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Abstract: Mass spectrometry (MS) has progressed to become a powerful analytical
tool for both quantitative and qualitative applications. The first mass spectrometer was
constructed in 1912 and since then it has developed from only analyzing small inor-
ganic molecules to biological macromolecules, practically with no mass limitations.
Proteomics research, in particular, increasingly depends on MS technologies. The abil-
ity of mass spectrometry analyzing proteins and other biological extracts is due to the
advances gained through the development of soft ionization techniques such as elec-
trospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) that
can transform biomolecules into ions. ESI can efficiently be interfaced with separation
techniques enhancing its role in the life and health sciences. MALDI, however, has
the advantage of producing singly charges ions of peptides and proteins, minimizing
spectral complexity. Regardless of the ionization source, the sensitivity of a mass spec-
trometer is related to the mass analyzer where ion separation occurs. Both quadrupole
and time of flight (ToF) mass analyzers are commonly used and they can be configured
together as QToF tandem mass spectrometric instruments. Tandem mass spectrometry
(MS/MS), as the name indicates, is the result of performing two or more sequential sep-
arations of ions usually coupling two or more mass analyzers. Coupling a quadrupole
and time of flight resulted in the production of high-resolution mass spectrometers (i.e.,
Q-ToF). This article will historically introduce mass spectrometry and summarizes the
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Basics of Mass Spectrometry 211

advantages and disadvantages of ESI and MALDI along with quadrupole and ToF mass
analyzers, including the technical marriage between the two analyzers. This article is
educational in nature and intended for graduate students and senior biochemistry stu-
dents as well as chemists and biochemists who are not familiar with mass spectrometry
and would like to learn the basics; it is not intended for mass spectrometry experts.

Keywords: Electrospray ionization, MALDI, quadrupole, time of flight, MS/MS,
Q-Tof

MASS SPECTROMETRY; A HISTORIC PERSPECTIVE

Mass spectrometry (MS) has rapidly evolved during the past 20 years with
its various applications invading every discipline within the life and health
sciences (1–4). Mass spectrometry relies on the formation of gas-phase ions
(positively or negatively charged) that can be isolated electrically (or magnet-
ically) based on their mass-to-charge ratio (m/z). In an MS spectrum, the x-
coordinate represents m/z values, whereas the y-axis indicates total ion counts.
Strictly speaking, mass spectrometers should really be called mass-to-charge
spectrometers. Mass spectrometric analysis can provide important information
about the analytes, including their structure, purity, and composition.

Mass spectrometry was first described by physicists in the late 1880s. Wil-
helm Wien, for example, was the first to demonstrate in 1898 that superimposed
electric and magnetic fields can deflect positive ions and his work was preceded
by the work of physicist Eugen Goldstein, who in 1886 discovered a new kind
of radiation, “Kanalstrahlen” and reached the conclusion that these “new” rays
were merely positively charged particles (5, 6). Inspired by these findings,
Sir Joseph John Thomson, a professor of experimental physics at Cambridge
University, invented the first mass spectrometry instrumentation and in 1913 il-
lustrated the value of his novel discovery within the field of analytical chemistry
(7). Mass spectrometry was critical for stable isotope/radionucleotide studies
(8) and, eventually, commercial mass spectrometric instrumentation, that can
diagnostically detect organic substances, appeared on the market in the 1940s,
as a response to the demands from the oil industry (5, 6). The “marriage” be-
tween gas chromatography and mass spectrometry expanded the interest in this
powerful technique to include biochemistry. Gas chromatography is capable of
separating thermally stable biological compounds, such as fatty acids, steroids,
and carbohydrates. This analytical tool was invented in 1952 (9) and coupling
it to a mass spectrometer (i.e., GC-MS) was pioneered by Holmes and Morrell
in 1957 (10). The use of early mass spectrometric instruments was limited
to volatile compounds with a low molecule weight range (>1000 Da). In ad-
dition, a conventional ionization technique, namely, electron impact (EI), is
harsh and will result in the destruction of complex biomolecules (e.g., proteins,
nucleotides, complex carbohydrates). In addition, the usage of mass spectrom-
etry within biochemistry laboratories was limited to GC-MS instruments that
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212 A. El-Aneed, A. Cohen, and J. Banoub

separate volatile mixtures. Under such conditions, complex biological sub-
stances, such as proteins, cannot be transmitted to the gas phase without sig-
nificant destruction and degradation. It was only after the introduction of soft
ionization techniques that mass spectrometry was used for proteomics studies.
Mass spectrometry can now be interfaced with other separation techniques,
such as high-pressure liquid chromatography (HPLC-MS) and capillary elec-
trophoresis (CE-MS). It is also common to perform MS analysis for purified
materials or synthetic conjugates, without the use of a separation procedure.

SOFT IONIZATION TECHNIQUES

Regardless of the method by which a sample is introduced into a mass spec-
trometer (i.e., GC, HPLC, direct injection), the ion source is the compartment
where charged species are produced and is the “gate” to other sections of the
instrument, namely, the analyzer and the detector. Many ionization techniques
are currently used with mass spectrometric instrumentations. The traditional
ionization method, namely, EI, utilizes energetic electron beams during the
ionization process and operates only under vacuum while the analytes are al-
ready in the gas phase. A beam of electrons (negative charges) are formed from
a heated metallic filament (e.g., tungsten) and these electrons are electrically
accelerated and directed to collide with a vaporized sample, causing electron
expulsion from the analytes and subsequent formation of positively charged
radical cations. These conditions are not suitable for large molecules or many
biological materials. EI, along with chemical ionization (introduced below),
is, however, still the method of choice for GC-MS equipment (11). Figure 1
illustrates the process by which ions are formed during EI ionization and it
should be noted that with specific compounds, negatively charged species can
be observed (12) (Figure 1b).

Due to the limitations associated with EI ionization, chemical ionization
(CI) and plasma desorption (PD) methods were introduced in 1966 (13) and
1974 (14), respectively. Both techniques will result predominantly in the for-
mation of protonated (or deprotonated) ions, which are more stable than the
radical ions formed during EI-MS analysis. CI depends on the interaction be-
tween energetic electrons and neutral molecules, such as methane, resulting in
the formation of charged ions that will interact with the analytes, producing
protonated species. Similar to EI ionization, this method poses some limitations
in terms of mass range (<1000) and requires specific sample characteristics
with regard to thermal stability and volatility. CI is, however, better than EI
with respect to the production of the molecular ion. Nevertheless, both EI and
CI were not capable of ionizing the most valuable, thermally instable, polar
biological compounds.

PD ionization, on the other hand, is one of the early “soft” ionization tech-
niques capable of analyzing biomolecules, up to a molecular weight (MW) of
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Basics of Mass Spectrometry 213

Figure 1. Conventional electron impact (EI) ionization process. (A) Formation of pos-
itively charged ions. (B) Formation of negatively charged ions.

100,000 Daltons (Da). The term soft indicates that minimum internal energy
is transmitted to the analytes during the ionization process. PD ionization was
introduced after the design of field ionization and field desorption methods
(15, 16). Subsequently, additional soft ionization methods were developed and
replaced older techniques. These include fast atom bombardment (FAB) (17,
18), liquid secondary ion mass spectrometry (LSIMS) (19), matrix-assisted
laser desorption ionization (MALDI) (20, 21), and electrospray ionization
(ESI) (22, 23). The last two ionization techniques, in particular, have revo-
lutionized the usage of mass spectrometers and enabled researchers to easily
study biological substances, such as glycoconjugates, proteins, and DNA. The
significance of the development of MALDI and ESI was globally recognized
when the “inventors,” Koichi Tanaka of the Shimadzu Corp in Kyoto, Japan,
and John Fenn of the Virginia Commonwealth University, Richmond, shared
the 2002 Nobel Prize in chemistry. Nonetheless, much of the credit given to
the development of MALDI should also go to Michael Karas and Franz Hil-
lenkamp, who developed the ideas of laser desorption techniques (21, 24, 25).
Table 1 compares different commonly used ionization methods, summarizing
their various characteristics; information in Table 1 is extracted from Herbert
and Johnstone (12) and Henderson and McIndoe (1).

Electrospray Ionization-Mass Spectrometry (ESI-MS)

Development of electrospray ionization started in the late 1960s with the work
of Dole and coworkers, who successfully introduced a polystyrene polymer
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214 A. El-Aneed, A. Cohen, and J. Banoub

Table 1. Summary of the various features of current ionization methods used in mass
spectrometry

Ionization
technique

Nature of
analytes

Sample
introduction Mass range

Brief
description

Electron impact
(EI)

Volatile;
thermally
stable

Gas chromatog-
raphy solid or
liquid probe

<1000 Da Hard method;
mainly
fragment ions

Chemical
ionization (CI)

Volatile;
thermally
stable

Gas chromatog-
raphy solid or
liquid probe

<1000 Da Soft method;
Molecular ion

Fast atom
bombardment
FAB

Organometallic
compounds

Liquid chro-
matography,
direct injection

<5000 Da;
optimal range
200–2000

Soft method;
require matrix

Matrix-assisted
laser
desorption
ionization
(MALDI)

Biomolecules
(proteins,
DNA, glyco-
conjugates)

Sample is
cocrystallized
with a matrix

Can go beyond
500,000 Da

Very soft
method singly
charged ions

Electrospray
ionization
(ESI)

Organic and
inorganic
compounds

Sample in
solution

From very low
masses to
extraordinarily
high

Very soft
method;
multiply
charged ions

(average MW = 51,000 Da) into the gas phase as a charged species (26). Sur-
prisingly, this ionization technique is by far one of the simplest to understand.
Samples are usually dissolved in a buffer or solvent that is introduced into
the mass spectrometer in the form of a spray. This technique was linked to a
quadrupole mass analyzer and was significantly optimized in the early 1980s
(22, 23). ESI-MS is currently used for qualitative and quantitative studies of a
wide variety of nonvolatile and thermally labile simple inorganic chemicals as
well as complex biological structures (27).

In ESI-MS, the sample should be soluble in a preferably polar solvent,
which can be infused, under atmospheric pressure, into the ionization source
via a thin needle. As the sample is being constantly sprayed, a high electrical
potential is applied at the needle (3–4 Kv), resulting in the formation of highly
charged droplets (i.e., nebulization). These droplets are then driven electrically
and are vaporized with the aid of a warm neutral gas (usually nitrogen). Under
these conditions, the droplets break down and, while shifting inside the source,
their size is continuously being reduced. Eventually, the repulsive forces, also
termed the coulombic forces, among the ions on the surface of the shrinking
droplets become very high. These forces will ultimately exceed the surface
tension of the solvent, resulting in ions that desorb into the gas phase. This
theory of ESI ion formation is termed the ion evaporation method (28, 29) and
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Basics of Mass Spectrometry 215

is believed to favor ions with relatively low m/z values (30). An alternative
theory, which is supposed to be dominant in the case of ions with very high m/z

(30), is the charge residue model, which involves continuous evaporation of the
solvent accompanied by droplet fragmentation so that a single ion (probably
multiply charged) is formed at the end of this process (i.e., solvent is completely
evaporated) (26, 29, 31). Figure 2 illustrates the different proposed mechanisms
of ion formation during the ESI process.

ESI has obviously resolved the problems inherited in studying large pro-
teins using traditional mass spectrometry and its performance can be further
enhanced by linking it to liquid chromatography (i.e., LCMS). In conven-
tional ES pioneered by Fenn’s group, samples were injected at a flow rate of
2–20 µL/min (32), which posed some problems when dealing with limited
biological samples. Therefore, additional research efforts (33, 34) resulted in
the development of nanospray technology, which operates at a very low flow
rate in the order of nanoliters per minute (nL/min). The advantage of nanospray
technology is not limited to minimized flow rates but also to the mechanism
of ion formation, improving, for example, glycoconjugate analysis (35). ESI
continues to attract researchers from various disciplines who investigate both
new applications as well as possible new improvements at the technical level.

Matrix-Assisted Laser Desorption Ionization (MALDI)

MALDI is a leading ionization source currently being used for protein se-
quencing and proteomic research and is commonly utilized together with ESI
technology. Banoub’s group, for example, have successfully characterized vitel-
logenin protein, a fish biomarker, by both ESI and MALDI (36, 37). Similar
to ESI, however, MALDI is also powerful for studying DNA (38), lipids (39),
and glycoconjugates (40).

In MALDI, ions are desorbed from the solid phase. A sample is first
dissolved in a suitable solvent and mixed with an excessive amount of an
appropriate matrix. Subsequently, it is spotted on a MALDI plate and air-dried
(or under a stream of nitrogen gas). Under these circumstances, the sample
is cocrystallized with the matrix. The components in the mixture are brought
into the gas phase via a laser beam (usually a nitrogen laser at a wavelength of
337 nm) that hits the sample-matrix crystal, leading to absorption of the laser
energy by the matrix and subsequent desorption and ionization of the analytes
in the sample. Figure 3 represents the process by which ions are formed during
MALDI-MS.

MALDI was initially operated under vacuum; however, atmospheric pres-
sure (AP) MALDI was developed in 2000 (41). This development has reduced
cost, enhanced ease of operation, and improved the commercial production
of mass spectrometers with interchangeable MALDI and ESI sources. The
mechanisms by which ions are formed in MADLI are still not fully understood
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Basics of Mass Spectrometry 217

Figure 3. MALDI ionization process. The matrix-analyte crystal is bombarded with
a UV laser beam that excites the matrix, which, in turn, transfers the energy to the
analytes. This results in the ionization and desorption of the analytes, mainly as singly
charged species.

and the choice of a specific matrix is mainly experimental. In addition to its
dependency on the nature of the analytes, the choice of the matrix can also be
influenced by the ionization mode, whether positive or negative. Basic matrices
are favored in the case of the latter, whereas acidic ones are more efficient in
the case of the former (i.e., proton donor) (1, 30).

Comparison between MALDI and ESI

Both ESI and MALDI are very sensitive analytical techniques utilizing analyte
concentrations that are as low as picomolar. One of the main differences,
however, between MALDI and ESI is the state in which the sample is introduced
to the ion source. ESI uses solvated sample that is infused into the instrument,
whereas MALDI uses the solid state. Therefore, when interfaced with LC, it is
possible to efficiently utilize ESI for quantitative measurements (42). Despite
the fact that ESI is capable of reproducing data better than MALDI, it should
be noted that relative abundance of various ions in an ESI spectrum is not a real
representation of the sample concentration. Hence, a standard solution (when
the objective is quantification) should be prepared with suitable calibration,
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218 A. El-Aneed, A. Cohen, and J. Banoub

preferably with the use of an isotopic analogue of the analyte (42). There were
some attempts to expand the usage of MALDI from merely qualitative toward
quantitative measurements (43, 44) and it has been recently interfaced with LC
(45). However, the heterogeneity of a MALDI crystal sample poses a major
difficulty for such an application. In fact, the quality of MALDI spectra can
be significantly influenced by the position of the laser beam and the operator
should identify a “sweet spot” within the sample crystal that can produce the
most informative spectrum.

Attempts to interface MALDI to LC are, to some degree, related to the
robustness of MALDI to the modest presence of salts and/or detergents (46,
47). In contrast, when using ESI, contaminants, adsorbed to the tubes through
which a sample is infused into the ESI needle, can compete with the analytes
and may influence the results. Such a problem is not encountered in MADLI
because analytes can escape impurities during ionization in the same fashion
they escape the bulk of the matrix. Finally, ESI tends to produce multiply
charged species for biomolecules, such as proteins and peptides. This is the
reason why ESI can, theoretically, have unlimited mass range, because very
large proteins can appear at lower m/z values. MALDI, however, tends to
produce singly charged species and this phenomenon is of great importance
for identifying the molecular ion of proteins, carbohydrates and lipids. Karas
and coworkers hypothesized that in MALDI-MS, neutralization of multiple
charged species occurs due to the production of neutralizing electrons during
the photoionization process and, hence, singly charged ions are “the lucky
survivors” (48).

MALDI and ESI applications continue to grow within the scientific com-
munity and are the basis for newer ionization sources that can be used for
specific purposes. Surface-enhanced laser desorption ionization (SELDI), for
example, was a development of MALDI (49) and it combines the power of
MALDI with the selectivity of a protein chip technique. It is currently be-
ing optimized for cancer diagnosis (50) and biomarker discovery (51). SELDI
applications are not limited to human health; a recent investigation showed
the usefulness of SELDI-MS profiling as a diagnostic tool in Atlantic salmon
(52). More recently, a desorption electrospray ionization (DESI) source was
developed and mass spectra can now be recorded on a sample in its native
environment (53, 54).

MASS ANALYZERS

A mass analyzer is the part of the instrument in which ions are separated based
on their m/z values. In a mass spectrometer, the isolation of ions is usually
electrically driven, although traditional analyzers, namely, magnetic sectors,
employ a magnetic field that influences ion separation. Similar to the ionization
process in terms of the available methodologies, there are numerous systems
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Figure 4. Representation of a quadrupole mass analyzer. Four parallel electrical rods
with varying direct current and alternating radio-frequency potentials. Only one m/z
value will possess the “right” trajectory and survive the path to reach the detector (solid
line). The rest will collide with rods and will be ejected (dotted line).

that can isolate ions based on their m/z values. Currently, four main analyzers
are widely used by mass spectroscopists, namely, quadrupole (Q), quadrupole
ion trap (QIT), time of flight (ToF), and Fourier transform ion cyclotrone
resonance (FT-ICR). These analyzers vary in terms of size, price, resolution,
mass range, and the ability to perform tandem mass spectrometry experiments
(MS/MS). Though QIT is capable of multiple mass spectrometric experiments
(MSn), FT-ICR is very powerful in terms of accurate mass measurements (55).

The following sections will focus on quadrupole and time of flight analyz-
ers and illustrate the development of a hybrid instrument that link a quadrupole
to a ToF analyzer with MS/MS capability (i.e., Q-ToF instrument).

Quadrupole Analyzer

The principle of a quadrupole mass analyzer was first described in the 1950s
by Nobel Prize–winning physicist Paul Wolfgang and this ion filter was well
suited for GC-MS instrumentation (5). This analyzer is composed of four
parallel electrical rods (with a circular cross section), as shown in Figure 4. A
direct current (DC) potential (U ) is applied to two of these rods, and the other
two are linked to an alternating radio-frequency (rf) potential (the potential
is termed V , and the frequency is termed ω). Ions, formed in the ionization
chamber, are pulsed toward a quadrupole by an electrical field in the range
of 5 Kv. A positively charged ion, for example, will move in the direction
of the negatively charged rod. However, once the polarity is changed, the ion
will switch its movement path before striking the rod. In such a situation, ions
will undergo complex oscillation (trajectory) and with the appropriate values
of V , U , and ω, only ions within a narrow range of m/z will survive the path
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toward the detector. The remaining ions will possess the “wrong” trajectory
and will eventually collide with one of the rods. The ramping of V , U , and
ω values can result in the transmission of various ions (with different m/z)
toward the detector (1, 56). This simplified illustration of a quadrupole is based
on a complicated second-order differential equation, known as the Mathieu
equation (57).

The major advantages of quadrupole analyzers are the low cost, relatively
small size, robustness, and ease of maintenance. A quadrupole possesses, how-
ever, limited capability in terms of mass range (usually <4000 Da), resolving
power, and the ability to perform MS/MS analysis. The final disadvantage can
be overcome by attaching a quadrupole to other analyzers such as additional
quadrupoles (triple quadrupole instrument) or a quadrupole linked to a ToF
(Q-ToF). An rf-only quadrupole (especially in a hybrid mass spectrometer)
will function as an ion focusing device that guides ions to other components of
the apparatus. Such functionality can be significantly improved with hexapoles
and octapoles, which cannot, however, perform as ion filters.

Time of Flight (ToF) Analyzer

This ion separation methodology is one of the simplest and although it was first
described in the middle of the 20th century (58), it was not until the 1990s (59)
when it was rediscovered. ToF simply relies on the free flight of the ionized
molecules in a tube of 1–2 m in length, before reaching the detector. As seen
in Figure 5, if two ions (A1 and A2) are formed at the same time with the same
charge but the mass of A1 < A2, A1 will reach the detector before A2. The main
advantage of a ToF analyzer is that all formed ions will eventually reach the
detector (unlike quadrupole or sector instruments). The equation that correlates
m/z with total time of flight (tf) is expressed in the following formula (60):

m/z = t2f 2 E s/(2s + x)

where E is the voltage applied, s is the length of the ion acceleration region,
and x is the length of the free flight region. Theoretically E, s, and x are fixed;
therefore, the above equation can be reduced to

m/z = K t2f

where K is the calibrating factor. This equation illustrates the direct relationship
between the m/z value and the time of flight.

Though ToF has the advantage of being able to detect a very high mass
range, the tube linearity of a conventional ToF analyzer (Figure 5a) can influ-
ence its resolving power, because ions entering the ToF carry different kinetic
energies (KE) and this subsequently will affect resolution and molecular ion
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Figure 5. Schematic representation of a conventional ToF (time-of-flight) analyzer (A)
and a reflectron-type ToF (B).

measurements. This drawback was overcome by the development of the reflec-
tron (electrostatic ion mirror) (61), which is an ion optic device that changes the
path of the ions within the ToF, as shown in Figure 5b. Ions with higher KE will
penetrate deeper into the ion mirror and hence ions will be gradually repelled,
improving the resolution of the ToF spectrum. Another factor is the tube length;
because ions (in reflectron-ToF) are traveling a longer path, better resolution
as well as accurate mass measurements can be obtained due to the increase in
the flight time (62). Reflectron-type mass analyzers usually have two detectors:
the first is beyond the ion mirror, and the second is at the end of the ion path.
Due to the fact that a reflectron can result in ion loss, the operator can decide
whether to compromise resolution or sensitivity. Due to the nature of ToF, it is
widely linked to the MALDI ion source (i.e., MALDI-ToF). Nevertheless, ToF
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can also be efficiently attached to an ESI source in hybrid instruments or or-
thogonal ToF, capable of performing tandem mass spectrometric experiments.
These ionization sources in conjunction with mass analyzers such as the time
of flight permit the detection of macromolecules that go well beyond the mega
Dalton mass range.

Tandem Mass Spectrometry (MS/MS)

Both single-stage ESI-MS and MALDI-MS are very valuable for molecular ion
determination and can provide, under certain circumstances, useful structural
information. These “circumstances” refer to the induction of fragmentation
within the source, such as “post source decay” (63) and “in source fragmenta-
tion” (64) in the case of MALDI and ESI, respectively. Tandem mass spectrom-
etry relies on the isolation of a specific m/z (i.e., precursor ion) that can be then
subjected to dissociation and subsequent production of fragment or product
ions. The user’s task is to solve the “puzzle” created with an MS/MS spectrum,
revealing valuable information with respect to the molecular structure of the
analyte.

To achieve this goal, multiple mass analyzers can be connected in a series,
so that ion isolation is performed by the first analyzer followed by ion fragmen-
tation in the collision cell, whereas the final analyzer separates fragment ions
based on their m/z values. Figure 6 illustrates the differences between one-stage
mass spectrometry and MS/MS instrumentation. In fact, various combinations
of mass analyzers can be assembled including sectors, quadrupoles, and ToF
(65–67). Such MS/MS instruments are considered tandem-in-space because
the analysis is performed by different mass analyzers “in different spaces.”
Tandem-in-time, however, refers to trapping instruments where all ions are
ejected except for one m/z that will be subsequently fragmented “in the same
space.” These instruments include ITQ and FT-MS, both of which have one
analyzer and can perform multiple MS experiments (MSn), which are powerful
tools for structural studies. It was shown, for example, that ion intensity is the
only limitation to the extent of an MSn analysis in an ITQ mass spectrometer
(68).

One of the commonly used tandem-in-space mass spectrometers is the
triple quadrupole instrument, introduced in late 1970s (69). This instrumenta-
tion is currently abbreviated QqQ, where the lower q refers to the collision cell
(an rf-only quadrupole). The selected ion for MS/MS analysis is filtered by the
first quadrupole and undergoes collision with a stream of inert gas (e.g., helium,
nitrogen, argon, xenon) within the collision cell. Such a collision will result in
the transfer of some kinetic energy to internal one, causing ions to fragment.
This process is referred to as collisionally activated dissociation (CAD) or
collision-induced dissociation (CID) (70, 71). CID can in turn be divided into
high and low energy; the latter is associated with QqQ and Q-ToF (introduced
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Figure 6. Comparison of one-stage mass spectrometry (top) and tandem mass spec-
trometry (bottom). In one-stage mass spectrometry, ions formed in the ion source are
separated in the mass analyzer before reaching the detector. In tandem mass spectrom-
etry, a specific ion is selected in the first mass analyzer (MS1) and then subjected to
collision in the collision cell, whereas the second analyzer (MS2) separates the product
ions before they reach the detector.

below). High CID is observed with sector instruments that operate at high
accelerating potential (in the order of kilo electrvolts; keV) and it has been
reported that charge-driven fragmentation is dominant in case of high-energy
CID (72). The accelerating potential is, however, less than 100 eV in the case of
low-energy CID and it was shown that neutral losses are the main mechanism
by which fatty acids, for example, are fragmented (73). CID is not the only
process for precursor ion fragmentation, as alternative methods were developed
including, for example, surface induced dissociation (74) and electron capture-
induced dissociation (75). Discussions about these ion fragmentation methods
are beyond the scope of this article.

In a QqQ mass spectrometer, three quadruples are connected; however, an
MS/MS, which carries different analyzers, is termed a hybrid mass spectrome-
ter. One of the most widely used ones, capable of low-energy CID analysis, is
the Q-ToF mass spectrometer.

Hybrid Quadrupole Orthogonal Time-of-Flight Mass Spectrometry
(Q-ToF)

The Q-ToF instrument was first described in 1996 (76) as a means of combining
the scanning capabilities of a quadrupole and the resolving power of a ToF
analyzer. It can provide high-quality, informative, simple, one-stage MS and
tandem MS/MS spectra. Readers can refer to an in-depth recent review (77)
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Figure 7. Schematic representation a Q-ToF hybrid instrument with ESI source.

surrounding the development of hybrid instruments over the last 30 years,
including Q-ToF instrumentations.

As an example, a diagrammatic representation of a Q-ToF instrument is
shown in Figure 7. As seen in this figure, this mass spectrometer is composed
of two quadrupoles linked to a ToF analyzer that is geometrically aligned in the
orthogonal configuration with respect to the quadrupoles, and, hence, the name
Q-ToF orthogonal mass spectrometry. It should be noted that Q-ToF instruments
usually include an additional quadrupole before Q1 as an ion focusing device
to provide collisional cooling of the ions so that the quality of the ion beam is
improved (78). This quadrupole is usually referred to as q0 and operates in the
rf-only mode similar to q2, which is the collision cell where low-energy CID
fragmentation occurs. Q1 quadrupole, on the other hand, is the ion filter portion
of the instrument, used during MS/MS analysis. All quadrupoles operate in the
rf-only mode during simple single-stage MS analysis. The utilization of the
Q1 as the analyzer, instead of the ToF, is only used for tuning the instrument
because the ToF is more efficient for this purpose. Due to the crucial role of
both the Q1 and q2 quadrupoles during MS/MS analysis, these instruments are
usually referred to as QqToF mass spectrometers, where the first Q refers to the
mass-resolving quadrupole and the second q indicates the collision cell (rf-only
quadrupole or hexapole).

One of the major advantages of Q-ToF instrumentation is its ability to be
interfaced with either ESI or MALDI with little manipulation of the configura-
tion. The association with MALDI is of great importance because it allows for
performing MS/MS experiments. Due to the inherent limitation of a quadrupole
in terms of mass range, there are, however, difficulties in orthogonal injection
of large singly charged ions to the ToF.

Other advantages of QqToF instruments include ease of operation, high
resolution, high mass accuracy, and up to 100-fold increase in sensitivity when
compared to triple quadrupole (79). Nevertheless, QqQ instruments are still
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favored for quantitative studies as well as for precursor ion scans in which the
“parent” ion of a specific fragment can be identified. In such an analysis (with
QqQ), the final quadrupole is fixed, whereas the first one is scanning. Such
functionality cannot be as efficiently obtained with QqToF instruments as with
QqQ mass spectrometers.

We have successfully used QqToF instrument in the structural character-
izations of numerous biological and pharmaceutical compounds. We showed
that lipid A, isolated from the A. salmonicida lipopolysaccharide, had two phos-
phate groups at position O-1 and O-4′. In addition, both D-GlcN units of the
β-D-(1→6) disaccharide were O- and N -substituted with various fatty acids,
which were identified to be C12:0 and C14 (3-OH). MS/MS analysis illus-
trated the presence of two C14:0 (3-OH) fatty acids on the reducing end group
and two C14:0(3-O(12:0)) on the non-reducing end group of the disaccharide
(80). Similarly, the ESI-QqToF-MS/MS has assisted in the complete structural
characterization of the core oligosaccharide containing an O-4 phosphorylated
and O-5 glycosylated Kdo reducing end group (81). It was shown for the first
time through MS/MS that the Kdo unit is indeed phosphorylated at position
O-4.

More recently, we reported an MS evidence for the formation of an un-
precedented C-glycosylation reaction during the ESI-MS and MS/MS analysis
of a serious of novel synthetic liposomal neoglycolipids (82). Such a reac-
tion does not occur easily and requires reasonable efforts on a bench-top in a
chemistry lab. It occurred, however, in a timeframe of milliseconds within the
mass spectrometer. We and Eberlin’s research groups are the first to show that
such reactions can occur under atmospheric pressure in the ESI source (83,
84).

SUMMARY

Mass spectrometry is evolving into an increasingly powerful and useful tool
that can analyze traces of biological samples and identify the structure of un-
known proteins and other biological extracts. It complements other traditional
biochemical methods and instruments such as NMR. Mass spectrometers are
currently available in numerous configurations with various ionization tech-
niques and mass analyzers. Each seems to be optimal for a specific series of
compounds or applications. It is therefore not surprising that many journals
dedicate their complete contents to the new knowledge surrounding mass spec-
trometric studies. Mass spectrometry can help answer two continuously asked
questions in life science: what and how much. Science around mass spectrom-
etry will continue to attract researchers either to develop new MS applications
or to create new hardware or software components.
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