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Abstract

We discuss miniaturization in mass spectrometry in terms of the mass ana-
lyzer, the mass spectrometer, and the total analytical system. Mass analyzer
miniaturization has focused on ion traps. Decreases in mass analyzer size
facilitate reduction of the sizes of the other components of a miniature mass
spectrometer, especially the radio frequency electronics and vacuum system.
Appropriate sample introduction systems are needed for performance op-
timization. The criteria by which a miniature mass spectrometer is judged
include adequate performance in the traditional areas of resolution, detection
limits, and specificity; ruggedness; reliability; and fully autonomous opera-
tion. Our discussion of the total analytical system emphasizes the removal
of the bottleneck of sample preparation and suggests a solution to the com-
bination of sampling, preconcentration, and ionization: ambient ionization
methods. We also describe current miniature mass spectrometers.
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1. INTRODUCTION

1.1. Mass Spectrometry and Chemical Analysis

Chemical analysis plays an increasingly important role in our complex natural and postindustrial
world by helping to determine the nature of materials of all types. Among analytical methods,
mass spectrometry (MS) has the distinctive capability of providing high sensitivity and high selec-
tivity in the detection and quantitation of a wide variety of chemical and biological compounds.
In a mass spectrometer, molecules in a sample are ionized, then their mass-to-charge ratios (2/z)
are measured; both processes occur by one of various available methods. In a typical MS analyt-
ical procedure (Figure 1), samples are first collected and sent to an analytical laboratory, where
components of interest are separated and preconcentrated before the measurement step. Often,
special treatments are implemented, such as using chemical reactions to derivatize targeted com-
pounds to optimize their chemical properties with respect to the ionization methods chosen for
MS analysis. The samples introduced into the mass spectrometer after such pretreatment usually
contain the analytes of interest in a much-simplified matrix, which significantly improves the sen-
sitivity of analysis by increasing the relative concentration of the analytes and minimizing matrix
effects. Mass spectrometers produce data that are displayed as mass spectra—plots of intensity
versus 72/z—that must be interpreted and/or correlated with existing data to determine which
compounds are present and in what amounts.

Mass spectra provide information about analytes’ molecular weights and chemical structures
from the pattern of fragment ion abundances. The latter information is obscured when the sam-
ple is examined from a complex mixture. However, it can still be acquired using tandem mass
spectrometry (MS/MS), a type of experiment in which mass-selection of precursor ions is used
to separate them from the ionic mixture before they are excited to increase their internal energy
and thereby to induce fragmentation. The first stage of mass analysis serves as a sample separa-
tion step and is done after (rather than before) ionization. Fragment ion (MS/MS) spectra can
be used for structural elucidation, structure confirmation, and quantitation. MS/MS is routinely
used for complex-mixture analysis in drug metabolism and for other studies in the pharmaceutical
industry.
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(@) Conceptual schematic of a miniaturized total mass spectrometry (MS) analytical system. (b)) Mini 10 and
(¢) Mini 11 handheld ion trap mass spectrometers. Panels 4 and ¢ reprinted from References 3 and 4,
respectively, with permission.

Figure 1
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A modern mass spectrometer typically employs multiple mass analyzers, often as combinations
of different basic types, and is highly versatile in terms of the ionization methods and types of
experiments it can be programmed to perform. Various samples can be analyzed using the same
mass spectrometer as long as they are compatible with the particular type of ionization sources
fitted to the instrument. The total time needed for the mass analysis step is less than 1 s. In contrast,
the sample preparation and pretreatment steps, which are critical to convert the sample into an
MS-compatible form, can take hours to perform, although parallel operations on many samples
are often possible. A lab-scale mass spectrometer weighs hundreds of kilograms and costs from
$80,000 to over $1,000,000.

1.2. Consequences of Miniaturization of the Total Mass Spectrometry
Analytical System

What are the potential consequences of successful miniaturization of the mass spectrometer?
Obviously, such a development would encourage in situ applications of MS in a broad area of
applications; more subtly, it would be a driving force toward simplified MS systems, targeted
operations, and development of high-volume/low-margin instrumentation in a large variety of
optimized specialty forms.

In contrast to traditional chemical-analysis procedures, where samples are brought to the lab-
oratory for analysis, the aim of miniaturization in analytical chemistry is to bring the lab to the
samples. A common goal is to allow the full process of chemical analysis to be performed in situ for
the sake of convenience as well as to increase throughput and to decrease error rates and cost. The
whole analytical system should be (#) small enough to fit in the environment of the application,
(/) affordable, and () operationally simple enough to match the skills of the end users. Different
criteria apply to the size, affordability, and simplicity requirements for different applications. Typ-
ically, multiple operations are involved in MS analytical procedures, and specialized equipment is
required for each specific procedure. The mass spectrometer itself is usually the largest, heaviest,
and most expensive and power-consuming component of such an instrumental system. The de-
velopment of miniaturized and low-cost mass spectrometers would impact MS-based analytical
systems in the following respects:

1. Compact size and low power consumption would allow the use of mass spectrometers in
physicians’ offices, on industrial production lines, as continuous monitors in waste sites, at
airport checkpoints, and even in family homes.

2. Simple operation, autonomous data analysis, and direct result reporting are critical for using
the miniature device for in situ and/or real-time applications.

3. The low cost and relative simplicity of these instruments should allow their quick adapta-
tion to a wide variety of applications wherein the costs of ownership and maintenance would
otherwise be burdensome. Importantly, these features should in turn encourage the devel-
opment of specialized devices (as opposed to the versatile instruments used in laboratories),
which would help simplify the operational procedures for end users.

1.3. History of Mass Spectrometer Miniaturization

A mass spectrometer comprises an ion processing system, a vacuum system, and a control system.
The ion processing system includes an ionization source, a mass analyzer, and an ion detector
(Figure 2). Depending on the type of mass spectrometer, the ion processing system may not con-
stitute the major portion of the weight and power consumption of the instrument, but it may still
have a significant impact on the properties of the rest of the instrument. For instance, the location
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Figure 2

Subsystems of the mass spectrometer.

of the ionization source, whether inside or outside the vacuum, has a large effect on the vacuum
system requirements, as it determines whether an atmospheric pressure interface is required.
Miniaturization of the mass spectrometer has proceeded via the following three stages:

1. Miniaturization of mass analyzers. In the early 1990s, the impact of mass analyzer size
reduction on the size and power reduction of the mass spectrometer was first explored
(1, 2). Research efforts emphasized the development of miniaturized mass analyzers of ade-
quate performance but with simplified geometries for ease of fabrication.

2. Miniaturization of mass spectrometers. From about 2000 onward, increasing attention has
been paid to the development of small-size mass spectrometers in addition to small mass
analyzers. A better understanding at the system level of the mutual influences between the
subsystems was thus obtained. Modern electronics were used to construct the control system,
and improvements in the design of the pumping system became necessary. Handheld mass
spectrometers weighing less than 10 kg (Figure 1) (3-5) were developed. The process of
transferring the achievements in mass analyzer miniaturization into the development of
small mass spectrometers led to an appreciation of the complex challenges of producing
these small devices for in situ applications.

3. Miniaturization of total MS analytical systems. This is a contemporary activity. With the
availability of miniature mass spectrometers, the development of in situ analysis using these
devices calls for faster sample handling and data interpretation and for further improvement
of the miniature MS to allow development of in-field MS labs for real-world applications.
We now face significant challenges as well as a variety of choices. Ambient ionization (see
Section 4) has emerged as a fast sampling method that is particularly appropriate for in situ
miniature MS analysis.

1.4. Philosophy of Miniature Instrumentation Development

The community of scientists working to miniaturize mass spectrometers shares an appreciation
for the specificity and sensitivity that MS provides. However, the criteria by which MS instru-
mentation is judged are changing with the development of miniature mass spectrometers. For
decades, lab-scale instrument development has aimed to increase mass range, mass resolution,
mass measurement accuracy, and sensitivity. With the potential of low-cost miniature mass spec-
trometers has come the realization that a wider range of performance criteria may be pursued.
Mass spectrometers will now become highly relevant to targeted applications. The development of
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these instruments will no longer aim solely for high performance, but may instead aim to achieve
a balance among adequate performance, affordability, and feasibility for new high-volume appli-
cations. Active research programs are under way to define new geometries that provide adequate
mass analysis performance and ease of fabrication in miniaturized instruments and to develop mass
spectrometers with adequate sensitivities and selectivity but with simplified operating procedures.
These new criteria will become increasingly important as the era of low-volume, high-margin,
highly versatile analytical instruments gives way to one of specialized high-volume, low-margin,
mass-produced instrumentation for niche applications, where rapid, continuous, and cheap chem-
ical analysis for particular analytes is the major objective.

2. MINIATURIZATION OF THE MASS ANALYZER

2.1. Miniature Mass Analyzers of Various Types

Every type of mass analyzer, except for the newly developed orbitrap, has been miniaturized and
tested for the purpose of developing portable mass spectrometers. Beam-type mass analyzers, such
as time-of-flight (TOF) and sector mass analyzers, are usually much larger than trapping mass
analyzers such as quadrupole ion traps (scale a few cm). Some examples are shown in Figure 3.
Efforts to design a “tiny TOF” instrument yielded a series of miniature TOF mass analyzers
(6-8), including a 5-cm endcap reflectron TOF with higher-order kinetic-energy focusing for
improved resolution. A 72/z exceeding 60,000 was achieved, and peptides and proteins were an-
alyzed using matrix-assisted laser desorption/ionization (MALDI) (Figure 34) (9). Additionally,
several miniature double-focusing mass analyzers have been reported (2, 10-14). A nonscanning
Mattauch-Herzog geometry sector (2, 10-12) was developed using new materials to construct a
lighter magnet (Figure 35). Numerous ions in a #2/z range up to 500 can be recorded simultane-
ously using a discrete focal plane array detector. A resolution better than unity and a mass accuracy
better than 0.01 Da per charge have been achieved for krypton, xenon, and hexane using electron
impact (EI) ionization. The linear quadrupole mass filter is also proving to be a popular miniature
mass analyzer, and it has been utilized as a single analyzer (15-20) and in arrays of identical mass
analyzers (21, 22). For example, a 4 x 4 array of electrode rods forms nine parallel quadrupole
mass filters. Two versions of this type of quadrupole array (21, 22), one with rods measuring 0.5 mm
in radius and 10 mm in length and another with rods measuring 1 mm in radius and 25 mm in
length, were developed and characterized at a radio frequency (RF) higher than 11 MHz. Unit
resolution was obtained for volatile organic compounds (VOCs) ionized by EI (22, 23). The much
smaller V-groove quadrupole (16) was one of the first mass analyzers to be fabricated using mi-
cromachining. The metalized glass electrodes (0.25 mm in radius and 20-30 mm in length) were
mounted in silicon to form the quadrupole, and peak widths of 2.7 Da z~! were recorded at #2/z
40 when an RF of 6 MHz was used (Figure 3d).

New fabrication methods have been used in the development of mass analyzers at small scales,
especially for instruments with critical dimensions measuring less than 1 mm for which traditional
precision machining is no longer the best choice. MEMS (microelectromechanical systems) pro-
cesses have been used to fabricate mass analyzers of all types (24, 25), including Wien filters (15,
26), traveling-wave analyzers (27), TOF instruments (28), quadrupole mass filters (29), and ion
trap mass analyzers (30-32). Other methods, such as laser machining (33), SLA (stereolithography
apparatus) (34, 35) and LT'CC (low-temperature cofired ceramics) fabrication (36), have been used
to fabricate ion trap mass analyzers of intermediate size and more complex configurations.

The size reduction achieved in the different types of mass analyzers has had a surprisingly
varying impact on the design and performance of the resulting mass spectrometers. Some critical
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Figure 3

(@) “Tiny TOF” (time of flight) mass analyzer with a miniaturized endcap reflectron used to record spectra for peptides and proteins
when ionizing by matrix-assisted laser desorption/ionization (MALDI). Reproduced from Reference 9 with permission.

(b) Mattauch-Herzog sector instrument with focal plane array detector. The lower region of the mass spectrum was recorded when
krypton gas was introduced into the chamber. Photo and spectrum reproduced from References 117 and 12, respectively, with
permission. () An exploded view of the micropole quadrupole array mass analyzer and a spectrum of krypton isotopes recorded with a
radio frequency (RF) of 14 MHz. Image and spectrum reproduced from References 21 and 23, respectively, with permission.

(d) V-groove quadrupole mass filter fabricated using micromachining and the spectrum of a mixture of argon, air, and helium recorded
using an improved version. Image and spectrum reproduced from References 24 and 18, respectively, with permission.

considerations in the design and selection of miniature mass analyzers for miniaturization of mass
spectrometers include

1. Impact on mass analysis. Shrinking a TOF or a double-focusing sector mass analyzer from
~1 morlarger to ~10 cm or smaller influences total instrumentsize but also inevitably causes
degradation in mass resolution, which is intrinsically dependent on the size of the TOF or
sector. The resolution of the ion cyclotron resonance (ICR) and quadrupole ion trap depends
upon the frequency of the ion motion inside the trap, which in turn depends upon the nature
of the electromagnetic field. Theoretically, the electromagnetic field depends solely on the
shape, not the size, of these mass analyzers. In practice, it is difficult to maintain undistorted
geometries; smaller volumes result in loss of resolution, mostly through smaller trapping
capacity, which is crucial for sensitivity.

2. Impactonvacuum system. For beam-type mass analyzers, the required collision-free distance
decreases linearly with size reduction. For instance, a 10-fold decrease in the size of a TOF
analyzer should allow it to operate at a 10-fold higher pressure, which would lower the
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requirement for the compression ratio of the pumping system. For a trap-type mass analyzer,
because the ions are trapped in the device for long periods and because the accumulated
trajectory length is much longer than the size of the mass analyzer, the size reduction of
the mass analyzer may not directly affect the allowable operating pressure. Among mass
analyzers, quadrupole ion traps are unique in that their optimal performance occurs at several
milliTorr (in contrast to 10~ Torr or less for other analyzers). These devices can trap ions
efficiently at high pressures, which is critical for developing an appropriate miniaturized
vacuum system (see Section 3.3 for further discussion).

3. Impact on the control system. The separation of ions in the mass analyzer usually depends
directly on the magnetic or electric field strength therein. The smaller the mass analyzer
is, the lower is the force required to maintain the same field strength, which can result in
a smaller driving/control system. The fields inside mass analyzers include static (dc) and
dynamic (ac or RF) electric fields and static magnetic fields. For TOFs and electric sectors,
where static electric fields are used, the impact of size reduction is relatively small, as high
voltages can be provided using fairly compact circuits. For magnetic sectors and for ICR
instruments, the use of smaller magnets for miniaturized analyzers reduces the system weight
significantly. For RF mass analyzers, such as quadrupole filters and quadrupole ion traps,
size reduction results in a quadratic reduction in RF voltage and a biquadratic reduction in
power, which is crucial for miniaturization.

4. MS/MS capability. For the analysis of complex mixtures, MS/MS is extremely useful: It
() minimizes chemical noise and () allows acquisition of information about the chem-
ical structure of the analyte. For applications using miniature analytical systems in which
throughput requirements limit sample processing, MS/MS is even more important for com-
pound identification and confirmation. Ion trap mass analyzers can be used to perform
multistage MS/MS in a single device, a significant advantage over beam instruments.

2.2. Miniature Quadrupole Ion Trap Mass Analyzers

When evaluating mass analyzers for miniaturization in the context of the above considerations,
it becomes apparent that quadrupole ion traps have distinct advantages over other instruments.
For instance, they have the highest operating pressures, the capability for performing MS/MS in
a single device, and the large impact of miniaturization on reducing the instrument size and the
power required for the electronics.

2.2.1. Geometry evolution and simplification. The original quadrupole ion trap, invented by
Wolfgang Paul in 1953 (37), has electrodes of hyperboloid geometry (Figure 4). This device
was used for ion storage for decades before it was developed into a mass analyzer. To operate the
quadrupole ion trap, an RF is applied between the ring and endcap electrodes, and ions are trapped
by the three-dimensional (3D) trapping field. Following work by Todd et al. (38) and March et al.
(39), who used the device as a mass analyzer, George Stafford and his colleagues (40) developed
the mass-selective instability scan method. In this experiment, ions are ejected from the ion trap
in order of their 72/z value (from low to high), and the #2/z versus ion-abundance information is
recorded as a mass spectrum. The trapped ions can be mass-selectively isolated and subsequently
fragmented, commonly by collision-induced dissociation (CID) (41), to acquire tandem mass
spectra. The 3D quadrupole ion trap has a simplified analog, the cylindrical ion trap (CIT), which
has flat electrodes. The CIT was first used for ion storage (42, 43) and was subsequently developed
into a mass analyzer, first (44) using the mass-selective stability scan developed by March and later
(45) using the mass-selective instability scan developed by Cooks and colleagues. The CIT was
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Figure 4

Evolution of quadrupole ion trap geometry toward simplified high-capacity geometries. Images of toroidal
and halo ion traps reproduced from References 54 and 33, respectively, with permission. Abbreviations: 2D,
two-dimensional; 3D, three-dimensional; dc, direct current.

recognized as a candidate analyzer for mass spectrometer miniaturization due to the ease of its
fabrication with adequate precision at small scales (30, 31, 36, 46-49). Many large-scale and small-
scale versions of this device have been fabricated using a variety of methods, including traditional
precision machining and MEMS micromachining. The CIT has been used in a series of portable
mass spectrometers (50-52).

While the simplified 3D CIT ion trap was being developed and implemented as an analyzer
in miniature mass spectrometers, revolutionary developments in ion trap geometry led to the
enlargement of the trapping capacity (53-56). In a 3D ion trap, the ions are pushed toward the
center point of the 3D volume. When too many ions are trapped, coulombic interactions (i.e.,
space charge effects) degrade the mass resolution as well as the efficiency of mass selection (i.e.,
the ion isolation efficiency) in CID. It is believed that good-quality spectra can be acquired with
minimum space charge effects only when 500 ions or fewer are trapped in a 3D Paul trap with a
ring electrode radius (rg) of 5 mm (57). Two alternative geometries, linear and toroidal, were first
proposed in 1996 (53); both allow ions to be trapped along a line instead of at a point, as occurs
in a 3D ion trap. In 2002, the linear ion trap was fully developed and characterized by Thermo
Electron (now Thermo Fisher™) (56) as well as by MDS Sciex™ (55). In this device, the ions
are scanned out through slits in the axial electrodes of the former and through the end electrodes
of the latter.
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The rectilinear ion trap (RIT), a simplified version of the linear ion trap that uses flat electrodes,
was soon developed (58). The RIT has a 40-fold greater trapping capacity than does a CIT of
the same nominal size (58). The RIT was used for the development of the 10-kg Mini 10 (3) and
the 4-kg Mini 11 (4) handheld mass spectrometers. In addition to their large trapping capacity,
linear ion traps can efficiently trap externally injected ions. A large fraction of the ions injected
axially into the linear ion trap can be trapped successfully (59), compared with ~5% for 3D ion
traps (60). Ion traps with toroidal geometry also have enlarged trapping capacities, as they trap
the ions on the circumference of a circle. The performance of these devices was first characterized
in 2001 after optimization of the electric field (54). A miniaturized toroidal ion trap (61) was
the basis for the development of Torion Technologies’ portable gas chromatography (GC) mass
spectrometer (5). Also, the halo trap (33), a highly simplified version of the toroidal ion trap, was
recently characterized. Like the linear ion trap, the toroidal trap has an enlarged trapping capacity;
however, ions cannot be injected orthogonally into the RF field, which is necessary for the highest
efficiency in trapping externally injected ions.

2.2.2. Performance optimization. Criteria for performance evaluation include mass resolution,
ionization efficiency, and overall mass analysis efficiency, as well as other factors appropriately
weighted for particular applications. For instance, a typical objective in the analysis of VOCs is
to achieve unit mass resolution over a mass range of 500 Da (hence, 72/z 500 for singly charged
ions). The overall efficiency for mass spectrometric analysis depends on the efficiency of multiple
individual steps in the analysis process, which include ion trapping, ion isolation and excitation
(for MS/MS), and ion ejection during the mass scan used to acquire the spectrum.

Both the geometry of the ion trap and its operating conditions influence the quality of its per-
formance. In lieu of performing a large number of experimental tests on actual devices fabricated
with different geometries, theoretical calculations and numerical simulations have been used as
effective tools in the ion trap mass analyzer design process (Figure 5). Theoretical calculations
were used for the prediction of the best geometry, and numerical simulations were used to opti-
mize the electromagnetic field and select appropriate mass analyzer operating conditions. A typical
cycle of the design process uses trial geometries and includes (#) mechanically designing the elec-
trode assembly, (b) solving the electromagnetic field inside the mass analyzer, (¢) simulating the
trajectories of an ensemble of ions, and (4) hence acquiring the mass spectrum (Figure 54). Often,
multiple cycles are implemented to obtain optimal results. Although many software packages for
simulating ion motion are available, SIMION® (62) and I TSIM® (Ion Trajectory SIMulation) (63,
64) are the most frequently used in the development of miniature ion traps because they integrate
necessary functions and have user-friendly interfaces. SIMION employs an integrated field solver.
ITSIM was developed particularly for ion trap simulations and allows one to obtain simulated
mass spectra that directly correspond to the performance of the ion trap.

The internal electric field is critical for ion trap mass analyzer performance (65-67). The ideal
electric field would be a pure quadrupolar field, but it can only exist in the case of hyperbolic
electrodes of infinite length. Theoretically, in such a field all trapped ions with the same /2
value would have exactly the same frequency of motion, regardless of their initial conditions and
subsequent locations. In practice, higher-order fields are introduced when using real (truncated)
electrodes, and they are further complicated by the holes or slits needed for ion injection and
ejection. Simplified electrodes, as used in a CIT or a RIT, add even greater proportions of non-
quadrupolar fields. The goal of field optimization is to find the electrode structure that gives the
best combination of field components so as to optimize mass analyzer performance (68). Two
approaches have been implemented to realize field optimization in practice. One is to (#) make
iterative changes in the dimensions of the electrodes and their relative spacings to vary the relative
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Figure 5

(@) Procedure for optimization of ion trap geometry by simulation. (5) Performance of a cylindrical ion trap optimized by stretching
distance between the endcaps. Spectra reproduced from Reference 45 with permission. Abbreviations: HFSS, high-frequency structural
simulator; I'TSIM, ion trajectory simulation.
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strengths of the higher-order components, (b) calculate the fields, and (¢) simulate ion motion to
identify and then fabricate the optimum design. This process was applied to the optimization of
the CIT (Figure 5b) (45, 47, 68), RIT (58) (Figure 6a), and toroidal ion traps (54) (Figure 6b).
The second approach does not emphasize optimization of the electrode geometry, but instead
uses electrode arrays to create the desired field by applying individually controllable potentials
to the individual electrodes in the array. This method has been applied to the halo trap (33, 69)
(Figure 6¢) and to a RIT (70). The concept has also been used in the development of a simplified
version of a toroidal ion trap with a single planar electrode array (32).

A special feature of ion trap operation is that mass analysis in lab-scale instruments is usually
performed using helium as the buffer gas. The buffer gas cools the ions through collisions and
so assists in their trapping and in efficient excitation during CID. Ambient air is a particularly
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Performance of miniature ion traps of different types. (2) Rectilinear ion trap (xg = 5.0 mm) optimized to provide unit resolution and
improved trapping capacity. Spectrum reproduced from Reference 58 with permission. (b)) Performance of a miniature toroidal ion trap
(ro = 2 mm) operated at 3 MHz using resonance ejection and sweeping the frequency of the auxiliary alternating current. Photograph
and spectrum reproduced from References 61 and 3, respectively, with permission. (c) Trapping plate of a halo trap coated with metal
ring electrodes and overlaid with germanium and the spectrum recorded for toluene. Abbreviation: FWHM, full width at

half-maximum. Reproduced from Reference 33 with permission.

desirable buffer gas for a miniature ion trap, given the inconvenience of using helium for field
applications. However, optimization of operating conditions is important because collisions also
excite trapped ions and can lead to their dissociation and/or loss from the trap. Nevertheless,
resonance ejection can be implemented at a nonlinear resonance point, and a half-size RIT is
capable of providing unit resolution mass spectra and allowing CID when using ambient air at
several milliTorr as the buffer gas (3, 71).

2.2.3. Miniature jon trap mass analyzers. The process of ion trap miniaturization requires
striking a balance between the advantages of low RF voltage and the performance of the mass
analyzer, including mass resolution and the mass analysis efficiency. As noted above, to scan to
a given m/z value, the smaller the mass analyzer is, the lower (quadratically) is the required RF
voltage (Figure 7) and the lower (biquadratically) is the power required to perform the scan.
However, use of a lower RF voltage decreases the trapping potential well depth, which causes
lower ion trapping efficiency and poorer mass resolution. Often, RF signals of higher frequency—
in contrast to those below 1 MHz, which are used for lab-scale ion trap instruments—are used
for the characterization of miniature ion trap mass analyzers. This approach effectively improves
the performance of the miniature mass analyzers because the trapping potential well depth is in-
creased. However, higher-frequency RF signals are used at the expense of an increase in RF voltage
(Figure 7). If the RF voltage and power used become more similar to those used to operate a larger
ion trap, there is far less opportunity to miniaturize the whole instrument.
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Competing effects of RF frequency, RF voltage (1), and trap size on pseudopotential well depth and hence
on trapping efficiency and capacity. Abbreviations: 2D, two-dimensional; 3D, three-dimensional; QIT,
quadrupole ion trap. Critical dimensions and nominal sizes for 3D and linear ion trap, ro versus xo: Paul and
cylindrical ion (3D) traps are characterized by their internal radii, which have a fixed relationship to their
axial dimension zy. Analogously, linear ion traps are characterized by the dimension xo, which bears an
optimal relationship to yy, the other critical dimensions of the 2D device.

An effective means of improving the limited ion trapping capacity of miniature ion trap mass
analyzers (while keeping the advantage of low RF voltages) is to increase the trapping volume by
using an array of traps with identical dimensions. For 3D ion traps, parallel arrays of small-sized
CI'Ts have been used (72). CIT arrays with individual ion traps having ry as small as 1 pm have
been fabricated with standard MEMS technologies (Figure 8) (30, 31). Researchers have expended
significant effort on lowering the capacitance of the whole device (30) because the ultimate driving
power required from the RF supply depends upon it. This objective was achieved with the assem-
bled configuration shown in Figure 85, which has minimum overlap between the ring and end
electrodes. An array of 256 CI'Ts of ryp = 20 pum (Figure 8¢) was operated with an RF of 100 MHz,
and a xenon spectrum was acquired using an RF amplitude below 90 V. p (Figure 84) (31).

Linear ion traps have another intrinsic advantage in miniaturization. Although the interelec-
trode distances x and y, are decreased, the axial length (z) need not be decreased proportionately;
this allows a larger trapping volume. A practical challenge is whether a device with a large aspect
ratio (z/x¢) can be fabricated with adequate precision.

The performance of mass analyzers at the 1-mm scale (36, 48) is promising for use in miniature
mass spectrometers for chemical analysis applications. CI'Ts with ry of 0.5 mm (48), 1.023 mm (52),
and 1.375 mm (36) have been fabricated and tested (Figure 92—c). Relatively high RF frequencies
were used in the CI'TS’ characterization, but a 72/z of 200 could be covered with RF amplitudes of
several hundred volts. Notably, unit resolution was achieved using a 1.375-mm-r, trap fabricated
from LTCC (36). The LT'CC process is widely used in electronics packaging and is suitable for
mass production at low cost.
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(4) Two microarray chips of cylindrical ion traps (CI'Ts). (Top) An array of 106 CITs of rg = 1 um. (Bottonz)
Two CIT arrays. (b) Scanning electron micrograph of a CIT microarray. ro = 1.5 um; the overlap between
the ring and endcap electrodes is minimized. Reproduced from Reference 30 with permission. (¢) Scanning
electron micrograph of a CI'T microarray chip with rg = 20 pm. (d) Xenon (Xe) spectrum recorded using
the type of chip shown in panel ¢ with 256 CITs. Panels ¢ and 4 reproduced from Reference 31 with
permission.

Recently, RITs (34, 35) and arrays (M. Fico, J.D. Maas, S.A. Smith, W.J. Chappell & R.G.
Cooks, manuscript in preparation) have been developed and fabricated using SLA. SLA is a fast
prototyping technique that uses a laser beam to “write” complex 3D structures, such as the circular
RIT array shown in Figure 94, via the photopolymerization process (M. Fico, J.D. Maas, S.A.
Smith, WJ. Chappell & R.G. Cooks, manuscript in preparation). The x, of each RI'T in the array
is 1.66 mm, and the length is 8.33 mm. A CID spectrum of peptide bombesin doubly charged
molecular ions at 72/z 811 was recorded using one of the channels, and it showed fragment ions
in the 7/z range up to 1200 with peak widths of 2 units. It is encouraging that a linear ion trap
on this size scale operating at an RF frequency below 1 MHz has a trapping capacity high enough
for efficiently performing MS/MS. Spectra can be acquired for ions in the 72/z range up to 1200,
with RF amplitudes below 100 V_.

3. MINIATURIZATION OF THE MASS SPECTROMETER

Miniaturization of mass analyzers alone does not necessarily lead to a straightforward size reduction
of the mass spectrometer, which incorporates many other components of the ion processing,
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(a,b) Mass spectra recorded using stainless steel cylindrical ion traps (CI'Ts) of (#) rp = 0.5 mm and () ryp = 1.025 mm. () Mass spectra
recorded using a low-temperature cofired ceramics (LTCC)-fabricated CIT of rp = 1.375 mm and () a stereolithography apparatus
(SLA)-fabricated rectilinear ion trap (RIT) of rp = 1.6 mm, which is one element in the trap array illustrated. Panels #, b, and ¢
reproduced from References 48, 52, and 36, respectively, with permission.
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vacuum, and control subsystems. This section considers this larger set of systems and examines
further options for miniaturization.

3.1. Challenges

The impact of ion trap miniaturization on the control electronics is quite dramatic. Figure 10
compares the handheld Mini 11 mass spectrometer using a RIT of xp = 5 mm with an ion
trap mass spectrometer (I'TMS) that has a 3D Paul trap of ry = 10 mm. The small (factor of
two) size reduction allows use of a much smaller RF coil to provide a sufficiently high voltage
to scan to higher mass (2/z 800 for the Mini 11 versus 72/z 650 for the ITMS) with unit mass
resolution. The power consumption of the RF circuit is estimated to be reduced from ~250 W
to ~15 W. Using a RIT of xy = 1.6 mm (Figure 94) would require even lower voltages and a
much lower power consumption. For the low voltage boards in the control system, the technology
available for fabricating electronic circuits has been advancing quickly, and compact low-voltage
digital/analog boards with complex functions can be made with multilayer printed circuit boards
that have surface-mounted components (4, 5). Although further miniaturization of ion trap mass
analyzers remains ripe for exploration, with regard to miniaturizing the entire mass spectrometer
we should focus on components other than the mass analyzer. The vacuum system is a case in
point.
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Mini 11

Figure 10

Comparison of the radio frequency coils used to drive the ion trap in the handheld Mini 11 and in the first
commercial ion trap mass spectrometer, the Finnigan TTMST™. A half-size rectilinear ion trap is used in the
Mini 11, whereas a full-size Paul quadrupole trap is used in the ITMS. The figure also shows the ion traps in
the two instruments.

The vacuum system, including the vacuum pumps and the vacuum manifold with its various
interfaces, is almost always the most expensive, the heaviest, and the most power-consuming part
of amass spectrometer. The performance of a mass spectrometer is highly dependent on the design
of the pumping system, which determines how much sample can be introduced and how low a
vacuum can be maintained. For portable systems, the quality of the miniature pumping systems
has a substantial impact on the robustness of the instrument. The turbo pumps used for mass
spectrometers are often considered too fragile for in-field applications, where mass spectrometers
are moved around during operation.

3.2. Miniaturization of the Vacuum System

An early strategy to make mass spectrometers portable was to remove the rough pumps. In one
instance, the vacuum manifold was first pumped down, then the rough pump was detached from
the instrument. During operation in the field, vacuum was maintained by a light, low-power
ion pump. Implementation of this general strategy allowed the development of a transportable
mass spectrometer using ICR (73), a portable instrument using a quadrupole mass filter (74),
and recently, a palm portable ITMS (52). The advantage of this strategy is that it allows one
to set aside the issues of weight, size, and power associated with the pumping system so that
small instruments with low power consumption can be developed. The disadvantages include the
limitations on sample introduction and the fact that the system is not self-sustainable. Pulsed gas
sample introduction must be implemented to avoid rapid pressure increases. When coupled with
a GC system (74), a membrane is effective in limiting input of carrying gas from the GC column
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Figure 11

Compact pumping systems using miniature roughing and turbomolecular pumps. Shown are turbo pumps
made by Pfeiffer Vacuum, Inc.™ and by Creare, Inc.™ The rough pump is a KnF™ two-stage diaphragm

pump.

into the vacuum. The portable system must also be recharged using a nearby rough pumping
system.

Self-sustaining portable MS systems that use miniature versions of the traditional rough-turbo
pump configurations found in lab-scale instruments have been developed (Figure 11). Instead of
the rotary vane pumps commonly used for lab-scale mass spectrometers, diaphragm pumps are used
exclusively for the roughing stage of portable systems. KnF two-stage diaphragm pumps (5 liters
min~!; Model 1091-N84.0-8.99 or similar systems) are used for handheld instruments, and four-
stage diaphragm pumps with higher pumping speeds are used in transportable instruments. The
ultimate pressures that these pumps provide range from 1 to 2 Torr. For high-vacuum pumping,
although some alternative options are being explored, turbo-molecular pumps are still the only
reliable choice for portable mass spectrometers. Two types of commercial turbo pumps, the ATH
31 series (1.2 kg, ~30 liters s™!; manufactured by Alcatel Vacuum Technology Corporation™)
and the TPD 011 (2 kg, ~10 liters s~!; manufactured by Pfeiffer Vacuum, Inc.™) are commonly
used in the development of miniature mass spectrometers. Although the Pfeiffer TPD 011 is not
the lighter of the two instruments nor the one with the larger pumping speed, it has proven to be
robust enough to operate while in motion (3, 75). Recently, a turbo pump weighing only 500 g
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(manufactured by Creare, Inc.™) was used (4) in the development of the 4-kg Mini 11 handheld
instrument. The total weight of this miniature pumping system is below 3 b, and the power
consumption is below 18 W. The ultimate vacuum that it can provide is below 10~® Torr, which is
much lower than the operating pressure needed for a miniature mass spectrometer system. In fact,
miniature quadrupole ion trap mass analyzers, such as a RI'T, can provide optimum operation at
a pressure above 1 mTorr (75, 76). One strategy in the future development of miniature pumping
systems will be to eliminate the unnecessary turbo stage, which has little impact on the pumping
speed but a substantial impact on the ultimate pressure. The turbo stages inside a turbo pump
represent the most mechanically fragile and the most expensive components of the pumping
system.

3.3. Development of Sample Introduction Interfaces

As discussed above, the vacuum system is critical because it is closely related to how sample (or
ionized sample, depending on whether internal or external ionization is used) is introduced into
the mass spectrometer for mass analysis. A miniature pumping system with one diaphragm and
one turbo pump allows the creation of a single-stage vacuum system that is conceptually similar to
that used in a lab-scale GC-MS instrument. The neutral gas can be leaked into the manifold, then
ionized to achieve mass analysis. Sample introduction methods for lab-scale instruments using this
type of vacuum system are readily transferrable to miniature instruments with minimum difficulty,
even with their greater restrictions on input flow. These methods include micro-GC (5, 77), solid-
phase microextraction (78), and membrane introduction (3, 50, 51, 79-82). The typical ionization
method used with these sample introduction systems is EI. A glow discharge EI source has been
developed as an alternative to the traditional filaments for miniature mass spectrometers, and it
has been demonstrated to be much more durable and much less power consuming than resistively
heated filaments (71).

For lab-scale mass spectrometers, the vacuum system configuration is very different in in-
struments in which atmospheric pressure sample ionization is followed by ion transfer into the
mass analyzer. This type of mass spectrometer is widely used in biomedical studies ranging from
metabolite analyses in the pharmaceutical industry to peptide analyses for proteomic studies.
The ionization methods used include electrospray ionization (ESI) (83, 84), atmospheric pressure
chemical ionization (APCI) (85), and atmospheric pressure MALDI (86, 87). Devices capable of
analyzing under ambient conditions nonvolatile compounds, such as plastic explosives from solids
or biomolecules from solution, would significantly widen the application area for miniature mass
spectrometers. However, pumping systems with significantly higher pumping speeds and more
differential pumping stages that are currently available are required to establish an atmospheric
pressure interface that would allow the transfer of ions from the ambient pressure region to the
vacuum for the mass analysis (Figure 124). So far, no miniature pumping system with a weight,
size, and power consumption low enough for portable instruments or a high enough ion transfer
efficiency has been successfully developed.

However, a direct leak type of atmospheric pressure interface on the Mini 10 used a capillary
to directly connect the ambient and vacuum regions (88). Spectra were acquired for proteins and
peptides using ESI, and the mass range was extended through the use of a low-resonance ejection
frequency. However, ion transfer was limited by the low conductance of the capillary, and mass
resolution suffered from the high pressure in the vacuum manifold. Recently, the barrier to high
performance of a small vacuum system was overcome with the development of a discontinuous
atmospheric pressure interface (DAPI) for a quadrupole ion trap-based miniature instrument
(Figure 12b) (4, 89). The DAPIT uses a pinch valve to control the opening of an interface, and

www.annualreviews.org  Miniature Mass Spectrometers

Membrane
introduction: system
in which a
semipermeable but
NONMIcroporous
membrane is used to
selectively transfer
analytes from an air or
water matrix into the
vacuum by means of
diffusion through the
membrane. The
experiment protects
the cleanliness of the
vacuum system but is
limited to volatile
analytes

Atmospheric
pressure ionization:
a broader term than
ambient ionization
that does not imply
lack of sample
pretreatment (e.g., the
sample is often treated
with matrix, dissolved
in solution, etc.) or full
access to the sample
during MS

Ambient jonization:
involves untreated
sample in an open
environment; sampling
and ionization occur
simultaneously

203



Annual Review of Analytical Chemistry 2009.2:187-214. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

107> Torr O / i \
-ll_::ul] D
—_— A e
B Ll_“_'jﬂ Pinch valve
| O | :
400 liters s™'| Multi-stage
turbo pump Diaphragm K /
um
650 liters min™' Sl =
) (
650 liters min~" Rotary van pump x 2 5 liters min™' Turbo pump
<11 liters s’
(]
5
C d Cytochrome ¢
I +15
~m
107 S 4r MW = 12.3 kDa

E RIS +16
_ C >
E G
O 1n2b
t 1072 ; §
g r £
- y
E 102 ¢ MS lon &

: analysis introduction &

104 | L | L 0‘ L 1 L 1 L | L | L
0 1 2 3 400 600 800 1000 1200 1400
Time (s) m/z
Figure 12

(@) Typical configuration of vacuum systems for lab mass spectrometers with atmospheric pressure interfaces. () Discontinuous
atmospheric pressure interface (DAPI) for miniature vacuum systems using a pinch valve for controlling opening. (¢) Pressure variation
inside the vacuum during the operation of the DAPI. (d) Mass spectrum of 200 ppm cytochrome ¢ recorded using a nano—electrospray
ionization (ESI) source with a radio frequency of 695 kHz. Abbreviations: EM, electron multiplier; GDEI glow discharge electron
impact; MS, mass spectrometry; RIT, rectilinear ion trap. Panels # and 4 reproduced from References 89; panel d reproduced from
Reference 4 with permission.
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when open, the flow conductance is much greater than the pumping system can tolerate. Dur-
ing each mass analysis cycle, the interface is opened for only ~20 ms. The introduced ions are
trapped in the RIT while the introduced gas increases the pressure; then the gas is pumped away
(Figure 12¢). Mass analysis, including MS and MS/MS, can then be performed after a de-
lay of some 300 ms, when the pressure drops into the low milliTorr range. DAPIs have been
implemented on the Mini 10 (89) and Mini 11 (4) devices and have been characterized with
ESI, APCI, and ambient ionization methods (90, 91), which include direct-solids analysis by
desorption electrospray ionization (DESI) (92) and low-temperature plasma (LTP) probe ion-
ization (93). Chemical analysis has been performed for various solid organic compounds and
mixtures (4; 89; M.A. Visbal, G. Huang, J.D. Harper, Y. Zhou, R.G. Cooks & Z. Ouyang,
manuscript submitted) and for amino acids, peptides, and proteins in solution (Figure 12d)
(4, 89).
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4. TOTAL MASS SPECTROMETRY ANALYTICAL SYSTEMS

4.1. Bottlenecks in Analysis Using Miniature Mass Spectrometers

The purpose of miniaturizing mass spectrometers is to enable high-quality in situ analysis. Given
the existence of small mass spectrometers of adequate performance such as the Mini 11, where
are we in terms of solving the problems of in situ analysis? The answer is: We are not there
yet.

The problems associated with the power requirements and weight of the mass spectrometer
have largely been solved, and of course, mass analysis itself is already highly automatic and fast.
However, the progress described so far in this review highlights the fact that sample preparation
still takes too long and requires far too many manual operations. The weak links in in situ analytical
protocols include sample collection, extraction, preseparation, and other special treatments that
are highly dependent on the nature of the samples and of the analytes of interest. After mass
analysis, data analysis is also needed to translate the raw spectral data into the information needed
to draw conclusions. The problem that has now moved into sharp focus is: How can we implement
these necessary processes into simple, automated, and reliable methods that are compatible with
in situ mass analysis?

Great effort has been made toward miniaturizing devices and simplifying the operations asso-
ciated with almost every step in sample treatment. A micro-GC has been implemented and could
be coupled to a portable MS system (Figure 134) (5, 77, 78, 94). One of the most promising
directions in miniaturizing and automating sample preparation is through the use of microflu-
idics, an approach that provides capabilities similar to laboratory systems for sample separation,
but uses miniature chip-based devices with low consumption of sample and solvents and with
automated operation. The integration of these devices into miniature mass spectrometers will be
useful for many future applications following the success of discontinuous sample introduction
(89).

Rather than building devices mimicking standard lab operations, researchers have actively
pursued development of alternative methods to provide fast and simple sampling operations.
In some cases, the nature of the sample makes this relatively easy: For instance, in the case of
real-time analysis of VOCs in air or water, sampling occurs via membrane introduction (3, 4,
50, 51, 79, 80, 95). The most common membrane used for this purpose is the hydrophobic
PDMS (polydimethylsiloxane, or simply silicone) membrane, which allows organic compounds
in the vapor state or in aqueous solution to diffuse through the membrane and to be released
into the vacuum while excluding the matrix, thereby serving as an effective means of analyte
preconcentration (81, 82). The greatest advantage of membrane introduction mass spectrometry
(MIMS) s its simplicity. Volatile ingredients in human breath, for example, can be directly analyzed
(Figure 13b,¢) (96). Using the Mini 10 instrument with the vacuum system shown in Figure 11,
the limits of detection for the MIMS instruments are 50 ppb (3) and 3 ppb for naphthalene in air and
water, respectively, without heating the membrane. Disadvantages of MIMS include its relatively
long clear-time and its limited applicability to less-volatile or polar compounds. Alternative trap-
and-release methods allow the monitoring of toxic industrial compounds, and limits of detection
well below the permissible exposure limits have been achieved in short (<2 min) total analysis
times with the Mini 10 (75).

With the development of the discontinuous atmospheric pressure interface (89), more options
for direct, rapid sampling have become possible. Within the past four years, ambient ionization
(90, 91) has emerged as a direct sampling method; it allows analytes in untreated samples to be
directly ionized and transferred (97) into the mass spectrometer for mass analysis.
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(@) Analysis of a 26-component EPA (Environmental Protection Agency) Method 624 volatile halocarbon compound mixture 20 ppm
in water) using a miniature gas chromatography mass spectrometer with a toroidal ion trap. Reproduced from Reference 5 with
permission. (/) A membrane inlet used in miniature mass spectrometers (50, 51, 79, 96). (c) Direct analysis of human breath after eating
cinnamon and wintergreen candies containing ingredients 3-phenyl-2-propenal and methyl salicylate. Reproduced from Reference 96

with permission.
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4.2. Ambient Ionization for Direct Sampling

Since the demonstration of the capabilities of the first two ambient ionization sampling methods,
DESI (92) and direct analysis in real time (98), as many as 18 related methods (92, 93, 97-110) for
directionization of analytes from unprepared samples (91) have been introduced. There is a signif-
icant difference between ambient ionization and atmospheric pressure ionization methods such as
ESI, although this difference is perhaps obscured by the similar nomenclature. The term ambient
ionization designates methods that combine the sampling process with the ionization process
and that can (#) desorb the analytes directly from untreated samples in the condensed phase and
(b) ionize them for mass analysis. The ionization occurs simultaneously with (92, 93, 98, 100, 106,
108) or immediately after (101, 109) desorption. DESI (92) and the TP method (93) have been
implemented with the Mini 10 (89; MLA. Visbal, G. Huang, J.D. Harper, Y. Zhou, R.G. Cooks &
Z. Ouyang, manuscript submitted) and Mini 11 (4) handheld mass spectrometers for fast sampling
and ionization. As shown in Figure 144 for DESI analysis, charged droplets are sprayed on the
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(@) Direct analysis of active ingredients in drug tablets using desorption electrospray ionization (DESI) and a
Mini 11 handheld mass spectrometer. Spectrum of Excedrin® reproduced from Reference 4 with
permission. (b)) Direct analysis of chemicals in water samples using a low-temperature plasma probe and a
Mini 10 device. Reproduced with permission from M.A. Visbal, G. Huang, ].D. Harper, Y. Zhou, R.G.
Cooks & Z. Ouyang (manuscript submitted).

surface of the tablets, and the constituent molecules are picked up by secondary microdroplets
and are sucked into the vacuum system of the Mini 11 for mass analysis. In contrast to traditional
laboratory sample preparation procedures followed by atmospheric pressure ionization (e.g.,
by ESI or by APCI), the total analysis time using ambient ionization sampling is ~3 s. This
includes the time required for (#) sample extraction, (b) separation of the analytes from the matrix,
(¢) formation of a solution containing the analyte(s), (4) ionization, and (¢) mass analysis. Using
LTP, the chemicals in complex liquids can be directly desorbed, ionized, and analyzed by
miniature mass spectrometers (Figure 145).

When not using separation procedures, poor sensitivity to analytes at low concentrations in a
complex mixture is always of great concern. Notably, reagents can be added to the spray solution
in desorption ionization to allow selective ionization of targeted analytes. This approach has been
explored in the form of reactive DESI (111) and has been applied to analyses of steroids in raw
urine (112) and of cholesterol in tissues (C. Wu, D.R. Ifa, N.E. Manicke & R.G. Cooks, manuscript
submitted), for example, where it results in a significant improvement in sensitivity. Reactive forms
of electrospray-assisted laser desorption/ionization (113) and LTP (G. Huang, J.D. Harper, R.G.
Cooks & Z. Ouyang, manuscript submitted) were also demonstrated recently. Through the use of
reagents that target specific chemical features of the analyte, ionization becomes an important step
for improving the specificity of the entire analysis process. Reactive ambient ionization methods
are expected to play an important role in future analyses using miniature mass spectrometers.

www.annualreviews.org  Miniature Mass Spectrometers

207



-y jo awn YO T, ‘uonoenxsosoru aseyd-prjos GNJS ‘Anowondads sseur
»WS mﬁCﬂNNmCCm\QCﬂQMOmM—U .Hummﬁ —uwumdmmwlxﬂzﬂa »Hgg wBHMEChuUU&w ssewr ﬂcwuoﬂ:uc.zﬁq uﬁNhQEUE FWSAS WNEmNTH @hﬂumhvmavulgcﬁ mrH\‘H Uuwgﬁﬂ QC.:U@—@ vm.uwﬁ—Um:U BO—M nHM.MQG UUN&Q&
uomndapa Aydeidoreworyd sed ‘DD ‘woneziuor Aeidsonoaps S 9oedur wonoape I5 ‘uoneziuor Aeidsonosafe uondiosap ‘IS ‘uoneziuor [edrwayd aanssaid oeydsoune ‘0 JV :SUONLIAIqQY

0sL =14
‘00ST z/ut uonnN[osax
00¢ =14 0sT =14 00¢ =4 00t =¥ 0L=1d 00s =4 00t =¥ 00, =¥ /o8uex
‘00¢ z/w ‘00¢€ 2/ ‘00¢ 2/ Sty ‘000°0L /4 ‘008 3/ ‘009 3/ ‘00L 3/ SSEIN
dIT1Is4d
IS4 TOdV
I JC I ICI0N) TdaO “es] | woneziuol
10D | Jyeo[sed paspng | yed[sed0axq | SININ ‘NS IA'TVIN i gNdS Id “dNdS oI ‘SWIN | /Bunpdureg
ON ON ON Sk ON Sk ON SR SIN/SIN
103098
I0)[Y Ssewr den Boziofy den den 191y sseur den JozATeue
sjodnipeng) uor [estIpurAn) —yonenejy Uo7 [BILIPUI[AD) A0, uoT [eproIo], sjodnpeng) UOI 183UI[I9Y SSBIAT
MOST> M S M SL V/N V/N M SL M 0§ M 0E/M 0L Tomod
381 BT 3181 A 61 V/IN 11 Y p1 3 /84 01 SPM
ouf
‘s913070UTOIT, qe SOISAYJ
*07) [edrwaY ) [eonAeuy parddy sardojouyd9y, SwsAg Arszoarun
uodyuy Suedureg [eondfeuy 10 ugyLIn sunydop] suyo[ UoLIOT, STESOIDIAT onpmg | radopasd(g
(re) (@9) sw 1 O11) () () (s1D) @O 11 sws4g
oA LISdVH d[qearod-weq OO | w1009 YD | AOL PSBRNS |y L-UOIpIENY | 1y dqn)uweyn | IWN/OT I
Surduind ySnox sua)sAs a[qeriod s[qeureIsns-jjog

noym suraysAs dlqerroq

suralsAs [eondeue Answondads ssewr o[qerrod T 9[qeEL

"Ajuo asn feucsied 104 "TT/9T/ZT Uo AlSPAIUN Weyplo4 Ag

Bio'sma I/ ENULR MMM LLIDJY PBPRO JUMOQ HTZ-/8T 26002 Asiway) eanAjeuy Jo MaINayY enuuy

Ouyang o Cooks

208



Annual Review of Analytical Chemistry 2009.2:187-214. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

5. CURRENT MINIATURE MASS SPECTROMETER SYSTEMS

Portable mass spectrometers for which relatively complete information has been reported are
listed in Table 1, which comprises the best-available information. Some other systems have been
explored for miniaturization of the mass spectrometers, including a miniature electric/magnetic
cross—field mass spectrometer (114), a GC-MS quadrupole ion trap mass spectrometer (94), and
a miniature MIMS instrument that uses the microquadrupole filter array as a mass analyzer (80).

6. CONCLUSIONS AND PROSPECTS

The status of miniature mass spectrometer development can be compared to the corresponding
stage in the development of the personal computer. In the field of chemical analysis devices,
we have the equivalent of a bare-bones personal computer. Instruments of appropriate size and
simplicity are now (literally) in hand for direct sampling, introduction, mass analysis, and data
acquisition. These hand-held instruments are typically based on single ion trap mass analyzers,
which are geometrically simplified versions of the Paul trap or are arrays of such analyzers operating
cooperatively to reduce voltage and power requirements and to increase ion signals.

A wide variety of fabrication methods in addition to traditional precision machining is being
explored for fabricating mass analyzers with complex configurations at the micrometer scale.
Capabilities for data storage, spectral library comparison, and wireless data transmission and
instrument control are being pursued or have already been accomplished.

The objective of mass spectrometer miniaturization is to apply the selectivity and specificity
of MS analysis to in situ experiments, in locations ranging from the physician’s office to the
production line; to autonomous and continuous subway, waste dump, and water purification plant
monitoring; to trace residue identification in foodstuffs; and to hundreds of other specific tasks in
which qualitative and quantitative chemical analysis is essential. Success in creating miniature mass
spectrometers may well result in an explosion of specialized instruments that are narrowly suited
to particular tasks. The instrumentation may be barely adequate to perform the defined tasks and
may have just enough capability to meet the demands of the problem. Extensive optimization is
likely to minimize or exclude manual tasks, increase reliability, and minimize instrumentation cost.
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