteristic
of this technology is that sample introduction and ionization are usually separate events, thereby
allowing independent control of each set of conditions. Through variation of the methods used
to introduce the sample, unique applications for the analyses of liquid, gas, and solid samples have
been demonstrated. Furthermore, a wide variety of mass spectrometers can be easily attached
to the source to detect the ions generated through ambient ionization. It is not necessary to
introduce additional lens or electrode systems to focus the ions prior to mass spectrometric detec-
tion. In general, mass spectrometers equipped with an electrospray ionization (ESI), atmospheric
pressure chemical ionization (APCI), or atmospheric pressure photoionization (APPT) source can
be connected to the existing ambient ionization sources. Because most ambient ionization tech-
niques are essentially noninvasive in sampling, they are ideal tools for investigations of the surface
composition of different solids.

Ambient ionization techniques can be distinguished on the basis of differences in analytical
processes. The analyte is ionized in one of two ways: (#) Either the analyte molecules are formed
and brought to the ambient ionization source for postionization, or () charged reactive species
(e.g., ions, charged/neutral solvent droplets) or metastable atoms generated by an ambient ion-
ization source are brought to the sample surface for desorption and ionization. Figure 1 provides
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Figure 1

General analytical schemes involved in ambient ionization mass spectrometry in which () the analyte
molecules are brought to the charged species and (b) the charged species are brought to the sample surface.
Abbreviations: APCI, atmospheric pressure chemical ionization; ESI, electrospray ionization.
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schematic representations of both ambient ionization methods when EST and APCI are used. In
the first case, except for the fact that the ionization is performed under ambient conditions, the
analytical processes are similar to those used in gas chromatography mass spectrometry (GC-MS),
in which the analyte molecules are separated in the GC column and transferred to the ion source
for postionization (4). In the second case, except for the fact that the desorption and ionization
events are performed under ambient conditions, the analytical procedures are similar to those
used in fast atom bombardment (FAB) or secondary ion mass spectrometry (SIMS) (5, 6). Both
approaches differ from those used in conventional atmospheric pressure ionization methods such
as ESI, in which the analytes are generated and ionized directly from the sample solution.

In addition, conventional liquid-based atmospheric pressure ionization techniques, including
ESI, APCI, and APPI, usually require tedious sample-pretreatment processes (7-9). For example,
because these systems are commonly used as detectors for compounds separated through liquid
chromatography (LC) or capillary electrophoresis (CE), the solution composition must be adjusted
to fulfill the requirements of LC and CE during separation (10, 11). Although the sample solutions
can be introduced into these sources through direct infusion, sample pretreatment is still required
because the ionization efficiency relies heavily on the composition of the sample solution.

The postionization methods used in the ambient ionization source are usually not new. Two
conventional atmospheric pressure ionization methods, ESI and APCI, are the ones most com-
monly adapted to the ambient ionization sources. Multiply charged solvent droplets and ions
are generated during ESI (12); protons, reagent ions, electrons, and metastable atoms are gener-
ated through corona discharge or plasma formation during APCI (13, 14). Ion formation occurs
through ESI or molecular interaction/charge-transfer processes between analyte molecules and
reagent species.

Other than direct impinging of the sample surface with reagent species for sampling, there are
many other ways to produce analyte molecules from liquid and solid sample surfaces, for example,
laser desorption, laser ablation, shock waves created by laser irradiation or radio frequency waves,
pneumatic or ultrasonic nebulization, thermal evaporation, and pyrolysis. Different terminologies
are employed for technologies that are based on the same ionization principle but that use different
methods to generate the analyte molecules/ions or to introduce the sample into the source. As a
result, this field of research can appear complicated and confusing. Indeed, more than 25 differ-
ent ambient ionization techniques have been described in the literature, each adopting different
terminologies and acronyms. Several review articles have attempted to classify or categorize the
existing ambient ionization sources to simplify the field (1-3, 15-17). In this review, we classify
the various ambient ionization sources on the basis of the chosen ionization methods (ESI versus
APCI) and sampling methods. We hope that this classification clearly and simply explains the am-
bient ionization techniques in terms of the instrumentation, sampling procedures, and ionization
principles used.

2. ELECTROSPRAY IONIZATION-BASED AMBIENT
IONIZATION TECHNIQUES

The ionization processes involved in ESI-based ambient ionization techniques resemble ESI
mechanisms in that they provide ESI-like mass spectra. The sample can be gas, liquid, or solid. For
gaseous or volatile samples, the analyte molecules are directly conducted into the ESI plume for
ionization. For liquid samples, the solutions are either nebulized or desorbed to form mists, which
are subsequently joined with the ESI plume for further ionization. For solid samples, the analyte
molecules on the sample surface are first desorbed, then postionized upon entering the ESI plume.
Several methods, including laser desorption, matrix-assisted laser desorption, and laser-induced
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acoustic desorption, have been used to desorb the analyte molecules from the sample surface. One
of the distinguishing advantages of using ESI for the postionization of airborne gases, droplets,
and particles is its capability to form singly and multiply charged species, which allows the analysis
of both small and macromolecular species. Because the postionization processes that use APCI
are limited to the formation of singly charged ions, they are suitable only for analyses of small
molecules.

Other than by introducing the analyte molecules into the ESI plume, the solid sample can
also be analyzed by directly impinging the sample surface with charged solvent droplets generated
through ESI, then desorbing and ionizing the analyte molecules from the surface. Although the
ionization mechanisms of these techniques differ from those in which the analyte molecules are
introduced directly into an ESI plume, ionization of the analyte molecules from the sample surfaces
still occurs through ESI-generated species; therefore, these approaches are considered to be ESI-
related ambient ionization techniques.

One of the advantages of postionizing the analyte molecules in an ESI plume is that a large
quantity of charged species is produced and available for interaction with the analyte molecules or
analyte-containing droplets introduced into the plume, which leads to higher ionization efficiency.
In addition, the configuration of the source in the ionization part is extremely simple; no additional
ion-focusing lenses are needed. Although the ion intensity is influenced by the spatial relationships
among the electrosprayer, sample plate, and MS inlet, a stable ESI plume is the foundation for
obtaining a stable analyte ion signal in these techniques. Therefore, after the optimal ESI signal is
obtained from the solvent, the positions of the ESI capillary and the mass spectrometer inlet are
usually fixed during analysis. The categorization of techniques employing ESI-related ambient
ionization sources is basically defined by how the sample is introduced into the system and how
the ions are generated.

2.1. Techniques That Use Electrospray Ionization for Postionization

In these techniques, the analyte molecules generated by thermal evaporation, pyrolysis, pneumatic
or ultrasonic nebulization, laser desorption, or laser-induced acoustic desorption are delivered and
introduced in an ESI plume for postionization.

2.1.1. Gas chromatography ESI, secondary ESI, multiple-channel ESI, and pyrolysis ESI.
The use of ESI to postionize analyte molecules can be traced back to the GC-ESI technique
reported in 1998 (18). Conventionally, analyte molecules exiting a GC or a direct insertion probe
are ionized in the electron impact (EI) or chemical ionization (CI) source in a vacuum (8, 19, 20).
When the EI or CI source is replaced by an ESI source, all of the analytical processes are con-
ducted under ambient conditions (18, 21). The analytical processes in GC-ESI involve the analyte
molecules exiting the GC column, entering the ESI plume generated from an acidic methanol
solution, and then reacting with the charged solvent species through ion-molecule reactions to
form analyte ions. The analyte molecules can also fuse with the charged solvent droplets in the
plume; in this case, ESI proceeds continuously from the analyte-containing droplets to form an-
alyte ions. An ESI-like mass spectrum is, therefore, obtained through use of GC-ESI (18). The
schematic representation in Figure 2 displays the analytical mechanisms of GC-ESI. An analyte
suitable for GC-ESI-MS analysis must be able to carry a charge generated through ion-molecule
reactions or ESI processes. For example, a mixture of fatty acid methyl esters differing only in alkyl
chain length has been successfully separated and detected by use of GC-ESI-MS (18). A similar
principle has been applied to secondary ESI to characterize volatile compounds eluting from LC
or GC columns (22, 23).
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Figure 2

Schematic representation of gas chromatography electrospray ionization (GC-ESI) and fused-droplet (FD)-
ESI analyses of sample molecules and analyte-containing droplets. Abbreviation: MS, mass spectrometer.

Modifications of the ESI source can enhance the ionization efficiency of the analyte molecules
exiting from the GC column. Higher ionization efficiencies are obtained when the analyte
molecules are introduced closer to the Taylor cone, where larger-sized charged droplets are
generated. It appears that analyte-droplet fusion processes are more efficient when larger droplets
are involved (18). To prevent any rapid decrease in the solvent droplet size, the nebulizing gases
commonly used in conventional ESI sources are not used in GC-ESI-MS. To further increase
the ionization efficiency, the GC-ESI system is equipped with six electrosprayers surrounding
the central GC column. The high voltage required to generate electrospray plumes is introduced
into each electrosprayer by liquid conduction through a metallic connector, which electrically
contacts the solution flowing in each electrosprayer. The idea behind this multiple-channel ESI
system has also been used to directly interface conventional high-performance liquid chromatog-
raphy (HPLC) with the ESI source (24). Such a source featuring 16 ESI emitters can tolerate
HPLC flow rates of up to 0.5 ml min~! and still provide reasonably good mass spectral quality.
The concept behind GC-ESI has also been applied to connect a Curie-point pyrolytic probe or
a thermally pyrolytic oven with an ESI ion source to ionize polar pyrolytic products originating
from macromolecules, tire rubbers, ambers, and synthetic mixed polymers (25-27).

2.1.2. Fused-droplet ESI, extractive ESI, and neutral desorption extractive ESI. The fused-
droplet electrospray ionization (FD-ESI) technique was developed to characterize large analytes,
such as peptides and proteins, dissolved in aqueous solutions through a two-step ESI process
(Figure 2) (28). A probe nebulizes the aqueous sample solution ultrasonically (or pneumatically
in the absence of high voltage) to form fine mists, which are then conducted into an ESI plume
(Figure 3d). Because multiply charged protein ions are generated in this manner, it has been
suggested that the formation of the protein ions occurs as a result of fusion of the analyte mists
with the solvent droplets in the ESI plume and that ESI then proceeds from the fused droplets
to produce the protein ions. The polarities of the solutions used to produce the sample mists

www.annualyeviews.org o Ambient lonization Mass Spectrometry

47



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

C LIAD-ESI

Figure 3

b Liquid ELDI

ESlI capill
ESI plume Dt

P - e
T IR AX Y I

BT s W

Laser spot Sample droplet

d FD-ESI

Sample mists

Nebulizer outlet —

Alumina foil Laser spot

Photographs of analyte molecules and droplets joining electrospray ionization (ESI) plumes for (2) electrospray laser desorption
ionization (ELDI) with a solid sample, (6) ELDI with a liquid sample, (¢) laser-induced acoustic desorption (LIAD)-ESI with a liquid
sample, and (4) fused-droplet (FD)-ESI with a liquid sample. Abbreviation: MS, mass spectrometer.

48

and the ESI droplets should be close so that they can fuse together. Methanol containing a small
amount of acetic acid (0.1%-1% by volume) is the most common solution used to generate
electrospray plumes in an FD-ESI source (28, 29). The salt tolerance of FD-ESI is much higher
than in conventional ESI analysis (30). Indeed, protein ions have been detected from the solutions
saturated with NaCl or sodium phosphate, presumably because the solubility of inorganic salts
in methanol is low; that is, the salts within the sample mists are excluded upon fusing with the
methanol droplets. It is also possible that the less polar analyte molecules are positioned at the
surfaces of the neutral sample droplets, whereas the salts are stabilized through increased solvation
at the droplet centers; the analyte molecules can then be extracted into the charged droplets during
droplet fusion (30, 31).

Because the composition of the ESI solution in FD-ESI can be changed, analytes of vari-
ous polarities can be characterized selectively by use of ESI solvents of different compositions.
The technique, termed extractive ESI, is useful for characterizing both volatile and nonvolatile
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compounds (31-36). One recent application has been the rapid characterization of melamine in
milk (37). Analyte molecules can also be generated by blowing the solid sample surface with a
heated gas stream, with the molecules subsequently ionized in the ESI plume; this technique
is known as neutral desorption extractive ESI (38, 39). Through use of this approach, analyte
molecules have been transported efficiently over distances greater than 1 m for remote analysis.
Volatile components have been detected from human breath and other biological samples (e.g.,
skin, frozen meat, and plant tissue) (40-42).

2.1.3. ELD], liquid ELDI, MALDESI, LA-ESI, and LIAD-ESI. A two-step ESI technique,
named electrospray laser desorption ionization (ELDI)-MS, has been developed to character-
ize nonvolatile analyte molecules directly from the surfaces of solid samples (43). The analyte
molecules are produced by irradiating the sample surface with the pulsed nitrogen laser, and
they are then postionized in an ESI plume (Figure 4). Because the pulse of laser irradiation pro-
vides high energy, the chemical compounds in samples with very hard surfaces are detectable
through ELDI-MS. Although no organic matrix is used, fragile biological compounds such as
peptides and proteins can survive the laser irradiation to be detected as intact molecular ions
(44). In contrast, an organic matrix is necessary for generating protein ions in matrix-assisted laser
desorption/ionization (MALDI); for ELDI, however, the analyte molecules are ionized during the
ESI processes, making it unnecessary to use a matrix for ionization. As a result, sample preparation
becomes extremely simple; because interference from matrix ions is not encountered, ELDI can
be used to characterize small molecules (45, 46).

The instrumentation of ELDI-MS comprises an electrosprayer without a nebulizing gas stream
(an acidic methanol solution is commonly used to produce a stable ESI plume) and a metallic
sample plate set on a moving stage with a pulse from an ultraviolet (UV) or infrared (IR) laser.
The sample is prepared by depositing a drop of the sample solution onto the metallic sample
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Figure 4

Schematic representation of the electrospray laser desorption ionization (ELDI) and laser-induced acoustic
desorption electrospray ionization (LIAD-ESI) analyses of sample molecules on surfaces. Abbreviation: MS,
mass spectrometer.
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plate; after air-drying, a thin sample layer is formed (Figure 3). Because the sample molecules
are completely removed from the sample spot after laser irradiation, the sample plate must move
continuously during ELDI analysis to continuously provide a fresh sample area for laser irradiation
(43-45). The sample stage in an ELDI analysis is typically moved at a rate of 0.2 mm s~!. With
the assistance of the precision movement of a stepper motor and the use of laser desorption for
sampling at a high spatial resolution, molecular profiling and imaging of plant slices have been
demonstrated (Figure 5) (47, 48).

Analytes dissolved in liquids have been detected through ELDI-MS after small amounts of
fine carbon powders had been added to the solution (49). The UV laser energy is adsorbed by
the carbon powder and transferred to the surrounding solvent and analyte molecules, leading
to their desorption; the liquid that dissolves the analyte appears to play no role during desorp-
tion, except as an energy-transfer medium (Figure 35) (50). Therefore, all the chemical com-
pounds dissolved in the liquid medium—which may be viscous (whole blood), hydrophilic, or
hydrophobic and may consist of strongly acidic and basic species, inorganic salts, and volatile
and nonvolatile organic solvents—can be characterized directly from solution by liquid ELDI-
MS (Figure 6). The status of ongoing chemical and biochemical reactions occurring in the
solution can also be continuously monitored (50). The ionization event in the liquid ELDI
technique is a very soft process, as evidenced by the fact that signals in mass spectra of myo-
globin ions detected from acid-free aqueous solutions are nearly all in the native conformation
(49).
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Figure 6

Electrospray laser desorption ionization (ELDI) mass spectra of (#) whole blood, (4) cytochrome ¢ in saturated NaCl, (¢) PMMA 1000 in
12N HCJ, and (d) PEG 600 in toluene. Abbreviations: PEG, poly(ethylene glycol); PMMA, poly(methyl methacrylate).

The development of reactive ELDI provides additional analytical capabilities through the
incorporation of gas-phase reactions prior to ELDI-MS measurement (51). Unique reactions can
occur between the chemicals added in the ESI solution and the analyte molecules desorbed by
laser desorption. For example, biochemical reactions (e.g., disulfide bond reduction achieved by
addition of dithiothreitol, a disulfide bond cleavage reagent) and changes in protein conformation
(obtained by mixing in an organic solvent) can be performed during the ELDI ionization process
(51).

Several other ionization methods that use desorption and ionization principles similar to those
for ELDI, including matrix-assisted laser desorption electrospray ionization (MALDESI) and laser
ablation electrospray ionization (LA-ESI), were subsequently developed (52-57). In MALDESI,
a conventional organic matrix is mixed with the analyte (e.g., a protein) in the solid or liquid state
prior to desorption of the analyte upon laser irradiation. For LA-ESI, an IR laser is used to desorb
the protein dissolved in an aqueous solution or as a solid. Similar principles have also been used
for the analysis of volatile and semivolatile compounds by impinging the sample surfaces with
a heated stream of high-velocity N, gas; the thermally evaporated analyte molecules were then
transferred into the ESI plume for further ionization (58).
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Recently, ESI was combined with laser-induced acoustic desorption electrospray ionization
(LIAD-ESI) under atmospheric pressure to characterize small organic and large biological com-
pounds as solids and in solution (Figure 3¢) (59). The acoustic and shock waves are generated by
UV or IR laser irradiation on the rear side of a metal foil bearing the predeposited dry sample. The
analyte molecules are generated through the mechanical action of the acoustic and shock waves
and heating; they are then postionized in an ESI plume (Figure 4). Because the technique does
not require direct exposure of the sample to laser light, it is particularly useful when the sample
is sensitive to the laser wavelength used. In addition, because all the parts and the laser beam are
located on the rear side of the sample foil, much more working space is available on the sample side
for the LIAD source than for an ELDI source. Direct LIAD-MS analyses of chemical compounds
separated on thin-layer chromatography (TLC) plates were recently demonstrated (60).

2.2. Techniques That Use Electrospray Ionization Droplets for Desorption
and Ionization

Desorption electrospray ionization (DESI) is performed by bringing the charged species to the
sample surface for desorption and ionization (61). A high-speed jet of charged ESI droplets is
directed onto the sample surface; the secondary ions generated by the interaction of the charged
microdroplets with the analyte molecules on the sample surface are collected. Figure 7 presents
a conceptual diagram of a DESI system used for surface analysis. The ionization mechanisms
and operative processes of the DESI source are different from those described above; in this
case, the ionization agents (charged solvent droplets) generated by the electrospray collide with
the sample surface with the assistance of a high-pressure sheath gas. Droplet collisions on the
surfaces cause a large number of new progeny droplets to be expelled from the surface at various
sizes, velocities, and angles. It has been suggested that during DESI a two-step analyte-pickup
mechanism is involved whereby an initial surface film comprising solvent and analyte is laid down
by the sprayer and the analyte of interest is contained within the wetted surface (62-64). The
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Figure 7

Schematic representation of a desorption electrospray ionization (DESI) analysis of molecules on a sample
surface. Abbreviation: MS, mass spectrometer.
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so-called droplet-pickup mechanism involves an incident droplet collision desorbing the surface
liquid and transporting it into the mass spectrometer.

Desorption/ionization of chemical compounds achieved by impinging the sample surface with
an object has been an active research area ever since the development of SIMS, FAB, and plasma
desorption techniques. The experimental procedures for DESI are similar to those used for SIMS
and other related desorption/ionization methods, except that DESI analysis is performed under
atmospheric pressure and the impact objects possess a larger size and higher charge number. A
DESI source can be as simple as a conventional electrospray emitter aimed at an angle relative to
the sample surface and the mass spectrometer inlet. Again, as in ELDI, the stability and intensity of
the analyte ion signals in DESI depend strongly on the spatial relationship among the electrospray
emitter, sample surface, and mass spectrometer inlet (65, 66).

Because in DESI sample pretreatment is unnecessary in principle, the emergence of this tech-
nique in 2004 attracted many users—particularly those interested in surface analysis (61). Many
applications of DESI have been reported, including (#) characterization of the active ingredi-
ents in pharmaceutical or illicit Ecstasy tablets, industrial polymers in solid and solution phase,
peroxide-based explosive chemicals and warfare agents, untreated bacteria cultures, alkaloids in
plant tissue, and chemical compounds separated on TLC plates and (b) the imaging and profiling of
intact biological tissues (67-77). The so-called reactive DESI technique has been used to enhance
the detection sensitivity of certain chemicals by doping the ESI solution with selective chemical
reagents (e.g., alkali halides and alkylamines) (78, 79). The reactions induced by the addition of
chemical reagents in reactive DESI include ion-transfer reactions and adduct formation.

Desorption sonic spray ionization (DeSSI) is performed in the same manner as DESI, except
that the impact droplets are generated through sonic spray ionization (SSI; a high-voltage free-
spray method) (80). In SSI, the analyte solution is sprayed from a fused-silica capillary with a
supersonic nebulizing gas flow coaxial to the capillary. Charged droplets are produced as a result
of unbalanced charge distribution during droplet formation in the supersonic pneumatic spray. SSI
usually produces droplets that have much lower charge numbers than those produced through ESI.
The so-called easy ambient SSI is a modified DeSSI source; the analytes are selectively permeated
on a cellulose dialysis membrane (a solid but permeable and flexible membrane) and are then
desorbed and ionized through DeSSI processes (81-84).

2.3. Techniques That Generate Electrospray Ionization from Probe

The ambient ionization techniques described above differ from one another in terms of the ways in
which the analyte molecules are formed, the ions are generated, and the samples are introduced.
Several other ESI-related techniques differ in terms of the way in which the sample solution
is introduced into the ESI source. The direct electrospray probe (DEP) method is one such
technique (85-87). Instead of being generated at the tip of the capillary, ESI is generated from
a sample droplet predeposited on a small metal ring subjected to a high voltage. The sample
solution (submicroliter volume) is deposited on the metal ring through a micropipette. The sample-
introduction systems required for conventional ESI (e.g., fused-silica capillary, syringe pump, and
nebulizing gas) are unnecessary. DEP is particularly useful for rapid analysis of dirty samples or of
samples only available in extremely small volume. A similar sampling strategy is also used in probe
ESI, a modified DEP technique for rapid sample analysis in which a needle is used to provide a
very small sample droplet by being dipped and lifted from the sample solution (88-90).

Under a high electric field, a solvent flow can be induced through the channels created between
two bound solid-phase microextraction graphite fibers presenting adsorbed analyte molecules (91).
The analyte molecules dissolve in the solvent as it flows through and are then carried to the tip of
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the fibers for ESIL In another design, laser desorption from the surfaces of solids and liquids has
been used to generate analyte molecules, which were then saved in a solvent reservoir connected
to a capillary and syringe pump for subsequent ESI processing (92).

TLC is one of the most frequently used chromatographic methods for separating chemical
compounds. Several ESI-related ambient ionization methods have been used to efficiently and
rapidly characterize chemical compounds separated on TLC plates. For example, a liquid junction
has been created between a surface-sampling probe (SSP) and a solid surface (e.g., a TLC bed);
soluble compounds were collected by a solvent flow, which were subsequently delivered into an
ESI emitter (93). A similar design has also been used in a plunger-based extractor to remove
the analyte from the TLC bed for ESI-MS analysis (94). Direct characterization of chemical
compounds separated on TLC plates has also been demonstrated through use of ELDI, LIAD-
ESI, and DESI systems (60, 95-98).

3. ATMOSPHERIC PRESSURE CHEMICAL IONIZATION-BASED
AMBIENT IONIZATION TECHNIQUES

Whereas EST is widely used to characterize polar compounds, APCI is a more sensitive technique
used for analyzing less polar and more volatile compounds. As for ESI-based ambient ionization
techniques, the analytical procedures for APCI-based ambient ionization techniques can involve
(@) bringing the analyte molecules to the charged or metastable species generated by APCI for
ionization or (b) directly impinging the sample surface with the charged or metastable species for
desorption and ionization (Figure 1).

Although there are a number of different methods for performing APCI, a high electric field is
used to produce ions or excited-state atoms from different types of reagents (e.g., He, air, water,
and organic solvent). The techniques can be divided into two subcategories on the basis of the
different methods used to generate the reagent species: corona discharge-based APCI methods
and plasma-based APCI methods. In corona discharge—based APCI, the analyte ions are formed
through a series of ion-molecule reactions between the reagent species and the analyte molecules.
Some of the ionization processes in the plasma-based APCI methods resemble the ion-molecule
reactions involved in the conventional corona discharge-based APCI mechanisms, except that
energy-transfer reactions between the activated reagent species (e.g., metastable He, N,, or air)
and the analyte molecules are also involved. All of the APCI-related ambient ionization techniques
are commonly used for small-molecule analysis because they allow singly charged analyte ions to
form.

Because different APCI sources and sample-introduction systems can be combined to generate
analyte ions under ambient conditions, several APCI-related ambient ionization techniques have
evolved. The schematic representation in Figure 1 reveals the analytical procedures of the ambient
ionization methods based on APCI. For the analysis of gaseous samples, the analyte molecules are
conducted to interact with the reagent species for ionization. For liquid-sample analysis, the sample
solution is either nebulized or desorbed to form mists, which are carried downstream by heated
gas. The analyte molecules are formed through the rapid evaporation of the mists in the open air;
these molecules subsequently enter the discharging or plasma area for ionization. For solid-sample
analysis, the analyte molecules are formed, then delivered and postionized in the discharging
area. Methods for generating analyte molecules from solid surfaces include thermal evaporation
and laser ablation or desorption. Solid samples can also be analyzed by directly impinging the
sample surface with charged species or metastable atoms; desorption and ionization of the analyte
molecules from the sample surfaces then occur.
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3.1. Corona Discharge-Based Atmospheric Pressure Chemical
Ionization Techniques

The so-called atmospheric pressure solids analysis probe (ASAP) technique uses a hot stream of
N gas to impinge the solid-sample surface; the resulting analyte molecules are brought close to
the APCI needle tip by the N, stream, where they are ionized under corona discharge-based APCI
conditions (Figure 8) (99). Compounds such as lipids, capsaicins, and carotenoids within fresh
biological tissues have been rapidly detected via such technology (99, 100). A similar design, so-
called laser diode/thermal desorption, uses laser energy to evaporate the sample (101). The analyte
molecules are formed through indirect heating of the rear side of a sample plate by a continuous
IR diode laser beam. The analyte molecules formed are carried by a stream of preheated N, along
the transfer tube to the corona discharge APCI needle for ionization.

Desorption atmospheric pressure chemical ionization (DAPCI) differs from ASAP in that it
impinges the sample surface with the charged species generated by an APCI probe (Figure 9)
(102). The charged species (e.g., electrons, protons, metastable atoms, N, O,, solvent, or water
ions) used to desorb and ionize the analyte molecules are generated by the corona discharge.
Because the reaction products observed in normal APCI processes are also observable in DAPCI
spectra, DAPCI may allow the implementation of characteristic ion-molecule reactions while
maintaining the capability of ambient pressure desorption ionization/sampling (102). DAPCI
provides increased sensitivity to the analysis of compounds of moderate polarity (103-105). With-
out the need to perform tedious sample pretreatment, investigators have detected trace amounts
of melamine in various milk products through DAPCI, with water vapor as the reagent (106).

In corona discharge-based APCI techniques, analyte molecules of lower polarity are usually
ionized with lower efficiency. Desorption atmospheric pressure photoionization (DAPPI) allows
the efficient ionization of such compounds directly from sample surfaces (107). The source com-
prises a heated jet of vaporized solvent from a nebulizer, photons emitted from a photoionization
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lamp, and a sample plate. The desorption/ionization mechanism of DAPPI has been proposed to
occur through (#) thermal desorption of the analytes from the sample surface impinged with the
heated solvent jet and (J) their subsequent ionization in the gas phase through reactions similar
to those in conventional APPI (i.e., photoionization and gas-phase ion-molecule reactions) (108).
Analytes of low polarity and proton affinity are ionized through charge exchange; analytes of high
polarity and proton affinity are ionized through proton transfer (109).

Ambient ionization of analytes in a droplet suspended in air can be achieved through charge-
assisted laser desorption/ionization, which is performed simply by directing the charged solvent
species (from an APCI probe) toward the air-suspended sample droplet through acoustic levi-
tation (110, 111). The sample droplet contains the analyte molecules and the organic MALDI
matrix. Following charging, one side of the sample droplet is irradiated with a pulse laser beam to
disintegrate the droplet surface and produce analyte ions. APCI-like mass spectra are produced,;
these spectra contain singly charged analyte ions. The ionization mechanism presumably involves
MALDI-related phenomena, and the excess charge on the sample droplet serves to prevent ion
recombination.

3.2. Plasma-Based Atmospheric Pressure Chemical Ionization Techniques

The ionization of analyte molecules in a direct analysis in real time (DART) source occurs when
the sample is exposed to a stream of electronic excited-state gas species that are typically derived
from He (Figure 10) (14). An electrical charge produces ions, electrons, and metastable neutral
species. Several ionization mechanisms have been postulated; one such mechanism is Penning
ionization, in which ionization of the sample occurs through energy transfer from an excited atom
or molecule that has energy greater than the ionization energy of the sample (112, 113). These
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mechanisms involve the formation of ionized water and cluster ions, and proton-transfer reactions
between the protonated water ion species and analyte molecules have also been reported.

The formation of the electronic excited-state He gas in DART occurs through direct current
discharging of the heated He flowing through the cathode and anode in a chamber (114). Following
the removal of the charged species via filter electrodes, the heated gas is directed toward the surface
of the liquid or solid sample; it can also be used to directly interact with gaseous samples. An
insulating cap protects the sample and operator from exposure to the electrodes, heater, and grid.
For safety, during analysis it is necessary to shield the operator from the high voltage arising from
the ESI capillary, the APCI needle array, and the sample plate. In DART, however, the sample is
exposed to a stream of excited gas, and additional shielding of the source is not required. As a resul,
sample switching becomes extremely rapid, and no memory effects or sample carryover problems
have been observed. DART has been applied to the analyses of small polar and nonpolar species
in gas, solid, and liquid states, including explosives, active ingredients in pharmaceutical tablets
and capsules, metabolites in urine, fatty acid methyl esters in bacterial cells, and chemical warfare
agents (114-120). DART has also been used to directly characterize the compounds separated on
TLC plates (121). The combination of laser desorption and DART has been used to characterize
nonvolatile organic compounds directly from the surface of solid and liquid samples (122-124).

Similar techniques, including liquid-surface Penning ionization (LPI), atmospheric pressure
Penning ionization (APPel), atmospheric pressure glow discharge ionization (APGD), and laser
ablation/flowing atmospheric pressure afterglow (LA-FAPA), have also been reported. LPI uses
an atmospheric pressure beam of metastable argon atoms to impinge the sample solution, which
is prepared by mixing the sample with a matrix (e.g., glycerol or organic solvent) and placing it
on a needle tip (125). The needle is heated and applied at kilovolt potential. Ionization of the
analytes occurs through Penning ionization or ion-molecule reactions among metastable argon,
the solvent/matrix ions, and the analyte molecules. For the ionization of gaseous samples, the
APPel source uses a circular array of corona discharge needles in an argon atmosphere to create
the metastable argon (126). Ionization in the APGD system occurs through the introduction of
sample vapor through an orifice into the glow discharge region (127, 128). Much like the corona
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discharge process, glow discharge is based on electrons ionizing the buffer gas. The operating
currents of a glow discharge system are, however, typically several orders of magnitude higher
than those in a corona discharge system. The higher current results in the generation of a much
larger number and wider variety of reagent ions. The sample must be volatile so that it can be
introduced into the glow discharge chamber for ionization. To avoid the problem of carryover in
the APGD source, investigators developed a flowing afterglow mode (129, 130). In this mode the
ions and excited species generated through APGD are transported outside the discharge chamber,
where they react with atmospheric constituents. These reactions lead to the production of reagent
ions, so the sample need not be introduced into the discharge chamber. In LA-FAPA, analyte
molecules are generated through laser ablation and are subsequently introduced at the exit of a
flowing glow discharge unit for ionization (131).

3.3. Dielectric Barrier Discharge, Low-Temperature Plasma,
and Plasma-Assisted Desorption/Ionization

The dielectric barrier discharge technique involves a specific type of gas discharging in which the
electrodes are isolated from each other by a layer of isolating medium (132). Dielectric barrier
discharge ionization (DBDI) is performed at atmospheric pressure by placing a dielectric layer
(glass slide) between two electrodes and applying an alternating potential of 3.5 to 4.5 kV at a
frequency of 18 to 25 kHz (133-135). Unlike a glow discharge ion source, reduced pressure is
not required in order to maintain a stable discharge for DBDI. The dielectric layer limits the
average current density in the gas, forming a stable low-temperature plasma (LTP) featuring
a large number of high-energy electrons. During sample analysis, the analytes deposited on the
glass-slide surface move to the field of the plasma discharge for desorption and ionization. Various
gases (e.g., He, N, Ar, air) can be used to generate plasma in a DBDI source. As for DART, the
mechanism of ionization of the analytes in the plasma generated in a DBDI source may involve
several processes, such as Penning ionization and ion-molecule reactions.

An L'TP probe is a modified DBDI source (136, 137). The analytical procedure for use of an
LTP probe is similar to that of DAPCI in that the plasma generated by the L'TP probe impinges
the sample surface. The LTP probe uses dielectric barrier discharge to generate the LTP. It
differs from DBDI in the way in which the counter electrodes are placed within the probe: The
LTP probe allows analysis of the object without the requirement of placing the sample between
two counter electrodes. The L'TP probe allows direct interaction of the L'TP with the solid- or
liquid-sample surface. The ability to extract analytes from the sample surface without heating
makes L'TP a good candidate for use as the ionization source in portable mass spectrometers.

Plasma-assisted desorption/ionization (PADI) is similar to DART and DBDI in that it uses
plasma for ionization, except that a radio frequency (13.56 MHz, 200-500 peak-to-peak voltage)
is applied to the unsharpened end of the needle to create low-power plasma from He to ionize the
volatile analytes under ambient conditions (138). The ionization processes presumably involve a
combination of direct EI ionization, metastable Penning ionization, and ion-molecule reactions.
Similar to that of LTP, the plasma of PADI is relatively cold to the touch and does not heat the
sample. This phenomenon, in turn, allows analysis of thermally unstable samples. Also, it does
not require the removal of highly energetic species, as is the case in DART.

4. CONCLUSION

The recent development of ambient ionization techniques has created a new subfield in MS.
These developments have simplified analyses, increased ease of use, shortened analytical time,
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and extended the types of samples that can be analyzed by mass spectrometers. Moreover, many
ambient ionization techniques have been used to perform surface analyses of solid and liquid
samples without the need for pretreatment. Although most of these developments have focused
on systems in which the analyte molecules are produced and introduced, the principles of ionization
have not substantially changed. Fundamentally, the ionization concepts of the techniques can be
viewed as variations on the original EST and APCI themes.

In this review, we have sorted the existing ambient ionization techniques into two main subcat-
egories, primarily on the basis of their ionization processes (ESI and APCI mechanisms), that we
further differentiated in terms of the approach used for sampling (thermal evaporation and desorp-
tion, pyrolysis, laser ablation and desorption, shock waves, pneumatic and ultrasonic nebulization,
and direct impinging of sample surfaces with charged and metastable species). No matter how
the analyte molecules are produced and introduced in the source, either they are coupled with an
ionization process or ionization occurs as a discrete process subsequent to sampling. ESI-related
ambient ionization techniques are suitable for analysis of molecules possessing high masses, but
they are limited to moderately to highly polar compounds. Spectra are often complex because
of the formation of adduct or multiply charged ions during ionization. These techniques have
obvious biochemical applications. APCl-related ambient ionization techniques are suitable for
analysis of less polar or nonpolar compounds with simple mass spectra (no solvent clusters or
multiply charged or alkali metal adducts), but they have a more limited mass range.

There is considerable overlap between various ambient ionization techniques because most
of the techniques combine a limited number of sample-introduction, desorption, and ionization
processes. Although it may be a challenge for scientists to realize the differences among all these
techniques, a better appreciation of the existing ambient ionization techniques for their analytical
potential in different areas will allow future modifications and development of alternative protocols
to advance this field. Ambient ionization has already been an important part of modern MS; it will
continue to be an active area of research.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

This work was partly supported by the National Sun Yat-Sen University/Kaohsiung Medical
University Joint Research Center and a grant from the National Science Council, Taiwan (95-
2113-M-110-018-MY3).

LITERATURE CITED

1. Cooks RG, Ouyang Z, Takats Z, Wiseman JM. 2006. Ambient mass spectrometry. Science 311:1566-70

2. Venter A, Nefliu M, Cooks RG. 2008. Ambient desorption ionization mass spectrometry. Trends Anal.
Chem. 27:284-90

3. Van Berkel GJ, Pasilis SP, Ovchinnikova O. 2008. Established and emerging atmospheric pressure
surface sampling/ionization techniques for mass spectrometry. 7. Mass Spectrom. 43:1161-80

4. Watson JT, Biemann K. 1964. High-resolution mass spectra of compounds emerging from a gas chro-
matograph. Anal. Chem. 36:1135-37

5. Barber M, Bordoli RS, Sedgwick RD, Tyler AN. 1981. Fast atom bombardment of solids (FAB): a new
ion source for mass spectrometry. 7. Chem. Soc. Chem. Commun. 1981:325-27

www.annualyeviews.org o Ambient lonization Mass Spectrometry

59



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

60

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Benninghoven A. 1983. Organic secondary ion mass spectrometry (SIMS) and its relation to fast atom

bombardment (FAB). Int. 7. Mass Spectrom. Ion Phys. 46:459-62

. Cole RB, ed. 1997. Electrospray Ionization Mass Spectrometry: Fundamentals, Instrumentation, and Applica-

tions. New York: Wiley. 577 pp.

. Harrison AG, ed. 1992. Chemical lonization Mass Spectrometry. Boca Raton: CRC. 224 pp. 2nd ed.
. Robb DB, Covey TR, Bruins AP. 2000. Atmospheric pressure photoionization: an ionization method

for liquid chromatography—mass spectrometry. Anal. Chem. 72:3653-59

Niessen WMA, ed. 2006. Liquid Chromatography-Mass Spectrometry. Boca Raton: CRC. 632 pp. 3rd ed.
Smith RD, Barinaga CJ, Udseth HR. 1988. Improved electrospray ionization interface for capillary zone
electrophoresis—mass spectrometry. Anal. Chem. 60:1948-52

Yamashita M, Fenn JB. 1984. Electrospray ion source. Another variation on the free-jet theme. 7. Phys.
Chem. 88:4451-59

Carroll DI, Dzidic I, Stillwell RN, Haegele KD, Horning EC. 1975. Atmospheric pressure ionization
mass spectrometry. Corona discharge ion source for use in a liquid chromatograph—mass spectrometer—
computer analytical system. Anal. Chem. 47:2369-73

Cody RB, Laramee JA, Durst HD. 2005. Versatile new ion source for the analysis of materials in open
air under ambient conditions. Anal. Chem. 77:2297-302

Covey TR, Thomson BA, Schneider BB. 2009. Atmospheric pressure ion sources. Mass Spectrom. Rev.
28:870-97

Harris GA, Nyadong L, Fernandez FM. 2008. Recent developments in ambient ionization techniques
for analytical mass spectrometry. Analyst 133:1297-301

Chen H, Gamez G, Zenobi R. 2009. What can we learn from ambient ionization techniques? 7. Amz.
Soc. Mass Spectrom. 20:1947-63

Lee CY, Shiea J. 1998. Gas chromatography connected to multiple channel electrospray ionization mass
spectrometry for the detection of volatile organic compounds. Anal. Chem. 70:2757-61

Cotter RJ. 1980. Mass spectrometry of nonvolatile compounds by desorption from extended probes.
Anal. Chem. 52:1589-606

Munson B. 1977. CI-MS: 10 years later. Anal. Chem. 49:772-78A

Brenner N, Haapala M, Vuorensola K, Kostiainen R. 2008. Simple coupling of gas chromatography to
electrospray ionization mass spectrometry. Anal. Chem. 80:8334-39

Whu C, Siems WF, Hill HH. 2000. Secondary electrospray ionization ion mobility spectrometry/mass
spectrometry of illicit drugs. Anal. Chem. 72:396-403

Steiner WE, Clowers BH, Haigh PE, Hill HH. 2003. Secondary ionization of chemical warfare agent
simulants: atmospheric pressure ion mobility time-of-flight mass spectrometry. Anal. Chem. 75:6068-76
Shiea J, Wang CH. 1997. Applications of multiple channel electrospray ionization sources for biological
sample analysis. 7. Mass Spectrom. 32:247-50

Hong CM, Tsai FC, Shiea J. 2000. A multiple channel electrospray source used to detect highly reactive
ketenes from a flow pyrolyzer. Anal. Chem. 72:1175-78

Hsu HJ, Kuo TL, Wu SH, Oung JN, Shiea J. 2005. Characterization of synthetic polymers by
electrospray-assisted pyrolysis ionization—mass spectrometry. Anal. Chem. 77:7744-49

Hsu H]J, Oung JN, Kuo TL, Wu SH, Shiea J. 2007. Using electrospray-assisted pyrolysis ionization/mass
spectrometry for the rapid characterization of trace polar components in crude oil, amber, humic sub-
stances, and rubber samples. Rapid Commun. Mass Spectrom. 21:375-84

Lee CC, Chang DY, Jengof ], Shiea J. 2002. Generating multiply charged protein ions via two-step
electrospray ionization mass spectrometry. 7. Mass Spectrom. 37:115-17

Shiea J, Chang DY, Lin CH, Jiang SJ. 2001. Generating multiply charged protein ions by ultrasonic
nebulization/multiple channel-electrospray ionization mass spectrometry. Anal. Chem. 73:4983-87
Chang DY, Lee CC, Shiea J. 2002. Detecting large biomolecules from high-salt solutions by fused-
droplet electrospray ionization mass spectrometry. Anal. Chem. 74:2465-69

Chen H, Venter A, Cooks RG. 2006. Extractive electrospray ionization for direct analysis of undiluted
urine, milk and other complex mixtures without sample preparation. Chemz. Commun. 2006:2042-44
Chingin K, Chen H, Gamez G, Zhu L, Zenobi R. 2009. Detection of diethyl phthalate in perfumes by
extractive electrospray ionization mass spectrometry. Anal. Chem. 81:123-29

Huang et al.



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

Marquez CA, Wang H, Fabbretd F, Metzger JO. 2008. Electron-transfer-catalyzed dimerization of
trans-anethole: detection of the distonic tetramethylene radical cation intermediate by extractive elec-
trospray ionization mass spectrometry. 7. Am. Chem. Soc. 130:17208-9

Gu H, Chen H, Pan Z, Jackson AU, Talaty N, et al. 2007. Monitoring diet effects via biofluids and their
implications for metabolomics studies. Anal. Chem. 79:89-97

Chingin K, Gamez G, Chen H, Zhu L, Zenobi R. 2008. Rapid classification of perfumes by extractive
electrospray ionization mass spectrometry (EESI-MS). Rapid Commun. Mass Spectrom. 22:2009-14
Williams JP, Scrivens JH. 2008. Coupling desorption electrospray ionisation and neutral desorption/
extractive electrospray ionisation with a traveling-wave based ion mobility mass spectrometer for the
analysis of drugs. Rapid Commun. Mass Spectrom. 22:187-96

Zhu L, Gamez G, Chen H, Chingin K, Zenobi R. 2009. Rapid detection of melamine in untreated milk
and wheat gluten by ultrasound-assisted extractive electrospray ionization mass spectrometry (EESI-
MS). Chem. Commun. 2009:559-61

Chen H, Wortmann A, Zenobi R. 2007. Neutral desorption sampling coupled to extractive electrospray
ionization mass spectrometry for rapid differentiation of biosamples by metabolomic fingerprinting.
7. Mass Spectrom. 42:1123-35

Chen H, Hu B, Hu Y, Huan Y, Zhou Z, Qiao X. 2009. Neutral desorption using a sealed enclosure to
sample explosives on human skin for rapid detection by EESI-MS. 7. Am. Soc. Mass Spectrom. 20:719-22
Chen H, Yang S, Wortmann A, Zenobi R. 2007. Neutral desorption sampling of living objects for rapid
analysis by extractive electrospray ionization mass spectrometry. Angew. Chem. Int. Ed. 46:7591-94
Chen H, Wortmann A, Zhang W, Zenobi R. 2007. Rapid in vivo fingerprinting of nonvolatile compounds
in breath by extractive electrospray ionization quadrupole time-of-flight mass spectrometry. Angew.
Chem. Int. Ed. 46:580-83

Chen H, Sun Y, Wortmann A, Gu H, Zenobi R. 2007. Differentiation of maturity and quality of
fruit using noninvasive extractive electrospray ionization quadrupole time-of-flight mass spectrometry.
Anal. Chem. 79:1447-55

Shiea J, Huang MZ, Hsu HJ, Lee CY, Yuan CH, et al. 2005. Electrospray-assisted laser desorption/
ionization mass spectrometry for direct ambient analysis of solids. Rapid Commun. Mass Spectrom.
19:3701-4

. Huang MZ, Hsu HJ, Lee JY, Jeng J, Shiea J. 2006. Direct protein detection from biological media

through electrospray-assisted laser desorption ionization/mass spectrometry. 7. Proteome Res. 5:1107-16
Huang MZ, Hsu HJ, Wu CIL, Lin SY, Ma YL, et al. 2007. Characterization of the chemical components
on the surface of different solids with electrospray-assisted laser desorption ionization mass spectrometry.
Rapid Commun. Mass Spectrom. 21:1767-75

Shiea J, Sunner J. 2007. Fused-droplet electrospray ionization and electrospray laser desorption. In The
Encyclopedia of Mass Spectrometry, ed. ML Gross, RM Caprioli, pp. 528-32. Amsterdam: Elsevier
Huang MZ, Shiea J. 2007. Ambient molecular imaging of fungus and animal tissues by electrospray-
assisted laser desorption ionization (ELDI) mass spectrometry. Proc. Am. Soc. Mass Spectrom., 55th,
Indianapolis. Santa Fe: Am. Soc. Mass Spectrom. WP079

Huang MZ, Wang HY, Lo LH, Shiea J. 2008. Electrospray-assisted laser desorption ionization (ELDI)
mass spectrometry for molecular imaging of mushroom slices and animal tissues. Proc. Am. Soc. Mass
Spectrom., 56th, Denver. Santa Fe: Am. Soc. Mass Spectrom. MP138

Shiea J, Yuan CH, Huang MZ, Cheng SC, Ma YL, et al. 2008. Detection of native protein ions in aque-
ous solution under ambient conditions by electrospray laser desorption/ionization mass spectrometry.
Anal. Chem. 80:4845-52

Cheng CY, Yuan CH, Cheng SC, Huang MZ, Chang HC, et al. 2008. Electrospray-assisted laser
desorption/ionization mass spectrometry for continuously monitoring the states of ongoing chemical
reactions in organic or aqueous solution under ambient conditions. Anal. Chem. 80:7699-705

Peng IX, Ogorzalek Loo RR, Shiea J, Loo JA. 2008. Reactive-electrospray-assisted laser desorption/
ionization for characterization of peptides and proteins. Anal. Chem. 80:6995-7003

Sampson ]S, Hawkridge AM, Muddiman DC. 2006. Generation and detection of multiply-charged
peptides and proteins by matrix-assisted laser desorption electrospray ionization (MALDESI) Fourier
transform ion cyclotron resonance mass spectrometry. 7. Am. Soc. Mass Spectrom. 17:1712-16

www.annualyeviews.org o Ambient lonization Mass Spectrometry

61



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

62

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sampson JS, Hawkridge AM, Muddiman DC. 2007. Direct characterization of intact polypeptides by
matrix-assisted laser desorption electrospray ionization quadrupole Fourier transform ion cyclotron
resonance mass spectrometry. Rapid Commun. Mass Spectrom. 21:1150-54

Sampson JS, Hawkridge AM, Muddiman DC. 2008. Development and characterization of an ionization
technique for analysis of biological macromolecules: liquid matrix-assisted laser desorption electrospray
ionization. Anal. Chem. 80:6773-78

Vertes A, Nemes P, Shrestha B, Barton A, Chen Z, Li Y. 2008. Molecular imaging by mid-IR laser
ablation mass spectrometry. Appl. Phys. A Mater. Sci. Process. 93:885-91

Nemes P, Vertes A. 2007. Laser ablation electrospray ionization for atmospheric pressure, in vivo, and
imaging mass spectrometry. Anal. Chem. 79:8098-106

Nemes P, Barton AA, Li Y, Vertes A. 2008. Ambient molecular imaging and depth profiling of live tissue
by infrared laser ablation electrospray ionization mass spectrometry. Anal. Chem. 80:4575-82

Wang Y. 2008. Combine ambient desorption and ionization source for mass spectrometry. US Patent
No. 7,462,824

Cheng SC, Cheng TL, Chang HC, Shiea J. 2009. Using laser-induced acoustic desorption/electrospray
ionization mass spectrometry to characterize small organic and large biological compounds in the solid
state and in solution under ambient conditions. Anal. Chem. 81:868-74

Cheng SC, Huang MZ, Shiea J. 2009. Thin-layer chromatography/laser-induced acoustic desorp-
tion/electrospray ionization mass spectrometry. Anal. Chem. 81:274-81

Takdts Z, Wiseman JM, Gologan B, Cooks RG. 2004. Mass spectrometry sampling under ambient
conditions with desorption electrospray ionization. Science 306:471-73

Venter A, Sojka PE, Cooks RG. 2006. Droplet dynamics and ionization mechanisms in desorption
electrospray ionization mass spectrometry. Anal. Chem. 78:8549-55

Costa AB, Cooks RG. 2007. Simulation of atmospheric transport and droplet—thin film collisions in
desorption electrospray ionization. Chem. Commun. 2007:3915-17

Costa AB, Cooks RG. 2008. Simulated splashes: elucidating the mechanism of desorption electrospray
ionization mass spectrometry. Chemr. Phys. Lert. 464:1-8

Takdts Z, Wiseman JM, Cooks RG. 2005. Ambient mass spectrometry using desorption electrospray
ionization (DESI): instrumentation, mechanisms and applications in forensics, chemistry, and biology.
7. Mass Spectrom. 40:1261-75

Green FM, Stokes P, Hopley C, Seah MP, Gilmore IS, O’Connor G. 2009. Developing repeatable
measurements for reliable analysis of molecules at surfaces using desorption electrospray ionization.
Anal. Chem. 81:2286-93

Leuthold LA, Mandscheft JF, Fathi M, Giroud C, Augsburger M, et al. 2006. Desorption electrospray
ionization mass spectrometry: direct toxicological screening and analysis of illicit Ecstasy tablets. Rapid
Commun. Mass Spectrom. 20:103-10

Nefliu M, Venter A, Cooks RG. 2006. Desorption electrospray ionization and electrosonic spray ion-
ization for solid- and solution-phase analysis of industrial polymers. Chenz. Commun. 2006:888-90
Cotte-Rodriguez I, Cooks RG. 2006. Non-proximate detection of explosives and chemical warfare agent
simulants by desorption electrospray ionization mass spectrometry. Chemz. Commun. 2006:2968-70
Song Y, Talaty N, Tao WA, Pan Z, Cooks RG. 2007. Rapid ambient mass spectrometric profiling of
intact, untreated bacteria using desorption electrospray ionization. Chenz. Commun. 2006:61-63
Wiseman JM, Ifa DR, Song Q, Cooks RG. 2006. Tissue imaging at atmospheric pressure using desorption
electrospray ionization (DESI) mass spectrometry. Angew. Chem. Int. Ed. 45:7188-92

Chen H, Talaty NN, Takits Z, Cooks RG. 2005. Desorption electrospray ionization mass spectrom-
etry for high-throughput analysis of pharmaceutical samples in the ambient environment. Anal. Chem.
77:6915-27

Garcia-Reyes JF, Jackson AU, Molina-Diaz A, Cooks RG. 2009. Desorption electrospray ionization
mass spectrometry for trace analysis of agrochemicals in food. Anal. Chem. 81:820-29

Wiseman JM, Ifa DR, Zhu Y, Kissinger CB, Manicke NE, et al. 2008. Desorption electrospray ionization
mass spectrometry: imaging drugs and metabolites in tissues. Proc. Natl. Acad. Sci. USA 105:18120-25

Huang et al.



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Nyadong L, Hohenstein EG, Galhena A, Lane AL, Kubanek J, et al. 2009. Reactive desorption elec-
trospray ionization mass spectrometry (DESI-MS) of natural products of a marine alga. Anal. Bioanal.
Chem. 394:245-54

Yang S, Han J, Huan Y, Cui Y, Zhang X, et al. 2009. Desorption electrospray ionization tandem mass
spectrometry for detection of 24 carcinogenic aromatic amines in textiles. Anal. Chem. 81:6070-79
Talaty N, Takits Z, Cooks RG. 2005. Rapid in situ detection of alkaloids in plant tissue under ambient
conditions using desorption electrospray ionization. Analyst 130:1624-33

Chen H, Cotte-Rodriguez I, Cooks RG. 2006. cis-diol functional group recognition by reactive desorp-
tion electrospray ionization (DESI). Chenz. Commun. 2006:597-99

Nyadong L, Green MD, De Jesus VR, Newton PN, Fernandez FM. 2007. Reactive desorption elec-
trospray ionization linear ion trap mass spectrometry of latest-generation counterfeit antimalarials via
noncovalent complex formation. Anal. Chem. 79:2150-57

Haddad R, Sparrapan R, Eberlin MN. 2006. Desorption sonic spray ionization for (high) voltage-free
ambient mass spectrometry. Rapid Commun. Mass Spectrom. 20:2901-5

Haddad R, Milagre HMS, Catharino RR, Eberlin MN. 2008. Easy ambient sonic-spray ionization mass
spectrometry combined with thin-layer chromatography. Anal. Chem. 80:2744-50

Haddad R, Sparrapan R, Kotiaho T, Eberlin MN. 2008. Easy ambient sonic-spray ionization—-membrane
interface mass spectrometry for direct analysis of solution constituents. Anal. Chem. 80:898-903

Sérgio AS, Patricia VA, Rodrigo RC, George N, Eberlin MN. 2009. Fabric softeners: nearly instanta-
neous characterization and quality control of cationic surfactants by easy ambient sonic-spray ionization
mass spectrometry. Rapid Commun. Mass Spectrom. 23:357-56

Abdelnur PV, Eberlin LS, de Sa GF, de Souza V, Eberlin MN. 2008. Single-shot biodiesel analysis:
nearly instantaneous typification and quality control solely by ambient mass spectrometry. Anal. Chem.
80:7882-86

Hong CM, Lee CT, Lee YM, Kuo CP, Yuan CH, Shiea J. 1999. Generating electrospray from solutions
predeposited on a copper wire. Rapid Commun. Mass Spectrom. 13:21-25

Kuo CP, Yuan CH, Shiea J. 2000. Generation of electrospray from a solution predeposited on optical
fibers coiled with a platinum wire. 7. Am. Soc. Mass Spectrom. 11:464-67

Jeng J, Shiea J. 2003. Electrospray ionization from a droplet deposited on a surface-modified glass rod.
Rapid Commun. Mass Spectrom. 17:1709-13

Hiraoka K, Nishidate K, Mori K, Asakawa D, Suzuki S. 2007. Development of probe electrospray using
a solid needle. Rapid Commun. Mass Spectrom. 21:3139-44

Chen LC, Nishidate K, Saito Y, Mori K, Asakawa D, et al. 2008. Characteristics of probe electrospray
generated from a solid needle. 7. Phys. Chem. B 112:11164-70

Chen LC, Nishidate K, Saito Y, Mori K, Asakawa D, et al. 2008. Application of probe electrospray to
direct ambient analysis of biological samples. Rapid Commiun. Mass Spectrom. 22:2366-74

Kuo CP, Shiea J. 1999. Application of of direct electrospray probe to analyze biological compounds and
to couple to solid-phase microextraction to detect trace surfactants in aqueous solution. Anal. Chem.
71:4413-17

Kovtoun VV. 2008. Laser desorption—electrospray ion (ESI) source for mass spectrometers. US Patent
No. 7,525,105

Van Berkel GJ, Sanchez AD, Quirke JME. 2002. Thin-layer chromatography and electrospray mass
spectrometry coupled using a surface sampling probe. Anal. Chem. 74:6216-23

Luftmann H. 2004. A simple device for the extraction of TLC spots: direct coupling with an electrospray
mass spectrometer. Anal. Bioanal. Chem. 378:964-68

Lin SY, Huang MZ, Chang HC, Shiea J. 2007. Using electrospray-assisted laser desorption/ionization
mass spectrometry to characterize organic compounds separated on thin-layer chromatography plates.
Anal. Chem. 79:8789-95

Van Berkel GJ, Ford MJ, Deibel MA. 2005. Thin-layer chromatography and mass spectrometry coupled
using desorption electrospray ionization. Anal. Chem. 77:1207-15

Van Berkel GJ, Kertesz V. 2006. Automated sampling and imaging of analytes separated on thin-
layer chromatography plates using desorption electrospray ionization mass spectrometry. Anal. Chem.
78:4938-44

www.annualyeviews.org o Ambient lonization Mass Spectrometry

63



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

64

98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

. Kauppila TJ, Talaty N, Salo PK, Kotiaho T, Kostiainen R, Cooks RG. 2006. New surfaces for desorption
electrospray ionization mass spectrometry: porous silicon and ultrathin layer chromatography plates.
Rapid Commun. Mass Spectrom. 20:2143-50

. McEwen CN, McKay RG, Larsen BS. 2005. Analysis of solids, liquids, and biological tissues using solids

probe introduction atatmospheric pressure on commercial LC/MS instruments. Anal. Chem. 77:7826-31

McEwen C, Gutteridge S. 2007. Analysis of the inhibition of the ergosterol pathway in fungi using the

atmospheric solids analysis probe (ASAP) method. 7. Am. Soc. Mass Spectrom. 18:1274-78

Wau ], Hughes CS, Picard P, Letarte S, Gaudreault M, et al. 2007. High-throughput cytochrome p450

inhibition assays using laser diode thermal desorption—atmospheric pressure chemical ionization-tandem

mass spectrometry. Anal. Chem. 79:4657-65

Song Y, Cooks RG. 2006. Atmospheric pressure ion/molecule reactions for the selective detection of

nitroaromatic explosives using acetonitrile and air as reagents. Rapid Commun. Mass Spectrom. 20:3130-38

Chen H, Zheng J, Zhang X, Luo M, Wang Z, Qiao X. 2007. Surface desorption atmospheric pres-

sure chemical ionization mass spectrometry for direct ambient sample analysis without toxic chemical

contamination. 7. Mass Spectrom. 42:1045-56

Cotte-Rodriguez I, Hernandez-Soto H, Chen H, Cooks RG. 2008. In situ trace detection of peroxide ex-

plosives by desorption electrospray ionization and desorption atmospheric pressure chemical ionization.

Anal. Chem. 80:1512-19

Chen H, Liang H, Ding J, Lai J, Huan Y, Qiao X. 2007. Rapid differentiation of tea products by surface

desorption atmospheric pressure chemical ionization mass spectrometry. 7. Agric. Food Chem. 55:10093—

100

Yang S, Ding J, Zheng J, Hu B, Li J, et al. 2009. Detection of melamine in milk products by surface

desorption atmospheric pressure chemical ionization mass spectrometry. Anal. Chem. 81:2426-36

Haapala M, Pol J, Saarela V, Arvola V, Kotiaho T, et al. 2007. Desorption atmospheric pressure pho-

toionization. Anal. Chem. 79:7867-72

Raffaelli A, Saba A. 2003. Atmospheric pressure photoionization mass spectrometry. Mass Spectrom. Rev.

22:318-31

Luosujarvi L, Arvola V, Haapala M, Pol J, Saarela V, et al. 2008. Desorption and ionization mechanisms

in desorption atmospheric pressure photoionization. Anal. Chem. 80:7460-66

Jorabchi K, Westphall MS, Smith LM. 2008. Charge assisted laser desorption/ionization mass spec-

trometry of droplets. 7. Am. Soc. Mass Spectrom. 19:833-40

Westphall MS, Jorabchi K, Smith LM. 2008. Mass spectrometry of acoustically levitated droplets.

Anal. Chem. 80:5847-53

Bell KL, Dalgarno A, Kingston AE. 1968. Penning ionization by metastable helium atoms. 7. Phys. B

1:18-22

Song L, Dykstra AB, Yao H, Bartmess JE. 2009. Ionization mechanism of negative ion-direct analysis in

real time: a comparative study with negative ion-atmospheric pressure photoionization. 7. Am. Soc. Mass

Spectrom. 20:42-50

Harris GA, Fernandez FM. 2009. Simulations and experimental investigation of atmospheric transport

in an ambient metastable-induced chemical ionization source. Anal. Chem. 81:322-29

Maleknia SD, Bell TL, Adams MA. 2009. Eucalypt smoke and wildfires: temperature dependent emis-

sions of biogenic volatile organic compounds. Int. J. Mass Spectrom. 279:126-33

Yu S, Crawford E, Tice J, Musselman B, Wu JT. 2009. Bioanalysis without sample cleanup or chro-

matography: the evaluation and initial implementation of direct analysis in real time ionization mass

spectrometry for the quantification of drugs in biological matrixes. Anal. Chem. 81:193-202

Haefliger OP, Jeckelmann N. 2007. Direct mass spectrometric analysis of flavors and fragrances in real

applications using DART. Rapid Commun. Mass Spectrom. 21:1361-66

Nilles JM, Connell TR, Durst HD. 2009. Quantitation of chemical warfare agents using the direct

analysis in real time (DART) technique. Anal. Chem. 81:6744-49

Pierce CY, Barr JR, Cody RB, Massung RF, Woolfitt AR, et al. 2007. Ambient generation of fatty acid

methyl ester ions from bacterial whole cells by direct analysis in real time (DART) mass spectrometry.

Chem. Commun. 2007:807-9

Huang et al.



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annuareviews.org
by Fordham University on 12/14/11. For personal use only

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Jagerdeo E, Abdel-Rehim M. 2009. Screening of cocaine and its metabolites in human urine samples by
direct analysis in real-time source coupled to time-of-flight mass spectrometry after online preconcen-
tration utilizing microextraction by packed sorbent. 7. Amz. Soc. Mass Spectrom. 20:891-99

Morlock G, Ueda Y. 2007. New coupling of planar chromatography with direct analysis in real time
mass spectrometry. 7. Chromatogr. A 1143:243-51

Rothenbacher T, Schwack W. 2009. Rapid and nondestructive analysis of phthalic acid esters in toys
made of poly (vinyl chloride) by direct analysis in real time single-quadrupole mass spectrometry. Rapid
Commun. Mass Spectrom. 23:2829-35

Schurek J, Vaclavik L, Hooijerink H, Lacina O, Poustka ], et al. 2008. Control of strobilurin fungicides
in wheat using direct analysis in real time accurate time-of-flight and desorption electrospray ionization
linear ion trap mass spectrometry. Anal. Chem. 80:9567-75

Petucci C, Diffendal J, Kaufman D, Mekonnen B, Terefenko G, Musselman B. 2007. Direct analysis in
real time for reaction monitoring in drug discovery. Anal. Chem. 79:5064-70

Yuan M, Kaneko T, Yokoyama Y, Tsuchiya M. 2001. Liquid ionization mass spectrometry of some
triorganotin carboxylates. Anal. Sci. 17:1405-11

Shigemitsu Hiraoka K, Fujimaki S, Kambara S, Furuya H, Okazaki S. 2004. Atmospheric-pressure
Penning ionization mass spectrometry. Rapid Commun. Mass Spectrom. 18:2323-30

Zhao J, Zhu J, Lubman DM. 1992. Liquid sample injection using an atmospheric pressure direct current
glow discharge ionization source. Anal. Chem. 64:1426-33

Jecklin MC, Gamez G, Touboul D, Zenobi R. 2008. Atmospheric pressure glow discharge desorption
mass spectrometry for rapid screening of pesticides in food. Rapid Commun. Mass Spectrom. 22:2791-98
Andrade FJ, Shelley JT, Wetzel WC, Webb MR, Gamez G, et al. 2008. Atmospheric pressure chemical
ionization source. 1. Ionization of compounds in the gas phase. Anal. Chem. 80:2646-53

Andrade FJ, Shelley J'T, Wetzel WC, Webb MR, Gamez G, et al. 2008. Atmospheric pressure chemical
ionization source. 2. Desorption ionization for the direct analysis of solid compounds. Anal. Chem.
80:2654-63

Shelley J T, Ray SJ, Hieftje GM. 2008. Laser ablation coupled to a flowing atmospheric pressure afterglow
for ambient mass spectral imaging. Anal. Chem. 80:8308-13

Sonnenfeld A, Tun TM, Zajickovi L, Kozlov KV, Wagner HE, et al. 2001. Deposition process based on
organosilicon precursors in dielectric barrier discharges at atmospheric pressure—a comparison. Plasma
Polym. 6:237-66

Na N, Zhao M, Zhang S, Yang C, Zhang X. 2007. Development of a dielectric barrier discharge ion
source for ambient mass spectrometry. 7. Am. Soc. Mass Spectrom. 18:1859—62

Na N, Zhang C, Zhao M, Zhang S, Yang C, et al. 2007. Direct detection of explosives on solid surfaces
by mass spectrometry with an ambient ion source based on dielectric barrier discharge. 7. Mass Spectrom.
42:1079-85

Chen LC, Hashimoto Y, Furuya H, Takekawa K, Kubota T, Hiraoka K. 2009. Rapid detection of drugs
in biofluids using atmospheric pressure chemi/chemical ionization mass spectrometry. Rapid Commun.
Mass Spectrom. 23:333-39

Harper JD, Charipar NA, Mulligan CC, Zhang X, Cooks RG, Ouyang Z. 2008. Low-temperature plasma
probe for ambient desorption ionization. Anal. Chem. 80:9097-104

Huang G, Ouyang Z, Cooks RG. 2009. High-throughput trace melamine analysis in complex mixtures.
Chem. Commun. 2009:556-58

Ratcliffe LV, Rutten FJM, Barrett DA, Whitmore T, Seymour D, et al. 2007. Surface analysis un-
der ambient conditions using plasma-assisted desorption/ionization mass spectrometry. Anal. Chem.
79:6094-101

www.annualyeviews.org o Ambient lonization Mass Spectrometry

65



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annual reviews.org

by Fordham University on 12/14/11. For personal use only.

Contents

An Editor’s View of Analytical Chemistry (the Discipline)
Royce W Murray ...

Integrated Microreactors for Reaction Automation: New Approaches
to Reaction Development
Jonathan P. McMullen and Klavs F. Jensen ...............................

Ambient lonization Mass Spectrometry
Min-Zong Huang, Cheng-Hui Yuan, Sy-Chyi Cheng, Yi-Tzu Cho,
and Fentaie Shiea ... ... ... . ...

Evaluation of DNA/Ligand Interactions by Electrospray Ionization
Mass Spectrometry
Jennifer S. Brodbelt ...

Analysis of Water in Confined Geometries and at Interfaces
Michael D. Fayer and Nancy E. Levinger ................................

Single-Molecule DNA Analysis
F. William Efcavitch and Jobn F. Thompson ..............................

Capillary Liquid Chromatography at Ultrahigh Pressures
Fames W Jorgenson ...

In Situ Optical Studies of Solid-Oxide Fuel Cells
Michael B. Pomfiet, Feffrey C. Owrutsky, and Robert A. Walker .......

Cavity-Enhanced Direct Frequency Comb Spectroscopy: Technology
and Applications
Florian Adler, Michael . Thorpe, Kevin C. Cossel, and fun Ye .........

Electrochemical Impedance Spectroscopy
Byoung-Yong Chang and Su-Moon Park .................................

Electrochemical Aspects of Electrospray and Laser
Desorption/Ionization for Mass Spectrometry
Meélanie Abonnenc, Liang Qiao, BaoHong Liu, and Hubert H. Girault

i:a
Annual Review of

Analytical Chemistry

Volume 3, 2010



Annual Review of Analytical Chemistry 2010.3:43-65. Downloaded from www.annual reviews.org

by Fordham University on 12/14/11. For personal use only.

vi

Adaptive Microsensor Systems
Ricardo Gutierrez-Osuna and Andreas Hierlemann ..................................... 255

Confocal Raman Microscopy of Optical-Trapped Particles in Liquids
Daniel P. Cherney and Foel M. Harvis ... 277

Scanning Electrochemical Microscopy in Neuroscience
Albert Schulte, Michaela Nebel, and Wolfgang Schubmann ............................. 299

Single-Biomolecule Kinetics: The Art of Studying a Single Enzyme
Victor I. Claessen, Hans Engelkamp, Peter C.M. Christianen, fan C. Maan,
Roeland .M. Nolte, Kerstin Blank, and Alan E. Rowan ................................. 319

Chiral Separations
AM.Stalcup ..o 341

Gas-Phase Chemistry of Multiply Charged Bioions in Analytical
Mass Spectrometry
Teng-Yi Huang and Scott A. McLuckey ....................cccciiiiiiiiiiiiii, 365

Rotationally Induced Hydrodynamics: Fundamentals and Applications
to High-Speed Bioassays
Gufeng Wang, Jeremy D. Driskell, April A. Hill, Eric J. Dufek,
Robert 7. Lipert, and Marc D. Porter ..................cccccccciiiiiiiiiiiiiiiiiiiin. 387

Microsystems for the Capture of Low-Abundance Cells
Udara Dbarmasiri, Malkgorzata A. Witek, Andre A. Adams,

and Steven A. Soper ... 409
Advances in Mass Spectrometry for Lipidomics

Stephen F. Blanksby and Todd W. Mitchell ..........................ccciiiiiiii . 433
Indexes
Cumulative Index of Contributing Authors, Volumes 1-3 .............................. 467
Cumulative Index of Chapter Titles, Volumes 1-3 .......................co 470
Errata

An online log of corrections to Annual Review of Analytical Chemistry articles may be
found at http://arjournals.annualreviews.org/errata/anchem.

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Analytical Chemistry Online
	Most Downloaded Analytical Chemistry Reviews 
	Most Cited Analytical Chemistry Reviews

	Annual Review of Analytical Chemistry Errata
	View Current Editorial Committee

	Annual Review of Analytical Chemistry, Vol. 3

	An Editor’s View of Analytical Chemistry (the Discipline)
	Integrated Microreactors for Reaction Automation: New Approaches to Reaction Development
	Ambient Ionization Mass Spectrometry
	Evaluation of DNA/Ligand Interactions by Electrospray Ionization Mass Spectrometry
	Analysis of Water in Confined Geometries and at Interfaces
	Single-Molecule DNA Analysis
	Capillary Liquid Chromatography at Ultrahigh Pressures
	In Situ Optical Studies of Solid-Oxide Fuel Cells
	Cavity-Enhanced Direct Frequency Comb Spectroscopy: Technology and Applications
	Electrochemical Impedance Spectroscopy
	Electrochemical Aspects of Electrospray and LaserDesorption/Ionization for Mass Spectrometry
	Adaptive Microsensor Systems
	Confocal Raman Microscopy of Optical-Trapped Particles in Liquids
	Scanning Electrochemical Microscopy in Neuroscience
	Single-Biomolecule Kinetics: The Art of Studying a Single Enzyme
	Chiral Separations
	Gas-Phase Chemistry of Multiply Charged Bioions in Analytical Mass Spectrometry
	Rotationally Induced Hydrodynamics: Fundamentals and Applicationsto High-Speed Bioassays
	Microsystems for the Capture of Low-Abundance Cells
	Advances in Mass Spectrometry for Lipidomics




