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Mass spectrometry (MS) is one of the most widely used analytical techniques in many
fields. Recent developments in chemical and biological researches have drawn much
attention to the measurement of substances with low abundances in samples. Continuous
efforts have been made consequently to further improve the sensitivity of MS.
Modifications on the mass analyzers of mass spectrometers offer a direct, universal
and practical way to obtain higher sensitivity. This review provides a comprehensive
overview of the latest developments in mass analyzers for the improvement of mass
spectrometers’ sensitivity, including quadrupole, ion trap, time-of-flight (TOF) and Fourier
transform ion cyclotron (FT-ICR), as well as different combinations of these mass
analyzers. The advantages and limitations of different mass analyzers and their
combinations are compared and discussed. This review provides guidance to the
selection of suitable mass spectrometers in chemical and biological analytical
applications. It is also beneficial to the development of novel mass spectrometers.
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INTRODUCTION

Recent developments in chemical and biological researches have drawn much attention to the
measurement of low-abundance substances in samples, such as biomarkers and single-cell
metabolites. These low-abundance substances often play important roles in their corresponding
chemical or biological systems (Chen et al., 2016; Finn et al., 2020; Marabelle et al., 2020). Accurate
and sensitive analysis of these low-abundance substances is essential for the in-depth interpretation
of related chemical and biological phenomena (Sonnett et al., 2018; Yin et al., 2018; Liang et al.,
2019). Therefore, there are great demands for analytical instruments with higher sensitivity. Mass
spectrometry (MS) has unparalleled sensitivity and specificity. It is one of the most widely used
analytical techniques in many fields, such as analytical chemistry (Donnelly et al., 2019), life sciences
(Zenobi, 2013; Lehmann, 2017), environmental monitoring (Hollender et al., 2019) and food safety
(Shao et al., 2019). Continuous efforts have been made consequently to further improve the
sensitivity of MS so as to meet the analytical requirements in different fields.

Sensitivity is an index reflecting the performance of mass spectrometers. The sensitivity of mass
spectrometers can be expressed in the way of signal-to-noise ratio (S/N) (Ingle, 1974). S/N is defined
as the ratio of signal intensity (S) to noise (N) obtained for a certain amount of sample (Gross, 2011).
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Thus, it can be improved by either increasing the signal intensity
or reducing the noise. The higher S/N represents the higher
sensitivity for a certain amount of sample. In addition to S/N,
limit of detection (LOD) and limit of quantification (LOQ) are
also common expressions of sensitivity. LOD is defined as the
lowest concentration of the component to be reliably detected in
the sample, and the S/N is 3:1 (Nijat et al., 2020). LOQ is the
lowest concentration of the component to be reliably quantified
in the sample, and typical S/N ratio is 10:1. The LOD and LOQ
can also represent the detection capability of mass spectrometers.
The lower LOD and LOQ reflect the higher sensitivity of mass
spectrometers.

The improvement of mass spectrometers’ sensitivity can be
achieved in different ways. The optimization of the pretreatment
procedures is the most commonly used way. It is difficult to
directly measure low-abundance substances in complex matrices
(Torres et al., 1996; Ahmed, 2001). The interferences of the
matrices can be reduced effectively by the use of pretreatment
techniques. The pre-processed samples can easily be determined
by subsequent MS analysis, thereby reducing the LOD of the
analytical methods (Jakubowska et al., 2005; Cruickshank-Quinn
et al., 2014). The development of novel ionization techniques is an
extremely effective way. Continuous efforts have been paid in
recent years on the development of novel ionization sources,
especially ambient ionization sources. Techniques have been
developed to increase the ionization efficiency of targeted
substances, thereby increasing the signal intensities and
sensitivity. In-source techniques have also been developed to
remove complex matrices in biological samples. The interferences
of matrices are significantly eliminated and the S/N of analytes is
improved. Developments in the ion transmission systems
improve the transmission efficiency of ions from the ambient
atmosphere to the mass analyzers. Novel ion funnel and ion lens
were developed to focus and transfer ions more efficiently (Zhai
et al., 2019; Snyder et al., 2020). The transmission efficiency of
ions can be improved with these techniques. The ion beam can be
radially confined more tightly by using a quadrupole ion guide
(Chen et al., 2015). The radial expansion of the ion cloud is
reduced. The transmission efficiency and mass selection accuracy
of ions are improved. Complex mixtures can be measured more
sensitively.

The improvement of mass analyzers is a promising way. In
summary, there are four basic strategies used on mass analyzers
for the improvement of mass spectrometers’ sensitivity, including
the improvement of ion transmission efficiency, the selective
enrichment of targeted ions, the improvement of the ion
utilization rate and the improvement of the signal-to-noise
ratio (S/N) of the spectrum. The strategy of improving the ion
transmission efficiency is mainly used in quadrupole mass
analyzers. The strategy of selectively enriching targeted ions is
mainly used in ion trap mass analyzers. The strategy of improving
the ion utilization rate is used in time-of-flight (TOF), Fourier
transform ion cyclotron (FT-ICR) and Orbitrap mass analyzers.
The strategy of improving the S/N of the spectrum is mainly used
in quadrupole tandem mass analyzers.

Till now, there have been many reviews that summarize
the improvement of pretreatment procedures and ionization

techniques (Raterink et al., 2014; Klampfl and Himmelsbach,
2015; Peacock et al., 2017; Deng et al., 2019). Few reviews
have focused on the improvement of mass analyzers.
However, mass analyzer is the core component of a mass
spectrometer. The betterment of mass analyzers is the most
direct, universal and practical way to enhance the sensitivity
of MS. At present, excellent works have been down on the
improvement of different types of mass analyzers to increase
the sensitivity of MS. But few papers provide a complete and
systematic review of these works. This paper reviews the
recent developments of mass analyzer techniques that
improve the sensitivity of MS. It summarizes the
development trends of different mass analyzers and their
combinations for higher sensitivity, including quadrupole,
ion trap, time-of-flight (TOF) and Fourier transform ion
cyclotron (FT-ICR) analyzers, along with different
combinations of these analyzers. The review offers us new
insights into the development trends of mass spectrometers
from a perspective of mass analyzers. It provides guidance to
the selection of suitable mass spectrometers in chemical and
biological analytical applications. It is also beneficial to the
development of novel mass spectrometers.

QUADRUPOLE MASS ANALYZER

Quadrupole mass analyzer, also known as quadrupole mass filter
(QMF), is composed of four parallel cylindrical or hyperbolic
rods. Theoretically, an ideal hyperbolic electric field can be
obtained by ideal hyperbolic electrodes. In practice, the
processing and assembly of ideal hyperbolic rods are of great
difficulty. Thus, cylindrical electrodes are often used instead of
hyperbolic electrodes in quadrupole.

There are two working modes for the quadrupole mass
analyzer, namely the ion guide mode for ion transfer and the
mass filter mode for mass analysis. The mechanisms behind
the two modes are different. In the ion guide mode, the
quadrupole is operated in a radio frequency (RF)-only
mode without direct current (DC) voltage, ions with a
wide range of mass-to-charge ratio (m/z) values have
stable trajectories in the quadrupole (Douglas, 2009).
Under this condition, the quadrupole acts as an ion guide,
transmitting ions generated from the ambient ionization
source to the mass analyzer in high vacuum. There is a
vacuum gradient from the outer side of the quadrupole to
the inner side, ranging from 0.1 to 1 × 10–3 mbar.

In the mass filter mode, a DC voltage is applied to one opposite
pair of electrodes of the quadrupole while a RF voltage is applied
to the other opposite pair of electrodes. The voltage polarity
between two adjacent electrodes is opposite (Miller and Denton,
1986). The DC and RF voltages generate a quadrupole field within
the quadrupole. The movement of ions in the quadrupole field
can be described by the first stable zone diagram. Ions with
different m/z can be scanned/filtered by changing the DC and RF
voltages (March 1997). In this review, we mainly focus on the
mass filter mode. This is how the quadrupole acts as a mass
analyzer.
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FIGURE 1 |Waveform applied on the ion trap. (A) Schematic of circuit for a ceramic-based linear ion trap (cRIT). Adapted with permission fromWang, L., Xu, F. and
Ding, C.-F (2013). Anal. Chem. 85, 1,271–1,275 (Wang, et al., 2013). Copyright 2013 American Chemical Society; (B) Schematic diagram of LIT applied signal. Adapted
with permission from Jiang, T., Xu, Q., Zhang, H. J., Li, D. Y. and Xu, W (2018). Anal. Chem. 90, 11,671–11,679 (Jiang et al., 2018). Copyright 2018 American Chemical
Society; (C) The Grid-stored waveform inverse Fourier transform (Grid-SWIFT) waveform in the “brick”MS. Adapted with permission from Xu, Z. Q., Jiang, T., Xu,
Q., Zhai, Y. B., Li, D. Y. and Xu, W. (2019). Anal. Chem. 91, 13,838–13,846 (Xu et al., 2019). Copyright 2019 American Chemical Society; (D) Schematic illustration for
mass analysis using collective interaction. Adapted with permission from Zhou, X. and Ouyang, Z (2021). Anal. Chem. 93, 5,998–6,002 (Zhou and Ouyang, 2021).
Copyright 2021 American Chemical Society.
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Quadrupole has the advantages of simple structure and low
cost. It can be used in fields such as atmospheric monitoring and
aerospace (Franz et al., 2014; Franz et al., 2017; Trainer et al.,
2019). The “Curiosity” landing on Mars is equipped with a
quadrupole mass analyzer that can measure light isotopes and
volatiles (Mahaffy et al., 2012). The measurement results
confirmed the presence of chlorobenzene and similar organics
on Mars. Due to the limitations in mass range and resolution, it is
not conducive for quadrupole to analyze macromolecular
compounds. In addition, qualitative analysis is another
drawback of quadrupole, due to its inability to perform MSn.
The combination of quadrupole with other mass analyzers offers
an alternative way to make up for its drawbacks. Quadrupole is
often placed in front of other mass analyzers to filter ions for the
purpose of removing matrix ions.

Introducing a delayed DC ramp to quadrupole can improve
the transmission efficiency of the quadrupole (Brubaker, 1968). A
short RF-only quadrupole (pre-filter) is placed in front of the
main quadrupole with RF and DC supply. The DC voltage is
applied to the main quadrupole only after the ions enter the main
quadrupole. Thus, the a and q parameters of the targeted ions
always remain in the stable region. Losses of ions caused by
electric fringe fields at the entrance of the main quadrupole are
reduced. The sensitivity is significantly improved. This method is
used in many modern commercial mass spectrometers. However,
it is not useful when using higher stability regions. Huntley and
Reilly (2020) simulated the acceptance and transmittance of mass
filters driven by sine and rectangular waveforms. When a pre-
filter was used or the duty cycle was delayed, the sensitivity of
both systems is increased by four times. The ions directly reached
the apex of the stability region when the pre-filter was not used.
The ions were unstable along the y-axis, leading to ion loss.
Putting a pre-filter in front of the main quadrupole can physically
achieve a delayed DC field. Initially, the ion only experienced a
monotonic increase to the value of q due to the absence of DC,
i.e., a � 0. The q value of the ion was increased to a value under the
apex. Subsequently, the a value of the ion was increased rapidly
until the ion reached the vicinity of the apex. This ensured that
the path of the ion to the apex of the stability region was stable on
both axes. Thus, it improved the sensitivity. The rectangular
waveform based on the frequency dynamic duty cycle drove the
mass filter without applying a DC voltage. Adjusting the duty
cycle could narrow the range of stable q values. The mass
distinction was achieved by moving from the apex to a � 0
axis. Ions moved along a stable path. The transmission efficiency
of the quadrupole was improved.

However, the addition of the pre-filter also causes the
reflection of ions at the boundary of the pre-filter/quadrupole.
Ions are trapped in the pre-filter region (Dawson, 1975). Loss of
ions in the mass filter is caused. Collings (2019) modified the pre-
filter. The field radius of the pre-filter rods was reduced to match
the effective potentials at the boundary of the pre-filter or mass
filter. The effective potential of the pre-filter was greater than that
of the mass filter to generate an effective potential gradient at the
boundary. In addition, the pre-filter was rotated about its
longitudinal axis. The reflected ions entered an unstable ion
trajectory. Finally, the pre-filter rods were tilted to form the

effective potential gradient toward the length of the pre-filter
rods. These improvements have greatly reduced the number of
ions trapped in the pre-filter.

Some works make use of stable islands to increase the ion
transmission efficiency. An auxiliary quadrupole field is applied
to main quadrupole. Resonance excitation induced ion
oscillations caused many bands of instability on both sides of
the first stability region, forming many stable islands (Konenkov
et al., 2001). Each stable island has its own operation point and
can be used for ion separation. Zhao et al. (2010) increased the
transmission efficiency by about two orders of magnitude by
using stable islands on a conventional cylindrical quadrupole.
Two additional alternating current (AC) excitations were used by
Sudakov et al. (2016) to form a narrow and long stability band
along the X-band at the right of first stability region. The X-band
is similar to the higher stability region. The delayed DC ramp
technique can be combined to enhance the sensitivity. Douglas
and Konenkov (2018) developed a new mode of the main
quadrupole operation. A constant dipole voltage was applied
between the y electrodes of main quadrupole. An auxiliary RF
quadrupole voltage was applied to the x and y electrodes. The
modification of the stability diagram was studied. The low-mass
tail of a peak could be removed to control the resolution, so that
the isotopic abundance sensitivity was improved by about two
orders of magnitude.

Xue et al. (2021) combined a soft ambient ionization technique
with enhanced in-source fragmentation and multiple fragment
ion monitoring technique on a single quadrupole mass
spectrometer for high-sensitivity quantitative analysis. It can
be used to determine standard mixtures and metabolites in
cell and plasma extracts. The single quadrupole mass
spectrometer has comparable quantitative performance with
triple quadrupole (QqQ) mass spectrometer, and can even
detect certain chemical substances more effectively. Compared
with multiple reaction monitoring (MRM) of the QqQ, single
quadrupole multiple fragment ion monitoring analysis of C20
sphingosine is more sensitive. The dynamic range is extended to
lower analyte concentrations.

ION TRAP MASS ANALYZER

Wolfgang Paul and his coworkers first proposed a three-
dimensional (3D) ion trap mass analyzer, which had two
hyperboloid end-cap electrodes and a ring electrode (Paul and
Steinwedel, 1953). The ion trap can focus the ions at the center
and realize the selection and detection of specific m/z ions in the
trap (Snyder et al., 2016a). The ion trap mass analyzer has become
the first choice for the development of miniaturized mass
spectrometers due to its simple structure, small size, high
sensitivity and relatively lower vacuum requirements. It can
isolate ions and realize MSn. It is suitable for the qualitative
research of molecular structure (Frankfater et al., 2019). The ion
trap mass analyzer has played an important role in expanding the
field of proteomics (Mayya et al., 2005; Blackler et al., 2006). It is
also used to investigate the chemical reaction of gas phase ions
(Guo et al., 2015; Parchomyk and Koszinowski, 2019). But there
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are strong Coulomb interactions among the large number of ions
trapped in the ion trap, resulting in space charge effects. The
accumulation of ions is limited (Hager, 2002).

A two-dimensional (2D) linear ion trap (LIT) has been
developed (Hager, 2002; Schwartz et al., 2002). Compared with
3D ion trap, ions are not axially restricted by the RF potentials in
the 2D ion trap. The trapping efficiency of LIT is about 10 times
that of quadrupole ion trap (QIT), and the charge capacity is
20 times that of QIT (Douglas et al., 2005; Riter et al., 2006). In
order to facilitate the manufacture and miniaturization, 3D ion
traps with simplified geometric shapes were developed. The
reduction in trapping capacity and sensitivity caused by the
decreased physical size of the ion trap is compensated. The
cylindrical ion trap (CIT) consists of a cylindrical ring
electrode and two flat end-cap electrodes (Patterson et al.,
2002). It is much easier to fabricate than the conventional ion
trap with hyperbolic shaped electrodes. Toroidal RF ion trap is
another choice. It has higher ion storage capacity and is easy to
miniaturize (Lammert et al., 2001). The storage capacity is
increased by trapping ions in a ring.

Cooks et al. developed a rectangular ion trap (RIT) (Ouyang
et al., 2004). Rectangular geometry electrode pairs were used to
build a trap to increase the ion trapping capacity (Ouyang, et al.,
2004; Peng et al., 2008; Song et al., 2006). Due to the higher ion
capture capability of RIT, the S/N was increased by 40 times
compared to the conventional cylindrical ion trap. Huo et al.
(2020) modified a conventional RIT electrode into an asymmetric
rectilinear ion trap (ARIT) with unidirectional ion ejection
capability. Convex and concave circular structures were added
to the two X electrodes. The electric field center of the ion trap
was inclined to the concave side. The trapped ions were collected
near the concave side where an ion detector was installed. It can
detect a stronger ion signal than the conventional RIT. The
detection limit for rotundine reached 1-ppb level. There is no
obvious decrease of the dynamic range and mass resolution.

Digital waveform technology (DWT) is introduced to ion trap
to instantaneously switch the frequency and duty cycle of the
waveform. In digital ion trap (DIT) (Ding et al., 2002; Ding and
Brancia, 2006; Brancia et al., 2010), a rectangular waveform is
used to drive the ion trap. Mass selective ion ejection and
excitation can be performed by scanning the frequency of the
rectangular waveform. DIT has many advantages, such as low
trapping voltage and high-quality analysis capabilities. It also has
lower power requirements than the ion traps using sine
waveforms. More efficient fragmentation can be achieved,
which provides higher sensitivity and more molecular
structure information.

Wang et al. (2013) used rectangular waveforms for ion
trapping in a ceramic-based linear ion trap (cRIT) system. A
dipolar excitation waveform was formed by dividing down the
trapping rectangular waveform (Figure 1A). It is applied to a pair
of x electrodes for ion ejection. Highly efficient CID are
performed by changing the duty cycle of the excitation
waveform. Xu et al. (2014) further developed a novel ion
activation method by using a rectangular wave dipolar
potential. The frequency of the rectangular wave dipolar
potential formed by dividing down the trapping rectangular

waveform is adjusted. The selected precursor ions are
resonance excited to high kinetic energy and then dissociated.
Xu et al. (2016) continued to study the effects of experimental
parameters on the efficiency of CID such as trapping waveform
frequency and amplitude. The efficiency of CID is higher when
the voltage of the trapping waveform is higher. Xue et al. (2016)
developed a portable digital linear ion trap (LIT) mass
spectrometer for the analysis of volatile organic compounds
(VOCs). A digital waveform was used to capture and excite
ions. It is especially suitable for on-site monitoring. The
corresponding LOD of the mixed gas samples of benzene,
toluene, xylene and monochlorobenzene measured are 0.67,
0.32, 0.19 and 0.37 ppbv, respectively.

TwoDC potentials with the same amplitude but different signs
can be applied on the pair of x-electrodes with ejection slits to
form a dipolar DC field (Tolmachev et al., 2004). He et al. (2017)
developed a dual-polarity LIT mass spectrometer. An additional
dipole DC field was applied to the ejection electrodes of the LIT.
Cations and anions could be simultaneously operated and
analyzed. The DC was adjusted to control the spatial
distribution of cations and anions. The ions in the center of
the LIT are moved to the RF electrode, achieving the directional
ion ejection. Compared with the conventional ion ejection mode,
the signal intensity of ions was improved by 2 times, and the
ejection and detection efficiency of ions could also be enhanced
by about one-fold. More structural information can be obtained
by simultaneously obtaining the fragment ions of the cation and
anion of the peptide. Ions can be distinguished by their charge
polarity. Ion/ion reaction kinetics process can be controlled and
monitored in real time.

By applying a DC voltage on the ejection electrodes in a LIT
MS, the ions are moved from the central axis of the four
electrodes to near the eject slit and were more easily ejected
(Li et al., 2018). Xu’s group proposed a quadrupole enhanced
(QE) dipolar resonance ejection method which was implemented
in their home-built “brick” mass spectrometer (Jiang et al., 2017;
Jiang, et al., 2018). A quadrupolar excitation signal was coupled
with a RF signal to form a combined signal (Figure 1B). The
combined signal was applied on one pair of the hyperbolic
electrodes of the LIT, while a dipolar excitation signal was
applied on the other pair of the hyperbolic electrodes. The ion
ejection point could be controlled by adjusting quadrupole and
dipole excitation frequencies. Compared with dipole resonance
ejection, QE dipolar resonance ejection can increase the ion
intensity, thereby improving the detection sensitivity by no
less than 2 times. The LOQ was 0.25 μg/ml using the QE-
dipolar resonance ejection method. A mixture of the peptide
Met-Arg-Phe-Ala (MRFA, 100 μg/ml) and reserpine (Res, 50 μg/
ml) and bradykinin (100 μg/ml) were analyzed using a Brick mass
spectrometer. The resolution and signal intensity are enhanced.
In addition, the faster ion ejection during the QE-dipole
resonance ejection process could shorten the duration time of
the Coulomb interaction during the ion ejection process. The
space charge effect in the ion trap was reduced. This method can
be widely applied to benchtop and miniaturized ion trap mass
spectrometers. A triple resonance method was developed to
perform precursor ion scan to improve sensitivity (Szalwinski
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et al., 2020). The excitation of the precursor ions and the first-
generation (MS2) product ions and the ejection of the second-
generation (MS3) product ions occur simultaneously. Species that
produce product ions with the same m/z but different structures
are identified by MS3 product ions. When using the triple
resonance method for precursor ion scan of chemical warfare
agent simulants (cyclohexyl methylphosphonate and pinacolyl
methylphosphonate) and central nervous system stimulants
(amphetamine and methamphetamine), the increases in
sensitivity can be observed.

Space charge effects can significantly limit the sensitivity of all
the ion trap mass spectrometers. Techniques are developed to
reduce the impact of space charge effects. Dalton et al. used a
dual-frequency waveform that contained two closely spaced
frequencies (Snyder and Cooks, 2016b). Their relative
amplitudes were adjusted. The first frequency excited the ions
to higher amplitudes where space charge effects were less
prominent. When the ions come into resonance with the
second frequency, the ions were more effectively ejected from
the ion trap. Compared with conventional single frequency
resonance ejection, the resolution and sensitivity are improved.
Thus, successive resonances may be most applicable to improving
the performance of miniature mass spectrometers. The ions
trapped in the ion trap can be effectively isolated by applying
a stored waveform inverse Fourier transform (SWIFT) on the
electrodes of the ion trap. The space charge effect is reduced to a
certain extent (Chen et al., 1987; Guan and McIver, 1990; Guan
and Marshall, 1996). However, the target ions cannot be isolated
during the ion injection period. Xu’s group constructed a
broadband ion excitation signal, called a Grid-SWIFT
waveform (Xu, et al., 2019), on the “brick” MS. The Grid-
SWIFT waveform had a grid shape time-frequency domain
spectrum and multiple frequency components present at any
time (except in the notch area). Only the ions of interest were
isolated into the ion trap by continuously ejecting unwanted ions
during ion injection period (Figure 1C). Interferences of solvents
and impurities were removed. Space charge effects were reduced.
The selectivity and S/N of the target analytes were improved.
Compared with the conventional SWIFT waveform, the detection
sensitivity of the targeted ions could be improved by about 4
times. The operation process similar to that of a QqQwas realized
on the “brick” MS. The “brick” MS can be used for the
quantification of target analytes. In the selected ion
monitoring (SIM) mode, a LOD of 50 ng/ml is obtained by
using Grid-SWIFT. In the pseudo-selected reaction monitoring
(Pseudo-SRM) mode, a LOD of 50 ng/ml and RSD less than 12%
was obtained over a concentration range of 100–1,000 ng/ml. In
the pseudo-multiple ion monitoring (pseudo-MIM) mode, a
good linearity is obtained (correlation coefficient of R2 > 0.99),
and an RSD is better than 11%. The performance achieved on the
“brick” mass spectrometer makes on-site quantitative analysis
possible.

Mass analyzers manipulate the ions based on gas
hydrodynamic (H) field and electric (E) field (Zhou and
Ouyang, 2016). The effect of H field and space charge of E
field are important for the design of mass analyzers. Zhou and
Ouyang (2014) developed an electro-hydrodynamic simulation

(EHS) method that combines the E field and H field to simulate
ion trajectories. A dynamic gas field can be generated in the
instrument when ions are transferred between two regions with
different pressures. The transfer of externally introduced ions to
the LIT was studied by using the EHS method with the dynamic
gas field. It was also verified by experimental characterization.
Due to the gas expansion, 100% of the ions had at least one
collision and more than 65% of them had multiple collisions.
Therefore, the low-pressure LIT has a relatively high trapping
efficiency. Studies have shown that the gas expansion in high
vacuum has a great influence on ion transfer and mass analysis,
thereby affecting the sensitivity. The EHS method has great
potential in the design of hybrid instruments and the research
of ion energetics.

Zhou and Ouyang (2021) used a collective interactions of the
ions for mass analysis (Figure 1D). Analyte ions and signaling
ions were first stored in the trap. Then, the signaling ions were
placed close to the stable boundary by adjusting the RF.
Compared with the signaling ions, the analyte ions were in a
deeper potential well. Finally, the analyte ions were excited by the
alternating current (AC). The excitation energy of the analyte
ions was transferred to the signaling ions through collective
interaction. The signaling ions were ejected from the LIT. The
EHS method was used to simulate ion trajectories. The collective
interaction process was further discussed. Mass analysis using
collective interaction of ions is nondestructive to the analyte ions.
The collective interaction ejection can increase the signal
intensity of the analyte ions. It can be used for identification
of charge states of proteins.

Trapped ion mobility spectrometry (TIMS) utilizes the
synergy of E field force and gas flow to achieve ion mobility
separation. The complexity of the spectrum is reduced. The
sensitivity is increased. The TIMS device is composed of three
parts, including an entrance funnel, the TIMS tunnel and an exit
funnel (Fernandez-Lima F. et al., 2011; Fernandez-Lima F. A.
et al., 2011). Ions are focused into the TIMS tunnel and move
forward under the push of the gas flow. Ions are separated
according to their cross sections. The direction of the E field
applied on the TIMS funnel is opposite to the direction of the ion
movement, preventing the forward movement of ions. The ions
are trapped in the specific location. Then the ions are released by
gradually reducing the E field strength (Michelmann et al., 2014;
Silveira et al., 2016). Fouque et al. (2021) developed a novel TIMS
for the analysis of macromolecular assemblies. The TIMS
analyzer used a convex electrode (Figure 2). The
pseudopotential penetration in the radial dimension was
increased. The mobility trapping was extended to high-
molecular-weight species in native state. It is widely used in
the analysis of intrinsically disordered proteins and functional
proteomics.

TOF MASS ANALYZER

The ions formed in the ion source obtain the initial kinetic energy
from the accelerating voltage. The ions then enter the field-free
drift spatial region. Ions with different m/z have different flight
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time. The ions are separated according to their m/z. Ions with the
smaller m/z arrive at the end of the drift length before ions with a
larger m/z (Wiley and Malaren, 1955). The TOF mass analyzer
has the advantages of fast analysis speed and high upper limit of
quality (Bolaños et al., 2003; Vestal, 2009). It is especially suitable
for the analysis of large-throughput and fast analysis of biological
macromolecules (Karas, 1990; Park et al., 2012; Ramandi et al.,
2021). The TOF mass analyzer can measure the mass of many
peptides simultaneously. It has become the most popular tool for
peptide mass fingerprint analysis (Alnakip et al., 2020; Sun et al.,
2020). However, a relatively high degree of vacuum and a
relatively constant temperature environment are required. MSn

can be achieved by TOF through the combination of collision
devices in front of the TOF mass analyzer (Cotter et al., 2004).

The reflectron is an effective means for TOF focusing of ion
packets through energy. The use of gridless ion reflector can avoid
the scattering of ions on the grids of the ion reflector. Multi-

reflection time-of-flight (MR-TOF) mass analyzer with multiple
gridless mirrors was developed (Plaß et al., 2013). The total length
of the mass spectrometer is reduced by folding the ion path
between multiple gridless mirrors. Further improvements in the
ion optics lead to the increase of the energy and spatial acceptance
of the MR-TOF mass analyzer, improving the mass resolution
and sensitivity. Yavor et al. (2008) described a MR-TOF analyzer
with a jig-saw ion path. Ions move along the jig-saw path between
two parallel planar gridless ion mirrors. The design of high-
quality four-electrode planar gridless ion mirrors realize the 3rd-
order TOF focusing with respect to ion energy. The 2nd-order
TOF focusing with respect to spatial spread in the direction
normal to the plane of the jig-saw motion is also achieved. This
design of the mass analyzer allows the analysis of ions in the full
mass range. Yavor et al. (2015) developed an optimized high-
performance axially symmetric four-electrode gridless ion
mirrors. The developed MR-TOF MS was successfully applied

FIGURE 2 | Designs and simulations of TIMS. (A) Designs of the concave and convex electrode geometries; (B) Equipotential lines of the concave and convex
electrode geometries at a given applied voltage. Adapted with permission from Jeanne Dit Fouque, K., Garabedian, A., Leng, F., Tse-Dinh, Y.-C., Ridgeway, M. E., Park,
M. A., et al. (2021). Anal. Chem. 93, 2,933–2,941 (Fouque et al., 2021). Copyright 2021 American Chemical Society.
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to the study of exotic nuclides. Spivak-Lavrov et al. (2020)
designed multi-stage and multi-reflective TOF analyzers with
wedge-shaped mirrors. An inhomogeneous accelerating field was
generated by changing the potentials on the electrodes of the
mirror. Packets of ions with identical masses were compressed in
the direction of their movements. The detector was placed in the
largest plane where the ion packet was compressed. The high
resolution and sensitivity of TOF MS can be achieved.

Multi-turn (MT) TOF offers an alternative way to extend the
flight pass of ions. Shchepunov et al. (2019) proposed a design of
the ion optics for a high-resolution MT-TOF mass analyzer. The
mass analyzer has rotationally symmetric main electrodes and
O-type closed planar orbits. In order to improve transmission
efficiency, the electric field of the mass analyzer is configured to
achieve focusing in two lateral directions. Yavor et al. (2019)
proposed a design of the ion optics with a sector field for MT-
TOF mass analyzer. The mass analyzer has cylindrical
electrostatic sectors and a periodic array of two-dimensional
lenses. Oval-type spiral ion trajectories can be formed. It has a
2nd-order TOF focusing with respect to the energy and space
(coordinates and angles) in the ion packet.

In modern TOF mass spectrometers, most of the ions are lost
in the extraction area, and the duty cycle is usually between 5 and
30% (Loboda and Chernushevich, 2009). Insufficient utilization
of ions limits the sensitivity of the mass spectrometers. The ion
throughput and sensitivity can be improved by increasing the
duty cycle. Methods for controlling the duty cycle of TOF MS
have been developed. One or more ion gates with the function of
transmitting or stopping the ion beam are placed in MS (Brenton
et al., 2010). The mass range of ions injected into the TOF mass
analyzer is controlled, increasing the repetition rate. But this only
applies to a limited m/z range. The Encoded Frequent Pushing
(EFP) method was developed to improve the duty cycle of high-
resolution TOF MS (Willis et al., 2021). It was a spectral
multiplexing technique. There were unique time intervals
between each pulse to minimize the overlapping of ion peaks
originating from different pushes. With the implementation of
EFP, the duty cycle was increased in proportion to the increased
pushing frequency. This meaned that the sampling efficiency of
the continuous ion beam was higher. The signal intensity was
enhanced by 10 times or more. The linear dynamic range was
expanded by an order of magnitude. The LOD of
octafluoronaphthalene (OFN) obtained is 100 fg. Trace
analytes in matrices can be detected. The analysis data of the
Egyptian mummy bandage extract also showed significant signal
enhancement in EFP mode. Analytes that cannot be completely
detected in no-EFP mode can be detected in EFP mode, such as
chlorinated hydrocarbon analytes.

FT-ICR MASS ANALYZER

FT-ICR analyzer uses a magnetic field to trap ions. The m/z of
ions is measured according to the cyclotron frequency of the ions
in a given magnetic field (Comisarow and Marshall, 1974). FT-
ICR analyzer has high mass accuracy and resolution (Bogdanov
and Smith, 2005; Nagornov et al., 2014). It has become an

important tool for the analysis of complex mixtures and
molecular structures of large biomolecules (Sampson et al.,
2009; Zeng et al., 2019). However, the instrument requires a
strong magnetic field and an extremely high vacuum. This
increases the cost for the operation of FT-ICR and limits its
applications.

The detection circuit of FT-ICR includes the detection plates
of the ICR cell, the amplifier and the analog-to-digital converter.
Developments in the three components can improve the
sensitivity of FT-ICR. The development of a cryogenic
detection system provides circulation cooling for the
cryopreamplifier inside the FT-ICR (Choi et al., 2012). This
reduces the temperature of the detection circuit and decreases
thermal noise, leading to the increase of the sensitivity. The
number of ions needed to create a detectable signal is directly
related to the capacitance of the detection circuitry (Limbach
et al., 1993).

Kaiser et al. (2011) improved the electrical vacuum
feedthrough and cable of the ICR cell in their custom-built
9.4 T FT-ICR mass spectrometer. The capacitance of the
detection circuit was reduced and the sensitivity was increased.
The instrument is very suitable for the analysis of complex
mixtures, as well as proteomic analysis of large intact proteins.
Identical signal-to-noise ratio (S/N) can be obtained for
petroleum samples with 1/8 of the concentration and 1/2 of
the ion external accumulation period compared to the former
instrument. In the future, the detection circuit capacitance might
be further reduced to improve the sensitivity, and novel ICR cell
configurations can be explored.

Kaiser et al. (2014) applied an auxiliary RF waveform with the
same amplitude and phase to all the rods of an ion accumulation
multipole in the 9.4 T FT-ICR simultaneously. An
m/z-dependent axial pseudo potential was created. An RF
voltage ramp was constructed to control the ejection of ions
from the accumulating octopole. Ions with different m/z reached
the ICR cell at the same time. The abundances of the ions with
high and low m/z were increased. The total number of fragment
ions identified in proteomic analysis was increased by
approximately 20% using the auxiliary RF ejection. For
complex mixture analysis, the number of assigned elemental
compositions was doubled. A transportable FT-ICR mass
spectrometer was associated with a glow discharge ionization
source to detect trace compounds in the air (Le Vot et al., 2016).
Polycyclic aromatic hydrocarbons, such as naphthalene,
acenaphthene and acenaphthene, were detected. The limits of
detection are in the high ppb level.

TANDEM MASS ANALYZERS

TandemMass Analyzers refer to the combination of two or more
mass analyzers. The characteristics of different analyzers are
combined to make up for each other’s drawbacks (De
Hoffmann, 1996; Sleno and Volmer, 2004). The separation,
fragmentation and mass analysis of ions are realized in
tandem mass analyzers. More structural information is
obtained. The interference produced by the substrate
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molecules can be avoided. The background noise is greatly
reduced. Tandem MS is particularly suitable for the analysis of
samples with complex component systems and serious
interference. It plays a vital role in biological and chemical
analysis (Petrie et al., 2019; Rajski et al., 2019; Heiles, 2021).

Combination of Quadrupole and Other
Analyzers
QqQ
QqQ mass spectrometers consist of three quadrupoles and are
one of the most common types of tandem mass spectrometers
(Yost and Enke, 1979). The first quadrupole (Q1) and the third
quadrupole (Q3) are used as mass filters. The second quadrupole
(Q2) is used as a collision cell. QqQ MS has great advantages in
quantification. It has become an indispensable analysis method
for trace substances in complex matrices, such as the
determination of pesticide residues and illegal additives in
food (Zainudin et al., 2022), the quantification of drug
metabolites (Li et al., 2022), the determination of pollutants in
the environment (Zhu et al., 2020) and clinical research (Kramer
et al., 2018). It will be more widely used in the detection of other
trace substances in the future.

The use of selected ion monitoring (SIM) can get higher
sensitivity (Jemal et al., 2003; Kato et al., 2012). For known
compounds, only specific ions are scanned. The interference of
other ions is eliminated. The signal intensity of specific ions is
improved. High liquid chromatography (LC)-QqQ MS was used
to quantify oak ellagitannins in Cognac in SIM mode (Gadrat
et al., 2021). The LOD and LOQ at RSD <10% were 41.4 μg/L and
138 μg/L. This method has been successfully applied to the
detection and quantification of 8 main oak ellagitannins in
oak wood samples. A selected reaction monitoring (SRM)
method was developed by Tsugawa et al. (2014) in a gas
chromatography (GC)-QqQ MS to analyze the trimethylsilyl
derivatives of 110 metabolites. Compared with single-
quadrupole MS (Wei et al., 2010), SRM mode also provides
high sensitivity and a wide dynamic range. Multiple reaction
monitoring mass spectrometry (MRM-MS) is a technique for
high-sensitivity target analysis. MRM is currently the most
commonly used method for quantitative analysis by tandem
MS. It has been widely used in the qualitative and quantitative
analysis of small molecules (such as drugs and metabolites)
(Lamont et al., 2018) and large molecules (such as proteins)
(Lepretre et al., 2020). Q1 selects the targeted precursor ions of
peptide according to m/z. In Q2, the precursor ions are
fragmented by collision-induced dissociation (CID). Q3 detects
selectively fragment ions at the specified m/z (Sherwood et al.,
2009). Due to the high selectivity and duty cycle, MRM-MS has
considerable sensitivity and multiplexing capabilities. Therefore,
it can be used to detect and quantify specific molecules in
complex mixtures. In proteomics, MRM-MS can be used to
monitor and quantify peptides based on the expected fragment
peaks generated by selected precursor ions of peptide.

Liu Z. et al. (2019) used MRM mode in a GC-QqQ MS to
realize the quantitative analysis of 9 commonly encountered
sulfonate esters in drug substances. The LOQ was between

0.10 and 1.05 ng/ml, which was much lower than the LOQs of
other methods (2.5–1,500 ng/ml). The QqQ MS was used to
analyze the anthocyanin derivatives in red wine under MRM
mode (Zhang et al., 2020). The LODs and LOQs were
0.221–0.604 μg/L and 0.274–1.157 μg/L. Nijat, et al. (2020)
used MRM method in high performance LC-tri-quadrupole
LIT MS for quantitative analysis for 10 representative
compounds as quality markers of Meiguihua Oral Liquid
(MOS), including gallic acid, quercetin-3-Osophoroside, ellagic
acid, sophoraflavonoloside, hyperoside, isoquercitrin, avicularin,
astragalin, quercitrin and juglanin. The LOD was between 0.110
and 6.539 ng/ml and LOQ was between 0.443 and 32.693 ng/mL.
A derivatization-assistedpseudo-multiple reaction monitoring
with high CID voltage (HV-p-MRM) strategy was proposed by
An et al. (2020), which can be used for rapid quantitative analysis
of brassinosteroids (BRs) in different organs of rape flowers. A
high CID voltage was applied in Q2. The precursor ions of the
analyte were not easily fragmented under high CID voltage, while
co-existing ions (impurity) of easy fragmentation can be
fragmented. Finally, Q3 selected the precursor ions. Most of
the co-existing ions were filtered out. The background signal
was reduced, increasing the S/N of the analyte. The LODs of the
mixed standards prepared in the ACN were between 1.49 and
6.56 pg/ml, and the LOQ were between 4.96 and 21.89 pg/ml. But
the application of this method has limitations. It is suitable for the
analysis of analytes with high stability.

Combination of Quadrupole and Ion Trap (Q-Trap)
Modifications on QqQ can make it directly into a combination of
Q-trap. An auxiliary RF voltage is applied to the third quadrupole
so that it can be used as a LIT. By making use of a novel curved
linear collision cell, the speed of ion transmission and the ion
capacity is increased. Cross contamination is effectively
prevented. The sensitivity and resolution of the LIT can
further be improved by adjusting the axial DC field and the
radial RF field in the extraction region. Improvements in the ion
transmission system and detector lead to better quantitative
ability. The Q-trap instruments have been used in many fields,
such as clinical trials (Roosendaal et al., 2019), pharmacokinetic
studies (Ren et al., 2018) and targeted lipidome analysis (Khan
et al., 2020).

In normal QqQ mode, the Q3 scan is used as a survey scan
and a product ion scan is used as a dependent scan. In the LIT
mode, an enhanced MS scan is used as a survey scan and an
enhanced production scan is used as the dependent scan.
Compared with the normal QqQmode, the ion trap mode was
used to analyze the extracted product ions in human urine,
and the S/N was increased by about 60 times using a trapping
time of 200 ms (Hopfgartner et al., 2003). It could be used to
identify metabolites in complex matrices. When the LIT MS
was scanning, the entrance RF-only section of the mass
spectrometer was used as the accumulating ion trap, which
could increase the duty cycle and increase the sensitivity by
20 times (Hager and Blanc, 2010). Sun et al. (2015) used the
enhanced product ion mode of the LIT on the hydrophilic
interaction liquid chromatography (HILIC) Q-Trap MS to
identify and quantify four anthocyanins in red grape wine.
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The LOQ range was 0.05–1.0 ng/ml. An MS3 detection
method was developed (Yin et al., 2021). The product ions
generated in Q2 are captured by LIT. The selected product
ions are further fragmented in the LIT and then detected. The
LC-MS3 method is used for the quantification of
methotrexate in human plasma. There is a good linear
relationship in the range of 10–3,000 ng/ml (R2 ≥ 0.995).
Compared with the quantitative results of identical human
plasma samples obtained by the LC-MRM method, the MS3

scan has higher sensitivity. The S/N for MS3 detection of
methotrexate at 10 ng/ml is about 3 times that of MRM
detection.

He, et al. (2017) placed the quadrupole in front of the dual-
polarity LIT for ion transmission or mass selective transfer to the
LIT. The LIT was used to accumulate ions. The types and
amounts of substances involved in the reaction were precisely
controlled. The occurrence of side reactions was reduced. The
detection effect of reaction products was improved. Fang et al.
developed a home-made Q-LIT tandem mass spectrometer for
clinical biomarker analysis (Fang et al., 2021). The ions of interest
were selected by the quadrupole into LIT. The interference of
matrix ions was removed. The total number of ions entering the
LIT was greatly reduced. Thus, the space charge effect was
significantly reduced. The sensitivity was improved. This
method can be used to analyze complex biological samples,
which can significantly improve the efficiency and accuracy of
analysis. It was used to measure small molecule disease markers
in complex clinical samples.

6.1.3 Combination of Quadrupole and TOF (Q-TOF)
In this combination, the Q3 of QqQ was replaced by TOF. It has
the speed and sensitivity of a TOF and quantification capabilities
similar to a QqQ (Andrews et al., 2011). It contains several
different modes of quantification (Morin et al., 2013). In the
SRMHR mode, the precursor ions are filtered by the quadrupole
and fragmented in the collision cell. The TOFmass analyzer scans
all product ions at high resolution (30 K). However, the sensitivity
of the mass spectrometer is affected in order to achieve high
resolution. The principle of SRMHS mode is the same as that of
SRMHR. But the TOF scan resolution is limited to 15 K. The
SRMHS enhanced mode used the same resolution (15 K) as
SRMHS for SRM experiments. The difference is that the only
product ion was specifically monitored and enhanced, which can
significantly increase the sensitivity of the hybrid quadrupole and
TOF mass spectrometer. The determination of biological analysis
requires very sensitive mass spectrometers. Compared with TOF
mode, the use of the SRMHS enhanced mode for sample
quantification is more suitable for regulated bioanalysis.

Hou et al. (2020) used high performance liquid
chromatography (HPLC) Q-TOF mass spectrometer to
screen veterinary drugs and pesticides in eggs.
Sulfachloropyridazine, sulfamethoxine, and fipronil sulfone
were detected. When the residual concentration is greater
than 10 μg/kg, Q-TOF and QqQ have comparable detection
effects. When the residual concentration is less than 1 μg/kg,
the detection effect of Q-TOF is better. A MRM method for
determining peanut (Arachis hypogea) allergens in serum

using Q-TOF was established (Hands et al., 2020). Compared
with the QqQ, an Ara h 2 peptide was only detected by
Q-TOF, and other peptide targets have similar assay
sensitivities on the both mass spectrometers. Peptides can
be repeatedly detected using the Q-TOF MRM method. The
assay sensitivities were 0.53–1.3 fmol on-column.

Pesticides are easily degraded in the environment to produce
products that are different from the original compound structure
(Fenner et al., 2013). The high-resolution TOF mass analyzer is
quite helpful for pesticide analysis (Bauer et al., 2018; Lee et al.,
2020). Moreover, the Q-TOF can effectively improve the analysis
accuracy of pesticides in the environment and reduce false
positives in the analysis. Q-TOF can measure precise
molecular weight and identify degradation products (Yuan
et al., 2021). Q-TOF can be used with matrix-assisted laser
desorption ionization (MALDI) (Minakata et al., 2017) and
electrospray ionization (ESI) (Ling et al., 2020). Both
ionization methods are suitable for biomolecules such as
proteins. Q-TOF is often used in the identification and
analysis of amino acid sequences in proteomics (Aili et al., 2016).

Combination of Ion Trap and Other
Analyzers
Ion Trap Arrays
A two-chamber ion trap with differential pressure regulation
constructs a dual-pressure LIT (Second et al., 2009).
Compared with the single trap, the first ion trap has a
higher pressure. The trapping efficiency and the
fragmentation efficiency of ions are improved. The second
ion trap has a lower pressure. The scan rate and resolution are
increased. Hybrid mass spectrometers with ion traps are
widely used for the identification of peptides and proteins
(Murugaiyan et al., 2017). The appearance of the dual-
pressure LIT mass spectrometer has greatly increased the
number of peptide and protein identifications. Ions can be
more transported into the trap within a limited maximum
injection time. The dual-pressure ion trap can obtain highly
sensitive MS2 mass spectra. The probability of identification
of low-abundance precursor ions is increased.

A differentially pumped dual linear quadrupole ion trap
(DLQIT) mass spectrometer was developed (Owen et al.,
2013). Tandem MS experiments were performed in the
first trap, and then the generated product ions could be
transferred to the second trap by axial ejection. The
triggering of the two traps was integrated to ensure their
synchronization. The most effective duty-cycle was obtained.
It can promote the research of ionic structure through ionic
molecular reaction and collision-activated dissociation
(CAD), without mutual interference between experiments.
A new type of RIT mass spectrometer with dual pressure
chambers was designed by Huo et al. (2016). The skimmer,
quadrupole, and inter-lens plate can act as a quadrupole
linear ion trap (Q-LIT) in the first vacuum chamber, and
RIT was in the second vacuum chamber. In the Storage
Quadrupole Linear Ion Trap-Rectilinear Ion Trap (SQLIT-
RIT) mode, Q-LIT was used for ion storage and isolation
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under high pressure, while RIT was used for analysis. In
traditional RIT MS with dual pressure chambers, the linear
quadrupole and octupole were operated only as ion guides
(Fico et al., 2007; Wang et al., 2012). Compared to with the
traditional Q-RIT mode, the signal strength of the SQLIT-
RIT mode was increased by a factor of 30, and the LOQ of
imatinib was reduced by an order of magnitude to 50 ng/ml.

Selective ion transfer and accumulation techniques can be
performed in ion trap arrays, which can effectively improve the
detection sensitivity of the low-abundance ions. A dual ion trap
mass analyzer that can detect ions with a high m/z (m/z > 6,000)
was developed (Hsu et al., 2013). Step scanning of the trapping
frequency for a sample was performed in a QIT. The selected ions
ejected from the QIT were trapped by the LIT. Compared with

the dual QIT, this device exhibited higher trapping efficiency. For
large biomolecular ions with high m/z, ions could be transferred
from the QIT to the LIT at an efficiency of about 60%, which was
the highest transfer efficiency in dual ion trap device for high-
mass ions at that time. It may be a convenient instrument for
studying top-down proteomics to detect intact proteins. Wang
et al. used the first ion trap to store the injected ions (Wang et al.,
2014). The targeted ions were then selectively ejected into the
second ion trap. After several mass selective transmissions, a
certain amount of the targeted ions were accumulated in the
second ion trap. They were subsequently detected. The sensitivity
of was enhanced by the accumulation of low-abundance ions in
the ion trap. This method may be further applied to the study of
gas phase ion reactions. Product ions can be transferred and

FIGURE 3 | (A) Normal procedure for MS2 scan in ion trap mass spectrometer (a) and procedure of repeated ion accumulation by ion trap mass spectrometer (b).
Adapted with permission from Si, X. Y., Xiong, X. C., Zhang, S. C., Fang, X. and Zhang, X. R. (2017). Anal. Chem. 89, 2,275–2,281 (Si, et al., 2017). Copyright 2017
American Chemical Society; (B) The dual TIMS and Q-TOF tandem mass spectrometer. Adapted with permission from Meier, F., Brunner, A.-D., Koch, S., Koch, H.,
Lubeck, M., Krause, M., et al. (2018). Mol. Cell. Proteomics 17, 2,534–2,545 (Meier et al., 2018). Copyright 2018 Elsevier.
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accumulated in the second ion trap to prevent further reactions or
fragmentations. Kamsap et al. (2015) constructed a double linear
trap. The ion cloud was unidirectionally transferred from the fist
ion trap to the second ion trap and accumulated. The number of
ions in the second ion trap was increased by the accumulation of
multiple cycles, thereby improving the S/N.

A technique for repeated ion accumulation in the ion trap
MS was developed to improve sensitivity (Si et al., 2017). The
injected precursor ions were isolated and stored in the high-
pressure ion trap before CID (Figure 3A). Repeating the ion
injection and isolation steps, a large number of precursor ions
were accumulated in the LIT. When ions were repeatedly
accumulated for 25 cycles, the detection sensitivity of various
molecules was increased 3–22 times. Low-abundance ions
could be stably detected at the single-cell level. This technique
is more suitable for targeted analysis of low-concentration
analytes. It may further identify and quantify more
metabolites, peptides or proteins in single-cell analysis. He
et al. (2019) developed a mass spectrometer with three linear
ion traps connected by a quadrupole deflector. Cations and
anions could be generated and introduced from either side of
the mass spectrometer to the LIT. Both reaction intermediate
ions and productions were selectively transferred and
accumulated in the last ion trap. After multiple rounds of
reactions and accumulations, the signal intensity was
significantly enhanced. The intermediate ions and product
ions could be analyzed by tandem MS, which could quickly
characterize the reaction with high confidence. This method
can be used in biochemistry, such as rapid screening of drug-
protein interactions.

Miniaturized mass spectrometers have achieved rapid
development in the past few years. But the sensitivity was
reduced due to size reduction. Strategies for ion trap arrays
have been developed to increase the storage capacity of ion
traps to increase sensitivity. In addition, miniaturized CIT
array was constructed to expand the total space for ion capture
(Tabert et al., 2003). The CIT array with multiple parallel
channels has the potential for high-throughput analysis of
multiple samples at the same time. Ding’s group developed an
ion trap array built using the printed circuit board (PCB)
fabrication technology (Li et al., 2009). The analysis speed and
sensitivity of MS have been doubled improved. High-
throughput MS analysis was achieved. Xu et al. (2014)
explored an ion trap array called an “ion sponge”. The 3D
array with hundreds of ion traps was constructed from meshes
with narrow wires. Ion transfer and analysis were performed
between the layers. Yu et al. (2016) proposed a novel toroidal-
cylindrical ion trap mass analyzer, which consists of an outer
toroidal ion trap (T-trap) and an inner CIT. The T-trap is
mainly used for ion capture and storage during the MS/MS
period. The precursor ions are selectively ejected from the
T-trap into the CIT and then trapped and fragmented in the
CIT. A more efficient MS/MS procedure can be achieved. A
miniature mass spectrometer with dual linear ion traps was
established to develop a comprehensive scanning mode for
tandem MS (Liu X. et al., 2019). It has great potential for
comprehensive qualitative and quantitative analysis.

Silveira et al. (2017) developed a dual TIMS to separate the
accumulation process of ions from the mobility analysis process.
The elongated TIMS tunnel was composed of a trap, a transfer
region and a TIMS analyzer. Ions are trapped and accumulated in
the trap. Then, the ions are transferred into the TIMS analyzer for
mobility analysis. At the same time, the trap is filled with the next
batch of ions. Through parallel accumulation and analysis of ions,
the duty cycle is close to 100%. The ion utilization efficiency and
sensitivity are improved. Parallel accumulation-serial
fragmentation (PASEF) technique is used in a dual TIMS and
Q-TOF tandem mass spectrometer (Figure 3B), improving the
sequencing speed without loss of sensitivity (Meier, et al., 2018).
First, the accumulation and mobility analysis of ions are parallel
to avoid ion loss. Then, the isolation of the ions by the quadrupole
and the elution of the ions after the mobility separation are
simultaneous. It is used for the analysis of lipids, proteins and
complete macromolecular assemblies. Liu et al. (2018) further
combined two TIMS analyzers and developed a tandem TIMS
(TIMS-TIMS) analyzer. TIMS-TIMS is incorporated in a hybrid
quadrupole time-of-flight (QqTOF) mass spectrometer for rapid
and sensitive biological analysis (Liu et al., 2020).

Combination of Ion Trap and FT-ICR
In this combination, ions are pre-accumulated in the ion trap
before being injected into the FT-ICR mass analyzer.
Compared to directly trapping ions in the ICR cell, the
pre-accumulation and storage of ions improves the
sensitivity, scan rate and duty cycle (Senko et al., 1997;
Syka et al., 2004). Weisbrod et al. (2013) replaced the
single-cell LIT with a dual-cell LIT. The dual-cell LIT
delivers more ions to the ICR cell through multiple filling,
which provides high ion capacity and ejection efficiency
(Hendrickson et al., 2015). Weisbrod et al. (2017)
equipped a multipole storage device (MSD) in a hybrid
system of dual-cell LIT and customized FT-ICR. The ion-
ion reaction was repeated with a relatively small number of
precursor ions. More product ions were accumulated before
being transferred to the ICR cell for mass analysis, which
improved the S/N. The reaction products could be
accumulated in the MSD until the maximum sequence
coverage was reached.

Ostrander et al. (2000) added a central trapping electrode on
the accumulation cell between the shutter and skimmer in the
3.0 T ESI/FT-ICR mass spectrometer. A negative potential was
applied to the central trapping electrode. The well depth was
increased. The ions were accumulated. The S/N was increased by
30 times.Weisbrod et al. (2008) developed a novel type of FT-ICR
cell, namely the trapping ring electrode cell (TREC). The trap
plates were divided into five concentric ring electrodes
(Figure 4A). The DC voltages of the ring electrodes were
controlled independently, so that the ions were excited to a
large cyclotron radius. Compared to the way in which the
same voltage applied to all ring electrodes during detection,
the signal intensity was enhanced by 10 times with the TREC.
The ability for protein identification was improved (Kaiser et al.,
2009). Weisbrod et al. (2010) developed an excite-coupled TREC
(eTREC) (Figure 4B). The RF excitation was coupled to the
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trapping rings of the TREC. The z-axis ejection was effectively
reduced. The entire ion population had a more uniform post-
excitation radius. The sensitivity was improved by more than
50%. The LOD was greatly reduced.

Combination of Orbitrap and Other
Analyzers
Orbitrap is a mass analyzer with ultra-high mass resolution,
usually combined with other mass analyzers. The C-trap can
be used as a collision cell to obtain fragment ions similar to the
QqQ (Olsen et al., 2007). This fragmentation technique is higher
energy collisional dissociation (HCD). The HCD requires a
higher RF voltage, which leads to a reduction in trapping
efficiency in the low-mass range. In the hybrid LIT-Orbitrap
mass spectrometer, an octopole collision cell is installed at the
other end of the C-trap to trap fragment ions in a very wide mass
range. The dual trap is introduced (McAlister et al., 2010; Olsen
et al., 2009). The hybrid dual LIT and Orbitrapmass spectrometer

is shown in Figure 5. The characteristics of the dual trap can be
combined to improve the sensitivity. The detection sensitivity and
mass resolution of large protein assembly ions were improved by
using high HCD voltage offsets, higher gas pressures and xenon
instead of nitrogen in the HCD cell (Rose et al., 2012). The ions
are trapped in the HCD cell before returning to the C-trap, which
can more efficient desolvation and capture large proteins and
significantly improve sensitivity.

LIT and Orbitrap tandem mass spectrometer can be used for
multi-residue screening of complex samples and compound
confirmation (Kosma et al., 2021). It is also an indispensable
tool in fields such as proteomics (Stryinski et al., 2019) and
metabolomics (Qin et al., 2020). LIT-Orbitrap has the double
confirmation function of MSn and precise molecular weight (Kite,
2020). The precise molecular weight and MS2 spectrum of many
peptides after protein digestion can be determined. After
searching the database, the protein is identified. The false
positive rate is greatly reduced. The added ETD function is
mainly used for the analysis of phosphorylation sites, which

FIGURE 4 |Novel designs of the closed-cylindrical FT-ICR cell. (A) Design of the TREC. Adapted with permission fromWeisbrod, C. R., Kaiser, N. K., Skulason, G.
E. and Bruce, J. E. (2008). Anal. Chem. 80, 6,545–6,553 (Weisbrod, et al., 2008). Copyright 2008 American Chemical Society; (B) Design of the eTREC. Adapted with
permission fromWeisbrod, C. R., Kaiser, N. K., Skulason, G. E. and Bruce, J. E. (2010). Anal. Chem. 82, 6,281–6,286 (Weisbrod, et al., 2010). Copyright 2010 American
Chemical Society.

FIGURE 5 | Schematic of the hybrid dual LIT and Orbitrap mass spectrometer. Adapted with permission from Olsen, J. V., Schwartz, J. C., Griep-Raming, J.,
Nielsen, M. L., Damoc, E., Denisov, E., et al. (2009). Mol. Cell. Proteomics 8, 2,759–2,769 (Olsen, et al., 2009). Copyright 2009 Elsevier.
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makes up for the deficiency of CID in the post-translational
modification function (Riley et al., 2016). High-resolution mass
spectrometry (HRMS) can distinguish background matrix
interferences, which can be used for quantitative and high-
reliability screening of complex matrix samples.

Coupling a quadrupole in front of Orbitrap can increase the
selectivity of Orbitrap (Nolting et al., 2019). Another important
improvement is that the filling of the C-trap and the acquisition of
Orbitrap can be run in parallel. The duty cycle of the analysis is
significantly increased, usually reaching a level above 90%. The
hybrid mass spectrometers, such as the Q-Orbitrap mass
spectrometer and the hybrid Q-Orbitrap and ion trap
(Q-Orbitrap-IT) mass spectrometer, uses high-capacity
multipole ion traps to accumulate ions before analysis (Senko
et al., 2013). The Q-Orbitrap-IT mass spectrometer is used to
perform accumulated ion monitoring (AIM) for targeted
proteomics (Cifani and Kentsis, 2017). The precursor ion
filtering of the quadrupole, the quantification of the precursor
in the orbitrap, and the parallel identification of fragmentation
spectra in the LIT are combined. Researchers had developed SIM
stitching techniques based on the LIT or QMS on high-resolution
ion trap mass spectrometers such as ICR and Orbitrap (Southam
et al., 2007; Kang et al., 2019). Multiple narrow SIM segments
were collected together after acquisition to produce a wide range
of spectra. Each SIM window was composed of relatively few ions
to minimize space charge effects. Compared with the
unsegmented broad full peak, this method improved the S/N
in a wider m/z range. This method is widely used for MS
measurement of any complex mixture. Especially for biological
samples, it is beneficial for both metabolomics and proteomics.

In recent years, HRMS has been rapidly developed. HRMS is
widely used for the analysis of residues and contaminants in food
and environmental samples. A Q-Orbitrap system has been used
for the screening of pesticide residues in fruits and vegetables
(Ucles et al., 2017). The LOQ reached 10 μg/kg or lower. GC-Q-
Orbitrap can monitor organic pollutants in wastewaters
(Dominguez et al., 2020). This method can be used for the
determination of 15 polycyclic aromatic hydrocarbons in
wastewaters. LOQ at ppt (0.03–0.70 ng/L) level can be
obtained. 100 pesticides and pollutants in different complex
food matrices were screened and quantified by GC-Q-Orbitrap
MS with full scan mode and GC-QqQ method with MRM mode
(Belarbi et al., 2021). Among them, 86 pesticides and pollutants
have lower LODs obtained by GC-Q-Orbitrap MS. The GC-Q-
Orbitrap method has the highest quantitative sensitivity for most
pesticides in wheat. The LOQs were between 0.1 and 4 μg/kg.

HRMS is also widely used in the field of metabolomics. A
Q-Qrbitrap MS is used to determine real plasma extracts (Grund
et al., 2016). The quantitative results of protease inhibitors,
tyrosine kinase inhibitors, metanephrines and steroids show
that HRMS is a reliable and sensitive quantitative instrument.
The quantitative performance of HRMS is comparable to QqQ
MS. HR-Q-Orbitrap MS and parallel reaction monitoring (PRM)
used for the quantitative analysis of immunoglobulin G (IgG1,
G2, G3 and G4) in a small amount of human blood plasma
(Huang and Pan, 2017). The LODs were 2.5 μg/L for IgG1, 3.4 μg/
L for IgG2, 1.2 μg/L for IgG3 and 4.0 μg/L for IgG4. For generic

surrogate peptide DTL, the LOD of all IgGs was 0.4 μg/L.
Compared with Q-TOF MS in MRM mode, it has higher
sensitivity. HR-Q-Orbitrap-MS in PRM mode has higher
sensitivity. Synthetic cathinones in urine and oral fluid were
determined by an Orbitrap and a QqQ MS (Pascual-Caro
et al., 2020). The LODs obtained by the Orbitrap were
between 0.005 and 0.035 ng/ml. The LOQs of most analytes
obtained by the Orbitrap were 0.050 ng/ml, and the LOQs of
ethcathinone, buphedrone, and 4-methylcathinone (4-MEC)
were 0.200 ng/ml. The LODs obtained by the QqQ were
between 0.040 and 0.160 ng/ml. The LOQs obtained by the
QqQ were between 0.020 and 0.070 ng/ml. The QqQ can get
lower LOD and LOQ.

CONCLUSION AND PERSPECTIVE

In the past 2 decades, mass analyzer techniques developed
rapidly. Each kind of mass analyzers has its own advantages
and limitations. The choice of mass analyzers depends on the
application field and the corresponding detection requirements.
This review discusses the significant development of different
mass analyzers in the improvement of sensitivity, including
quadrupole, ion trap, TOF and their combinations. The
sensitivity of the quadrupole mass spectrometer is usually
improved by increasing the transmission efficiency of the
quadrupole. The transmission efficiency of quadrupole mass
analyzer can be improved by the introduction of the delayed
DC ramp and the modification of the first stability diagram. The
developed techniques of ion trap mass analyzer are discussed
such as the modification of the geometric shapes of the ion trap
and the application of additional signals. The ejection efficiency
and trapping efficiency of the ion trap can be improved. The
targeted ions are effectively accumulated. But if a large number of
ions are stored in the ion trap, there will be a strong Coulomb
interaction between them, resulting in space charge effects. Thus,
some methods have been developed to reduce the space charge
effects. The sensitivity of TOFMS is usually improved by focusing
the ion packets and improving the duty cycle.

Tandem mass spectrometer combines the advantages of
different analyzers to improve the performances of mass
spectrometers. Quadrupole is often placed in front of other
mass analyzers to pre-select targeted ions. Interferences from
matrix ions are removed, significantly reducing chemical noises.
The sensitivity of the ion trap tandemMS is related to the number
of effective ions trapped. Thus, the improvement of the trapping
efficiency and the accumulation of the targeted ions are feasible
methods to obtain better sensitivity. Ion traps are usually
combined with other mass analyzers to effectively accumulate
ions before analysis. External accumulation and storage of ions
improved duty cycle and sensitivity. Some methods have been
developed to reduce the effect of space charge effects. These
advancements will continue to drive the development of
current MS.

The performances of mass spectrometers with different
mass analyzers are compared. In general, QqQ mass
spectrometer has the highest sensitivity. The QqQ is the
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most commonly used mass analyzer for quantitative
detection due to its higher accuracy. It is widely used in
many fields such as food safety, clinical medicine and
proteomics. However, it has insufficient qualitative
capability, such as high mass resolution and MSn. Ion trap
can realize MSn analysis, which is beneficial to qualitative
analysis. It has wider applications in basic scientific research.
The Q-Trap system combines the scanning mode of the
tandem quadrupole with the scanning mode of the LIT. It
can provide highly sensitive quantitative analysis data and
qualitative analysis data. High resolution MS has the
functions of high mass resolution and precise molecular
weight. It can confirm the structure of biological samples
and realize the analysis of biological macromolecules such as
proteins. The main types of high resolution MS are TOF, FT-
ICR and Orbitrap. Compared with other high-resolution
mass spectrometers, the resolution of TOF is lower, and
the accuracy of its measurement data is greatly affected by
operating conditions. The FT-ICR mass spectrometer has
ultra-high resolution and high-mass accuracy. But its
limitations, such as expensive price, huge volume, high
operating cost and complicated operation, make it difficult
to be widely used in various fields, especially as a
conventional analytical instrument. The Orbitrap systems
provide high mass resolution and mass accuracy in a wide
mass range including the mass of small molecules. A wide
range of compounds and small molecules can be detected
during target analysis and non-target analysis without loss of
selectivity or sensitivity. In recent years, the development of
HRMS has made up the sensitivity gap with QqQ, and even
provides better selectivity and sensitivity than detection of
QqQ with SRM mode.

The selection of suitable mass analyzer is dependent on the
applications interested in. When analyzing samples with
complex matrices, a quadrupole would be useful to reduce
the interferences from the matrices. For further quantitative
analysis of trace components in complex samples, QqQ or
Q-Orbitrap would be a good choice due to their high
sensitivity and quantitative ability. In qualitative studies,
ion trap is commonly used to conduct MSn fragmentation

of the targeted molecules so as to investigate their structures.
Orbitrap is also used to obtain the accurate mass of the
targeted molecules, which reveals the elemental
compositions of the molecules.

Mass spectrometers will continue to pursue high sensitivity.
Novel methods are needed to further improve the performance of
MS for accurate qualitative and quantitative analysis of trace
substances in complex matrices. At the same time, improved pre-
processing technology and ionization technology can be
combined. The rapid development of MS will promote its
applications in different fields such as clinical testing,
environmental monitoring, and life sciences. In addition, mass
spectrometers are developing towards portable and miniaturized
devices. Compared with the other mass analyzers, LIT is more
easily miniaturized. In recent years, there has been a great
demand for miniaturized mass spectrometers in food safety,
environmental monitoring, military and other fields. In the
future, miniaturized mass spectrometers would be more
practical. The miniaturization might be achieved by
optimization of the electrode structure and hardware circuit,
without losing the performance of instruments, such as
sensitivity and quantitative ability.

AUTHOR CONTRIBUTIONS

CL, XG, XF, and DT contributed to conception and design of the
review. CL, SC, ST, and XF searched and summarized relevant
references. CL, and XF wrote the first draft of the manuscript. XY,
XG, and DT wrote sections of the manuscript. YJ and XD drew
figures and tables. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant No. 21927812) and the
Fundamental Research Funds of the National Institute of
Metrology (grant No. AKY1932).

REFERENCES

Ahmed, F. E. (2001). Analyses of Pesticides and Their Metabolites in Foods and Drinks.
Trac Trends Anal. Chem. 20, 649–661. doi:10.1016/s0165-9936(01)00121-2

Aili, S. R., Touchard, A., Koh, J. M. S., Dejean, A., Orivel, J., Padula, M. P., et al.
(2016). Comparisons of Protein and Peptide Complexity in Poneroid and
Formicoid Ant Venoms. J. Proteome Res. 15, 3039–3054. doi:10.1021/
acs.jproteome.6b00182

Alnakip, M. E. A., Rhouma, N. R., Abd-Elfatah, E. N., Quintela-Baluja, M., Böhme,
K., Fernández-No, I., et al. (2020). Discrimination of Major and Minor
Streptococci Incriminated in Bovine Mastitis by MALDI-TOF MS
Fingerprinting and 16S rRNA Gene Sequencing. Res. Vet. Sci. 132, 426–438.
doi:10.1016/j.rvsc.2020.07.027

An, N., Zhu, Q.-F., Yu, L., Chen, Y.-T., Chen, S.-L., and Feng, Y.-Q. (2020).
Derivatization Assisted LC-P-MRM-MS with High CID Voltage for Rapid
Analysis of Brassinosteroids. Talanta 217, 121058. doi:10.1016/
j.talanta.2020.121058

Andrews, G. L., Simons, B. L., Young, J. B., Hawkridge, A. M., and Muddiman, D.
C. (2011). Performance Characteristics of a New Hybrid Quadrupole Time-Of-
Flight Tandem Mass Spectrometer (TripleTOF 5600). Anal. Chem. 83,
5442–5446. doi:10.1021/ac200812d

Bauer, A., Luetjohann, J., Rohn, S., Jantzen, E., and Kuballa, J. (2018). Development of a
Suspect Screening Strategy for PesticideMetabolites in Fruit andVegetables by UPLC-
Q-Tof-MS. Food Anal. Methods 11, 1591–1607. doi:10.1007/s12161-017-1143-4

Belarbi, S., Vivier, M., Zaghouani, W., Sloovere, A. D., Agasse-Peulon, V., and
Cardinael, P. (2021). Comparison of New Approach of GC-HRMS
(Q-Orbitrap) to GC-MS/MS (Triple-quadrupole) in Analyzing the Pesticide
Residues and Contaminants in Complex Food Matrices. Food Chem. 359,
129932. doi:10.1016/j.foodchem.2021.129932

Blackler, A. R., Klammer, A. A., MacCoss, M. J., andWu, C. C. (2006). Quantitative
Comparison of Proteomic Data Quality between a 2D and 3D Quadrupole Ion
Trap. Anal. Chem. 78, 1337–1344. doi:10.1021/ac051486a

Bogdanov, B., and Smith, R. D. (2005). Proteomics by FTICR Mass Spectrometry:
Top Down and Bottom up. Mass. Spectrom. Rev. 24, 168–200. doi:10.1002/
mas.20015

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335915

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.1016/s0165-9936(01)00121-2
https://doi.org/10.1021/acs.jproteome.6b00182
https://doi.org/10.1021/acs.jproteome.6b00182
https://doi.org/10.1016/j.rvsc.2020.07.027
https://doi.org/10.1016/j.talanta.2020.121058
https://doi.org/10.1016/j.talanta.2020.121058
https://doi.org/10.1021/ac200812d
https://doi.org/10.1007/s12161-017-1143-4
https://doi.org/10.1016/j.foodchem.2021.129932
https://doi.org/10.1021/ac051486a
https://doi.org/10.1002/mas.20015
https://doi.org/10.1002/mas.20015
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Bolaños, B. J., Ventura, M. C., and Greig, M. J. (2003). Preserving the
Chromatographic Integrity of High-Speed Supercritical Fluid
Chromatography Separations Using Time-of-Flight Mass Spectrometry. J.
Comb. Chem. 5, 451–455. doi:10.1021/cc020093b

Brancia, F. L., McCullough, B., Entwistle, A., Grossmann, J. G., and Ding, L. (2010).
Digital Asymmetric Waveform Isolation (DAWI) in a Digital Linear Ion Trap.
J. Am. Soc. Mass. Spectrom. 21, 1530–1533. doi:10.1016/j.jasms.2010.05.003

Brenton, A. G., Krastev, T., Rousell, D. J., Kennedy, M. A., Craze, A. S., and
Williams, C. M. (2010). Improvement of the Duty Cycle of an Orthogonal
Acceleration Time-Of-Flight Mass Spectrometer Using Ion gates. Rapid
Commun. Mass. Spectrom. 21, 3093–3102. doi:10.1002/rcm.3186

Brubaker, W. M. (1968). An Improved Quadrupole Mass Analyser. Adv. Mass.
Spectrom. 4, 293–299.

Chen, L., Wang, T. C. L., Ricca, T. L., and Marshall, A. G. (1987). Phase-modulated
Stored Waveform Inverse Fourier Transform Excitation for Trapped Ion Mass
Spectrometry. Anal. Chem. 59, 449–454. doi:10.1021/ac00130a016

Chen, X., Love, J. C., Navin, N. E., Pachter, L., Stubbington, M. J. T., Svensson, V.,
et al. (2016). Single-cell Analysis at the Threshold. Nat. Biotechnol. 34,
1111–1118. doi:10.1038/nbt.3721

Chen, Y., Leach, F. E., Kaiser, N. K., Dang, X., Ibrahim, Y. M., Norheim, R. V., et al.
(2015). Improved Ion Optics for Introduction of Ions into a 9.4-T Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer. J. Mass. Spectrom. 50,
280–284. doi:10.1002/jms.3523

Choi, M. C., Lee, J. M., Lee, S. G., Choi, S. H., Choi, Y. S., Lee, K. J., et al. (2012). First
Signal from a Broadband Cryogenic Preamplifier Cooled by Circulating Liquid
Nitrogen in a 7 T Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer. Anal. Chem. 84, 10543–10548. doi:10.1021/ac302049c

Cifani, P., and Kentsis, A. (2017). High Sensitivity Quantitative Proteomics Using
Automated Multidimensional Nano-Flow Chromatography and Accumulated
Ion Monitoring on Quadrupole-Orbitrap-Linear Ion Trap Mass Spectrometer.
Mol. Cell Proteomics 16, 2006–2016. doi:10.1074/mcp.RA117.000023

Collings, B. A. (2019). Reducing Ion Reflections at the Quadrupole Pre-filter/mass
Filter Boundary: Simulation and experiment. Rapid Commun. Mass. Spectrom.
33, 925–934. doi:10.1002/rcm.8428

Comisarow, M. B., and Marshall, A. G. (1974). Fourier Transform Ion Cyclotron
Resonance Spectroscopy. Chem. Phys. Lett. 25, 282–283. doi:10.1016/0009-
2614(74)89137-2

Cotter, R. J., Gardner, B. D., Iltchenko, S., and English, R. D. (2004). Tandem Time-
Of-Flight Mass Spectrometry with a Curved Field Reflectron. Anal. Chem. 76,
1976–1981. doi:10.1021/ac0349431

Cruickshank-Quinn, C., Quinn, K. D., Powell, R., Yang, Y., Armstrong, M.,
Mahaffey, S., et al. (2014). Multi-step Preparation Technique to Recover
Multiple Metabolite Compound Classes for In-Depth and Informative
Metabolomic Analysis. JoVE 12, 51670. doi:10.3791/51670

Dawson, P. H. (1975). The Acceptance of the Quadrupole Mass Filter. Int. J. Mass
Spectrom. Ion Phys. 17, 423–445. doi:10.1016/0020-7381(75)80017-9

de Hoffmann, E. (1996). TandemMass Spectrometry: A Primer. J. Mass. Spectrom.
31, 129–137. doi:10.1002/(sici)1096-9888(199602)31:2<129::aid-
jms305>3.0.co;2-t

Deng, Z.-H., Li, N., Jiang, H.-L., Lin, J.-M., and Zhao, R.-S. (2019). Pretreatment
Techniques and Analytical Methods for Phenolic Endocrine Disrupting
Chemicals in Food and Environmental Samples. Trac Trends Anal. Chem.
119, 115592. doi:10.1016/j.trac.2019.07.003

Ding, L., and Brancia, F. L. (2006). Electron Capture Dissociation in a Digital Ion
Trap Mass Spectrometer. Anal. Chem. 78, 1995–2000. doi:10.1021/ac0519007

Ding, L., Sudakov, M., and Kumashiro, S. (2002). A Simulation Study of the Digital
Ion Trap Mass Spectrometer. Int. J. Mass Spectrom. 221, 117–138. doi:10.1016/
S1387-3806(02)00921-1

Domínguez, I., Arrebola, F. J., Vidal, J. L. M., and Frenich, A. G. (2020). Assessment
of Wastewater Pollution by Gas Chromatography and High Resolution
Orbitrap Mass Spectrometry. J. Chromatogr. A 1619, 460964. doi:10.1016/
j.chroma.2020.460964

Donnelly, D. P., Rawlins, C. M., DeHart, C. J., Fornelli, L., Schachner, L. F., Lin, Z.,
et al. (2019). Best Practices and Benchmarks for Intact Protein Analysis for Top-
DownMass Spectrometry. Nat. Methods 16, 587–594. doi:10.1038/s41592-019-
0457-0

Douglas, D. J., Frank, A. J., and Mao, D. (2005). Linear Ion Traps in Mass
Spectrometry. Mass. Spectrom. Rev. 24, 1–29. doi:10.1002/mas.20004

Douglas, D. J., and Konenkov, N. V. (2018). Quadrupole Mass Filter Operation
with Dipole Direct Current and Quadrupole Radiofrequency Excitation. Rapid
Commun. Mass. Spectrom. 32, 1971–1977. doi:10.1002/rcm.8266

Douglas, D. J. (2009). Linear Quadrupoles in Mass Spectrometry. Mass. Spectrom.
Rev. 28, 937–960. doi:10.1002/mas.20249

Fang, X., Xie, J., Chu, S., Jiang, Y., An, Y., Li, C., et al. (2021). Quadrupole-linear Ion
Trap Tandem Mass Spectrometry System for Clinical Biomarker Analysis.
Engineering. doi:10.1016/j.eng.2020.10.021

Fenner, K., Canonica, S., Wackett, L. P., and Elsner, M. (2013). Evaluating Pesticide
Degradation in the Environment: Blind Spots and Emerging Opportunities.
Science 341, 752–758. doi:10.1126/science.1236281

Fernandez-Lima, F. A., Kaplan, D. A., and Park, M. A. (2011b). Note: Integration of
Trapped Ion Mobility Spectrometry with Mass Spectrometry. Rev. Scientific
Instr. 82, 126103–126106. doi:10.1063/1.3665933

Fernandez-Lima, F. A., Kaplan, D. A., Suetering, J., and Park, M. A. (2011a). Gas-
phase Separation Using a Trapped Ion Mobility Spectrometer. Int. J. Ion Mobil.
Spec. 14, 93–98. doi:10.1007/s12127-011-0067-8

Fico, M., Yu, M., Ouyang, Z., Cooks, R. G., and Chappell, W. J. (2007).
Miniaturization and Geometry Optimization of a Polymer-Based Rectilinear
Ion Trap. Anal. Chem. 79, 8076–8082. doi:10.1021/ac0711384

Finn, R. S., Liu, Y., Zhu, Z., Martin, M., Rugo, H. S., Diéras, V., et al. (2020).
Biomarker Analyses of Response to Cyclin-dependent Kinase 4/6
Inhibition and Endocrine Therapy in Women with Treatment-Naïve
Metastatic Breast Cancer. Clin. Cancer Res. 26, 110–121. doi:10.1158/
1078-0432.Ccr-19-0751

Fouque, K. J. D., Garabedian, A., Leng, F., Tse-Dinh, Y.-C., Ridgeway, M. E., Park,
M. A., et al. (2021). Trapped Ion Mobility Spectrometry of Native
Macromolecular Assemblies. Anal. Chem. 93, 2933–2941. doi:10.1021/
acs.analchem.0c04556

Frankfater, C., Abramovitch, R., Purdy, G., Turk, J., Legentil, L., Lemiègre, L., et al.
(2019). Multiple-stage Precursor Ion Separation and High Resolution Mass
Spectrometry toward Structural Characterization of 2,3-Diacyltrehalose Family
from Mycobacterium tuberculosis. Separations 6, 4. doi:10.3390/
separations6010004

Franz, H. B., Trainer, M. G., Malespin, C. A., Mahaffy, P. R., Atreya, S. K., Becker,
R. H., et al. (2017). Initial SAM Calibration Gas Experiments on Mars:
Quadrupole Mass Spectrometer Results and Implications. Planet. Space Sci.
138, 44–54. doi:10.1016/j.pss.2017.01.014

Franz, H. B., Trainer, M. G., Wong, M. H., Manning, H. L. K., Stern, J. C., Mahaffy,
P. R., et al. (2014). Analytical Techniques for Retrieval of Atmospheric
Composition with the Quadrupole Mass Spectrometer of the Sample
Analysis at Mars Instrument Suite on Mars Science Laboratory. Planet.
Space Sci. 96, 99–113. doi:10.1016/j.pss.2014.03.005

Gadrat, M., Lavergne, J., Emo, C., Teissedre, P.-L., and Chira, K. (2021). Validation
of a Mass Spectrometry Method to Identify and Quantify Ellagitannins in Oak
wood and Cognac during Aging in Oak Barrels. Food Chem. 342, 128223.
doi:10.1016/j.foodchem.2020.128223

Gross, J. H. (2011). Mass Spectrometry—A Textbook. New York, United States:
Springer.

Grund, B., Marvin, L., and Rochat, B. (2016). Quantitative Performance of a
Quadrupole-Orbitrap-MS in Targeted LC-MS Determinations of Small
Molecules. J. Pharm. Biomed. Anal. 124, 48–56. doi:10.1016/j.jpba.2016.02.025

Guan, S., and Marshall, A. G. (1996). Stored Waveform Inverse Fourier Transform
(SWIFT) Ion Excitation in Trapped-Ion Mass Spectometry: Theory and
Applications. Int. J. Mass Spectrom. Ion Process. 157-158, 5–37. doi:10.1016/
s0168-1176(96)04461-8

Guan, S., and McIver, R. T. (1990). Optimal Phase Modulation in Stored Wave
Form Inverse Fourier Transform Excitation for Fourier Transform Mass
Spectrometry. I. Basic Algorithm. J. Chem. Phys. 92, 5841–5846.
doi:10.1063/1.458405

Guo, D., He, M., Wang, Y., Xiong, X., Fang, X., and Xu, W. (2015). GPU Assisted
Simulation Study of Ion-Ion Reactions within Quadrupole Ion Traps. J. Am.
Soc. Mass. Spectrom. 26, 1233–1241. doi:10.1007/s13361-015-1098-x

Hager, J. W., and Yves Le Blanc, J. C. (2010). Product Ion Scanning Using a Q-Q-Q
Linear Ion Trap (Q TRAP) Mass Spectrometer. Rapid Commun. Mass.
Spectrom. 17, 1056–1064. doi:10.1002/rcm.1020

Hager, J. W. (2002). A New Linear Ion Trap Mass Spectrometer. Rapid Commun.
Mass. Spectrom. 16, 512–526. doi:10.1002/rcm.607

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335916

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.1021/cc020093b
https://doi.org/10.1016/j.jasms.2010.05.003
https://doi.org/10.1002/rcm.3186
https://doi.org/10.1021/ac00130a016
https://doi.org/10.1038/nbt.3721
https://doi.org/10.1002/jms.3523
https://doi.org/10.1021/ac302049c
https://doi.org/10.1074/mcp.RA117.000023
https://doi.org/10.1002/rcm.8428
https://doi.org/10.1016/0009-2614(74)89137-2
https://doi.org/10.1016/0009-2614(74)89137-2
https://doi.org/10.1021/ac0349431
https://doi.org/10.3791/51670
https://doi.org/10.1016/0020-7381(75)80017-9
https://doi.org/10.1002/(sici)1096-9888(199602)31:2<129::aid-jms305>3.0.co;2-t
https://doi.org/10.1002/(sici)1096-9888(199602)31:2<129::aid-jms305>3.0.co;2-t
https://doi.org/10.1016/j.trac.2019.07.003
https://doi.org/10.1021/ac0519007
https://doi.org/10.1016/S1387-3806(02)00921-1
https://doi.org/10.1016/S1387-3806(02)00921-1
https://doi.org/10.1016/j.chroma.2020.460964
https://doi.org/10.1016/j.chroma.2020.460964
https://doi.org/10.1038/s41592-019-0457-0
https://doi.org/10.1038/s41592-019-0457-0
https://doi.org/10.1002/mas.20004
https://doi.org/10.1002/rcm.8266
https://doi.org/10.1002/mas.20249
https://doi.org/10.1016/j.eng.2020.10.021
https://doi.org/10.1126/science.1236281
https://doi.org/10.1063/1.3665933
https://doi.org/10.1007/s12127-011-0067-8
https://doi.org/10.1021/ac0711384
https://doi.org/10.1158/1078-0432.Ccr-19-0751
https://doi.org/10.1158/1078-0432.Ccr-19-0751
https://doi.org/10.1021/acs.analchem.0c04556
https://doi.org/10.1021/acs.analchem.0c04556
https://doi.org/10.3390/separations6010004
https://doi.org/10.3390/separations6010004
https://doi.org/10.1016/j.pss.2017.01.014
https://doi.org/10.1016/j.pss.2014.03.005
https://doi.org/10.1016/j.foodchem.2020.128223
https://doi.org/10.1016/j.jpba.2016.02.025
https://doi.org/10.1016/s0168-1176(96)04461-8
https://doi.org/10.1016/s0168-1176(96)04461-8
https://doi.org/10.1063/1.458405
https://doi.org/10.1007/s13361-015-1098-x
https://doi.org/10.1002/rcm.1020
https://doi.org/10.1002/rcm.607
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Hands, C. M., Sayers, R. L., Nitride, C., Gethings, L. A., andMills, E. N. C. (2020). A
Multiple Reaction Monitoring Method for Determining Peanut (Arachis
Hypogea) Allergens in Serum Using Quadrupole and Time-Of-Flight Mass
Spectrometry. Anal. Bioanal. Chem. 412, 2815–2827. doi:10.1007/s00216-020-
02508-9

He, M., Jiang, Y., Guo, D., Xiong, X., Fang, X., and Xu,W. (2017). Dual-Polarity Ion
Trap Mass Spectrometry: Dynamic Monitoring and Controlling Gas-phase
Ion-Ion Reactions. J. Am. Soc. Mass. Spectrom. 28, 1262–1270. doi:10.1007/
s13361-016-1504-z

He, M., Jiang, Y., Wang, X., Zhao, Y., Ye, S., Ma, J., et al. (2019). Rapid
Characterization of Structure-Dependency Gas-phase Ion/ion Reaction via
Accumulative Tandem MS. Talanta 195, 17–22. doi:10.1016/
j.talanta.2018.11.017

Heiles, S. (2021). Advanced Tandem Mass Spectrometry in Metabolomics and
Lipidomics-Methods and Applications. Anal. Bioanal. Chem. 413, 5927–5948.
doi:10.1007/s00216-021-03425-1

Hendrickson, C. L., Quinn, J. P., Kaiser, N. K., Smith, D. F., Blakney, G. T., Chen,
T., et al. (2015). 21 Tesla Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer: A National Resource for Ultrahigh Resolution Mass Analysis.
J. Am. Soc. Mass. Spectrom. 26, 1626–1632. doi:10.1007/s13361-015-1182-2

Hollender, J., van Bavel, B., Dulio, V., Farmen, E., Furtmann, K., Koschorreck, J.,
et al. (2019). High Resolution Mass Spectrometry-Based Non-target Screening
Can Support Regulatory Environmental Monitoring and Chemicals
Management. Environ. Sci. Eur. 31, 11. doi:10.1186/s12302-019-0225-x

Hopfgartner, G., Husser, C., and Zell, M. (2003). Rapid Screening and
Characterization of Drug Metabolites Using a New Quadrupole-Linear Ion
Trap Mass Spectrometer. J. Mass. Spectrom. 38, 138–150. doi:10.1002/jms.420

Hou, X., Xu, X., Xu, X., Han, M., and Qiu, S. (2020). Application of a Multiclass
Screening Method for Veterinary Drugs and Pesticides Using HPLC-QTOF-
MS in Egg Samples. Food Chem. 309, 125746. doi:10.1016/
j.foodchem.2019.125746

Hsu, Y.-F., Lin, J.-L., Chu, M.-L., and Chen, C.-H. (2013). Biomolecular Dual-Ion-
Trap Mass Analyzer. Analyst 138, 4823–4829. doi:10.1039/c3an00653k

Huang, Z., and Pan, X.-D. (2017). Identification and Quantification of
Immunoglobulin G (G1, G2, G3 and G4) in Human Blood Plasma by
High-Resolution Quadrupole-Orbitrap Mass Spectrometry. RSC Adv. 7,
20212–20218. doi:10.1039/c7ra02623d

Huntley, A. P., and Reilly, P. T. A. (2020). Computational Evaluation of Mass Filter
Acceptance and Transmittance Influenced by Developing fields: An
Application of the Plane Method to Investigate Prefilter Efficacy for
Rectangular Wave Operated Mass Filters. J. Mass. Spectrom. 55, e4510.
doi:10.1002/jms.4510

Huo, X., Chen, D., Tian, Y., Li, M., Yu, Q., Guo, C. A., et al. (2020). Asymmetric
Rectilinear Ion Trap with Unidirectional Ion Ejection Capability. J. Mass.
Spectrom. 55, e4606. doi:10.1002/jms.4606

Huo, X., Tang, F., Zhang, X., Chen, J., Zhang, Y., Guo, C. A., et al. (2016). Novel
Control Modes to Improve the Performance of Rectilinear Ion Trap Mass
Spectrometer with Dual Pressure chambers. Rev. Scientific Instr. 87, 105102.
doi:10.1063/1.4963711

Ingle, J. D. (1974). Sensitivity and Limit of Detection in Quantitative Spectrometric
Methods. J. Chem. Educ. 51, 100–105. doi:10.1021/ed051p100

Jakubowska, N., Polkowska, Ż., Namieśnik, J., and Przyjazny, A. (2005). Analytical
Applications of Membrane Extraction for Biomedical and Environmental
Liquid Sample Preparation. Crit. Rev. Anal. Chem. 35, 217–235.
doi:10.1080/10408340500304032

Jemal, M., Ouyang, Z., Zhao, W., Zhu, M., and Wu, W. W. (2003). A Strategy for
Metabolite Identification Using Triple-Quadrupole Mass Spectrometry with
Enhanced Resolution and Accurate Mass Capability. Rapid Commun. Mass.
Spectrom. 17, 2732–2740. doi:10.1002/rcm.1256

Jiang, T., Xu, Q., Zhang, H., Li, D., and Xu,W. (2018). Improving the Performances
of a "Brick Mass Spectrometer" by Quadrupole Enhanced Dipolar Resonance
Ejection from the Linear Ion Trap. Anal. Chem. 90, 11671–11679. doi:10.1021/
acs.analchem.8b03332

Jiang, T., Zhang, H., Tang, Y., Zhai, Y., Xu, W., Xu, H., et al. (2017). A "Brick Mass
Spectrometer" Driven by a Sinusoidal Frequency Scanning Technique. Anal.
Chem. 89, 5578–5584. doi:10.1021/acs.analchem.7b00719

Kaiser, N. K., Quinn, J. P., Blakney, G. T., Hendrickson, C. L., and Marshall, A. G.
(2011). A Novel 9.4 Tesla FTICRMass Spectrometer with Improved Sensitivity,

Mass Resolution, and Mass Range. J. Am. Soc. Mass. Spectrom. 22, 1343–1351.
doi:10.1007/s13361-011-0141-9

Kaiser, N. K., Savory, J. J., and Hendrickson, C. L. (2014). Controlled Ion
Ejection from an External Trap for Extended M/z Range in FT-ICR Mass
Spectrometry. J. Am. Soc. Mass. Spectrom. 25, 943–949. doi:10.1007/
s13361-014-0871-6

Kaiser, N. K., Skulason, G. E., Weisbrod, C. R., and Bruce, J. E. (2009). A Novel
Fourier Transform Ion Cyclotron Resonance Mass Spectrometer with
Improved Ion Trapping and Detection Capabilities. J. Am. Soc. Mass.
Spectrom. 20, 755–762. doi:10.1016/j.jasms.2008.12.022

Kamsap, M. R., Champenois, C., Pedregosa-Gutierrez, J., Houssin, M., and Knoop,
M. (2015). Fast Accumulation of Ions in a Dual Trap. Epl 110, 63002.
doi:10.1209/0295-5075/110/63002

Kang, W.-Y., Thompson, P. T., El-Amouri, S. S., Fan, T. W. M., Lane, A. N., and
Higashi, R. M. (2019). Improved Segmented-Scan Spectral Stitching for Stable
Isotope Resolved Metabolomics (SIRM) by Ultra-high-resolution Fourier
Transform Mass Spectrometry. Analytica Chim. Acta 1080, 104–115.
doi:10.1016/j.aca.2019.06.019

Karas, M., and Bahr, U. (1990). Laser Desorption Ionization Mass Spectrometry of
Large Biomolecules. Trac Trends Anal. Chem. 9, 321–325. doi:10.1016/0165-
9936(90)85065-f

Kato, H., Izumi, Y., Hasunuma, T., Matsuda, F., and Kondo, A. (2012). Widely
Targeted Metabolic Profiling Analysis of Yeast central Metabolites. J. Biosci.
Bioeng. 113, 665–673. doi:10.1016/j.jbiosc.2011.12.013

Khan, M. J., Codreanu, S. G., Goyal, S., Wages, P. A., Gorti, S. K. K., Pearson, M. J.,
et al. (2020). Evaluating a Targeted Multiple Reaction Monitoring Approach to
Global Untargeted Lipidomic Analyses of Human Plasma. Rapid Commun.
Mass. Spectrom. 34, e8911. doi:10.1002/rcm.8911

Kite, G. C. (2020). Characterisation of Phenylethanoid Glycosides by Multiple-
stage Mass Spectrometry. Rapid Commun. Mass. Spectrom. 34, 8563.
doi:10.1002/rcm.8563

Klampfl, C. W., and Himmelsbach, M. (2015). Direct Ionization Methods in Mass
Spectrometry: An Overview. Analytica Chim. Acta 890, 44–59. doi:10.1016/
j.aca.2015.07.012

Konenkov, N. V., Cousins, L. M., Baranov, V. I., and Sudakov, M. Y. (2001).
Quadrupole Mass Filter Operation with Auxiliary Quadrupolar Excitation:
Theory and experiment. Int. J. Mass Spectrom. 208, 17–27. doi:10.1016/s1387-
3806(01)00375-x

Kosma, C. I., Koloka, O. L., Albanis, T. A., and Konstantinou, I. K. (2021). Accurate
Mass Screening of Pesticide Residues inWine by Modified QuEChERS and LC-
Hybrid LTQ/Orbitrap-MS. Food Chem. 360, 130008. doi:10.1016/
j.foodchem.2021.130008

Krämer, M., Heese, P., Banger, M., Madea, B., and Hess, C. (2018). Range of
Therapeutic Prothipendyl and Prothipendyl Sulfoxide Concentrations in
Clinical Blood Samples. Drug Test. Anal. 10, 1009–1016. doi:10.1002/
dta.2319

Lammert, S. A., Plass, W. R., Thompson, C. V., and Wise, M. B. (2001). Design,
Optimization and Initial Performance of a Toroidal Rf Ion Trap Mass
Spectrometer. Int. J. Mass Spectrom. 212, 25–40. doi:10.1016/S1387-3806(01)
00507-3

Lamont, L., Eijkel, G. B., Jones, E. A., Flinders, B., Ellis, S. R., Porta Siegel, T., et al.
(2018). Targeted Drug and Metabolite Imaging: Desorption Electrospray
Ionization Combined with Triple Quadrupole Mass Spectrometry. Anal.
Chem. 90, 13229–13235. doi:10.1021/acs.analchem.8b03857

Le Vot, C., Bouaziz, M., Heninger, M., Boissel, P., Mauclaire, G., Mestdagh, H., et al.
(2016). Development of a Transportable FT-ICR MS Associated with a Glow
Discharge Ionization Source. Int. J. Mass Spectrom. 407, 106–112. doi:10.1016/
j.ijms.2016.07.005

Lee, H.-J., Kadokami, K., and Oh, J.-E. (2020). Occurrences of Microorganic
Pollutants in the Kumho River by a Comprehensive Target Analysis Using LC-
Q/TOF-MS with Sequential Window Acquisition of All Theoretical Fragment
Ion Spectra (SWATH). Sci. Total Environ. 713, 136508. doi:10.1016/
j.scitotenv.2020.136508

Lehmann, W. D. (2017). A Timeline of Stable Isotopes and Mass Spectrometry in
the Life Sciences. Mass. Spec. Rev. 36, 58–85. doi:10.1002/mas.21497

Leprêtre, M., Palos-Ladeiro, M., Faugere, J., Almunia, C., Lemoine, J., Armengaud,
J., et al. (2020). From Shotgun to Targeted Proteomics: Rapid Scout-MRM
Assay Development for Monitoring Potential Immunomarkers in Dreissena

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335917

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.1007/s00216-020-02508-9
https://doi.org/10.1007/s00216-020-02508-9
https://doi.org/10.1007/s13361-016-1504-z
https://doi.org/10.1007/s13361-016-1504-z
https://doi.org/10.1016/j.talanta.2018.11.017
https://doi.org/10.1016/j.talanta.2018.11.017
https://doi.org/10.1007/s00216-021-03425-1
https://doi.org/10.1007/s13361-015-1182-2
https://doi.org/10.1186/s12302-019-0225-x
https://doi.org/10.1002/jms.420
https://doi.org/10.1016/j.foodchem.2019.125746
https://doi.org/10.1016/j.foodchem.2019.125746
https://doi.org/10.1039/c3an00653k
https://doi.org/10.1039/c7ra02623d
https://doi.org/10.1002/jms.4510
https://doi.org/10.1002/jms.4606
https://doi.org/10.1063/1.4963711
https://doi.org/10.1021/ed051p100
https://doi.org/10.1080/10408340500304032
https://doi.org/10.1002/rcm.1256
https://doi.org/10.1021/acs.analchem.8b03332
https://doi.org/10.1021/acs.analchem.8b03332
https://doi.org/10.1021/acs.analchem.7b00719
https://doi.org/10.1007/s13361-011-0141-9
https://doi.org/10.1007/s13361-014-0871-6
https://doi.org/10.1007/s13361-014-0871-6
https://doi.org/10.1016/j.jasms.2008.12.022
https://doi.org/10.1209/0295-5075/110/63002
https://doi.org/10.1016/j.aca.2019.06.019
https://doi.org/10.1016/0165-9936(90)85065-f
https://doi.org/10.1016/0165-9936(90)85065-f
https://doi.org/10.1016/j.jbiosc.2011.12.013
https://doi.org/10.1002/rcm.8911
https://doi.org/10.1002/rcm.8563
https://doi.org/10.1016/j.aca.2015.07.012
https://doi.org/10.1016/j.aca.2015.07.012
https://doi.org/10.1016/s1387-3806(01)00375-x
https://doi.org/10.1016/s1387-3806(01)00375-x
https://doi.org/10.1016/j.foodchem.2021.130008
https://doi.org/10.1016/j.foodchem.2021.130008
https://doi.org/10.1002/dta.2319
https://doi.org/10.1002/dta.2319
https://doi.org/10.1016/S1387-3806(01)00507-3
https://doi.org/10.1016/S1387-3806(01)00507-3
https://doi.org/10.1021/acs.analchem.8b03857
https://doi.org/10.1016/j.ijms.2016.07.005
https://doi.org/10.1016/j.ijms.2016.07.005
https://doi.org/10.1016/j.scitotenv.2020.136508
https://doi.org/10.1016/j.scitotenv.2020.136508
https://doi.org/10.1002/mas.21497
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


polymorpha. Anal. Bioanal. Chem. 412, 7333–7347. doi:10.1007/s00216-020-
02868-2

Li, G., Li, D., Cheng, Y., Sun, W., Pei, X., Han, X., et al. (2018). Improving the
Sensitivity of Miniature Linear Ion Trap Mass Spectrometer by a DC Voltage
Applied on the Eject Electrodes. Eur. J. Mass. Spectrom. (Chichester) 24,
322–329. doi:10.1177/1469066718776441

Li, H., Lv, Q., Liu, A., Wang, J., Sun, X., Deng, J., et al. (2022). Comparative
Metabolomics Study of Tartary (Fagopyrum Tataricum (L.) Gaertn) and
Common (Fagopyrum Esculentum Moench) Buckwheat Seeds. Food Chem.
371, 131125. doi:10.1016/j.foodchem.2021.131125

Li, X., Jiang, G., Luo, C., Xu, F., Wang, Y., Ding, L., et al. (2009). Ion Trap Array
Mass Analyzer: Structure and Performance. Anal. Chem. 81, 4840–4846.
doi:10.1021/ac900478e

Liang, Y., Liu, Q., Zhou, Y., Chen, S., Yang, L., Zhu, M., et al. (2019). Counting and
Recognizing Single Bacterial Cells by a Lanthanide-Encoding Inductively
Coupled Plasma Mass Spectrometric Approach. Anal. Chem. 91, 8341–8349.
doi:10.1021/acs.analchem.9b01130

Limbach, P. A., Grosshans, P. B., and Marshall, A. G. (1993). Experimental
Determination of the Number of Trapped Ions, Detection Limit, and
Dynamic Range in Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry. Anal. Chem. 65, 135–140. doi:10.1021/ac00050a008

Ling, Y., Zhang, Q., Zhong, W., Chen, M., Gong, H., He, S., et al. (2020). Rapid
Identification and Analysis of the Major Chemical Constituents from the Fruits
of Sapindus Mukorossi by HPLC-ESI-QTOF-MS/MS. Nat. Product. Res. 34,
2144–2150. doi:10.1080/14786419.2019.1577837

Liu, F. C., Cropley, T. C., Ridgeway, M. E., Park, M. A., and Bleiholder, C. (2020).
Structural Analysis of the Glycoprotein Complex Avidin by Tandem-Trapped
Ion Mobility Spectrometry-Mass Spectrometry (Tandem-TIMS/MS). Anal.
Chem. 92, 4459–4467. doi:10.1021/acs.analchem.9b05481

Liu, F. C., Ridgeway, M. E., Park, M. A., and Bleiholder, C. (2018). Tandem
Trapped Ion Mobility Spectrometry. Analyst 143, 2249–2258. doi:10.1039/
c7an02054f

Liu, X., Wang, X., Bu, J., Zhou, X., and Ouyang, Z. (2019b). Tandem Analysis by a
Dual-Trap Miniature Mass Spectrometer. Anal. Chem. 91, 1391–1398.
doi:10.1021/acs.analchem.8b03958

Liu, Z., Fan, H., Zhou, Y., Qian, X., Tu, J., Chen, B., et al. (2019a). Development and
Validation of a Sensitive Method for Alkyl Sulfonate Genotoxic Impurities
Determination in Drug Substances Using Gas Chromatography Coupled to
Triple Quadrupole Mass Spectrometry. J. Pharm. Biomed. Anal. 168, 23–29.
doi:10.1016/j.jpba.2018.12.044

Loboda, A. V., and Chernushevich, I. V. (2009). A Novel Ion Trap that Enables
High Duty Cycle and Wide M/z Range on an Orthogonal Injection TOF Mass
Spectrometer. J. Am. Soc. Mass. Spectrom. 20, 1342–1348. doi:10.1016/
j.jasms.2009.03.018

Mahaffy, P. R., Webster, C. R., Cabane, M., Conrad, P. G., Coll, P., Atreya, S. K.,
et al. (2012). The Sample Analysis at Mars Investigation and Instrument Suite.
Space Sci. Rev. 170, 401–478. doi:10.1007/s11214-012-9879-z

Marabelle, A., Fakih, M., Lopez, J., Shah, M., Shapira-Frommer, R., Nakagawa, K.,
et al. (2020). Association of Tumour Mutational burden with Outcomes in
Patients with Advanced Solid Tumours Treated with Pembrolizumab:
Prospective Biomarker Analysis of the Multicohort, Open-Label, Phase
2 KEYNOTE-158 Study. Lancet Oncol. 21, 1353–1365. doi:10.1016/s1470-
2045(20)30445-9

March, R. E. (1997). An Introduction to Quadrupole Ion Trap Mass Spectrometry.
J. Mass. Spectrom. 32, 351–369. doi:10.1002/(sici)1096-9888(199704)32:4<351::
Aid-jms512>3.0.Co;2-y

Mayya, V., Rezaul, K., Cong, Y.-S., and Han, D. (2005). Systematic Comparison of a
Two-Dimensional Ion Trap and a Three-Dimensional Ion Trap Mass
Spectrometer in Proteomics. Mol. Cell Proteomics 4, 214–223. doi:10.1074/
mcp.T400015-MCP200

McAlister, G. C., Phanstiel, D., Wenger, C. D., Lee, M. V., and Coon, J. J. (2010).
Analysis of Tandem Mass Spectra by FTMS for Improved Large-Scale
Proteomics with Superior Protein Quantification. Anal. Chem. 82, 316–322.
doi:10.1021/ac902005s

Meier, F., Brunner, A.-D., Koch, S., Koch, H., Lubeck, M., Krause, M., et al. (2018).
Online Parallel Accumulation-Serial Fragmentation (PASEF) with a Novel
Trapped Ion Mobility Mass Spectrometer. Mol. Cell Proteomics 17, 2534–2545.
doi:10.1074/mcp.TIR118.000900

Michelmann, K., Silveira, J. A., Ridgeway, M. E., and Park, M. A. (2014).
Fundamentals of Trapped Ion Mobility Spectrometry. J. Am. Soc. Mass.
Spectrom. 26, 14–24. doi:10.1007/s13361-014-0999-4

Miller, P. E., and Denton, M. B. (1986). The Quadrupole Mass Filter: Basic
Operating Concepts. J. Chem. Educ. 63, 617–622. doi:10.1021/
ed063p617

Minakata, K., Yamagishi, I., Nozawa, H., Hasegawa, K., Suzuki, M., Gonmori, K.,
et al. (2017). Quantitation of Biperiden in Whole Blood by MALDI-QTOF
Tandem Mass Spectrometry, and Estimation of New Metabolites in Urine of
Deceased Subjects Treated with Biperiden Antemortem. Forensic Toxicol. 35,
86–93. doi:10.1007/s11419-016-0341-x

Morin, L.-P., Mess, J.-N., and Garofolo, F. (2013). Large-molecule Quantification:
Sensitivity and Selectivity Head-To-Head Comparison of Triple Quadrupole
with Q-TOF. Bioanalysis 5, 1181–1193. doi:10.4155/bio.13.87

Murugaiyan, J., Eravci, M., Weise, C., and Roesler, U. (2017). Label-Free
Quantitative Proteomic Analysis of Harmless and Pathogenic Strains of
Infectious Microalgae, Prototheca Spp. Ijms 18, 59. doi:10.3390/
ijms18010059

Nagornov, K. O., Gorshkov, M. V., Kozhinov, A. N., and Tsybin, Y. O. (2014).
High-Resolution Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry with Increased Throughput for Biomolecular Analysis. Anal.
Chem. 86, 9020–9028. doi:10.1021/ac501579h

Nijat, D., Abdulla, R., Liu, G.-y., Luo, Y.-q., and Aisa, H. A. (2020). Identification
and Quantification of Meiguihua Oral Solution Using Liquid Chromatography
Combined with Hybrid Quadrupole-Orbitrap and Triple Quadrupole Mass
Spectrometers. J. Chromatogr. B 1139, 121992. doi:10.1016/
j.jchromb.2020.121992

Nolting, D., Malek, R., and Makarov, A. (2019). Ion Traps in Modern Mass
Spectrometry. Mass. Spec. Rev. 38, 150–168. doi:10.1002/mas.21549

Olsen, J. V., Macek, B., Lange, O., Makarov, A., Horning, S., and Mann, M. (2007).
Higher-energy C-Trap Dissociation for Peptide Modification Analysis. Nat.
Methods 4, 709–712. doi:10.1038/nmeth1060

Olsen, J. V., Schwartz, J. C., Griep-Raming, J., Nielsen, M. L., Damoc, E., Denisov,
E., et al. (2009). A Dual Pressure Linear Ion Trap Orbitrap Instrument with
Very High Sequencing Speed. Mol. Cell Proteomics 8, 2759–2769. doi:10.1074/
mcp.M900375-MCP200

Ostrander, C. M., Arkin, C. R., and Laude, D. (2000). Magnetic Field Focused Ion
Accumulation for an Internal Bore Liquid Chromatography Electrospray
Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectrometer
Using a central Trapping Electrode. J. Am. Soc. Mass. Spectrom. 11, 592–595.
doi:10.1016/S1044-0305(00)00124-0

Ouyang, Z., Wu, G., Song, Y., Li, H., Plass, W. R., and Cooks, R. G. (2004).
Rectilinear Ion Trap: Concepts, Calculations, and Analytical Performance of a
New Mass Analyzer. Anal. Chem. 76, 4595–4605. doi:10.1021/ac049420n

Owen, B. C., Jarrell, T. M., Schwartz, J. C., Oglesbee, R., Carlsen, M., Archibold, E.
F., et al. (2013). A Differentially Pumped Dual Linear Quadrupole Ion Trap
(DLQIT) Mass Spectrometer: A Mass Spectrometer Capable of MSn
Experiments Free from Interfering Reactions. Anal. Chem. 85, 11284–11290.
doi:10.1021/ac401956f

Parchomyk, T., and Koszinowski, K. (2019). Substitution Reactions of Gaseous
Ions in a Three-Dimensional Quadrupole Ion Trap. J. Mass. Spectrom. 54,
81–87. doi:10.1002/jms.4313

Park, J., Kim, H., and Blick, R. H. (2012). Quasi-dynamic Mode of
Nanomembranes for Time-Of-Flight Mass Spectrometry of Proteins.
Nanoscale 4, 2543–2548. doi:10.1039/c2nr11779g

Pascual-Caro, S., Borrull, F., Aguilar, C., and Calull, M. (2020). Determination of
Synthetic Cathinones in Urine and Oral Fluid by Liquid Chromatography
High-Resolution Mass Spectrometry and Low-Resolution Mass Spectrometry:
A Method Comparison. Separations 7, 53. doi:10.3390/separations7040053

Patterson, G. E., Guymon, A. J., Riter, L. S., Everly, M., Griep-Raming, J., Laughlin,
B. C., et al. (2002). Miniature Cylindrical Ion Trap Mass Spectrometer. Anal.
Chem. 74, 6145–6153. doi:10.1021/ac020494d

Paul, W., and Steinwedel, H. (1953). Notizen: Ein neues Massenspektrometer ohne
Magnetfeld. Z. Naturfors. Sect. A-j. Phys. Sci. 8, 448–450. doi:10.1515/zna-1953-
0710

Peacock, P. M., Zhang, W.-J., and Trimpin, S. (2017). Advances in Ionization for
Mass Spectrometry. Anal. Chem. 89, 372–388. doi:10.1021/
acs.analchem.6b04348

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335918

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.1007/s00216-020-02868-2
https://doi.org/10.1007/s00216-020-02868-2
https://doi.org/10.1177/1469066718776441
https://doi.org/10.1016/j.foodchem.2021.131125
https://doi.org/10.1021/ac900478e
https://doi.org/10.1021/acs.analchem.9b01130
https://doi.org/10.1021/ac00050a008
https://doi.org/10.1080/14786419.2019.1577837
https://doi.org/10.1021/acs.analchem.9b05481
https://doi.org/10.1039/c7an02054f
https://doi.org/10.1039/c7an02054f
https://doi.org/10.1021/acs.analchem.8b03958
https://doi.org/10.1016/j.jpba.2018.12.044
https://doi.org/10.1016/j.jasms.2009.03.018
https://doi.org/10.1016/j.jasms.2009.03.018
https://doi.org/10.1007/s11214-012-9879-z
https://doi.org/10.1016/s1470-2045(20)30445-9
https://doi.org/10.1016/s1470-2045(20)30445-9
https://doi.org/10.1002/(sici)1096-9888(199704)32:4<351::Aid-jms512>3.0.Co;2-y
https://doi.org/10.1002/(sici)1096-9888(199704)32:4<351::Aid-jms512>3.0.Co;2-y
https://doi.org/10.1074/mcp.T400015-MCP200
https://doi.org/10.1074/mcp.T400015-MCP200
https://doi.org/10.1021/ac902005s
https://doi.org/10.1074/mcp.TIR118.000900
https://doi.org/10.1007/s13361-014-0999-4
https://doi.org/10.1021/ed063p617
https://doi.org/10.1021/ed063p617
https://doi.org/10.1007/s11419-016-0341-x
https://doi.org/10.4155/bio.13.87
https://doi.org/10.3390/ijms18010059
https://doi.org/10.3390/ijms18010059
https://doi.org/10.1021/ac501579h
https://doi.org/10.1016/j.jchromb.2020.121992
https://doi.org/10.1016/j.jchromb.2020.121992
https://doi.org/10.1002/mas.21549
https://doi.org/10.1038/nmeth1060
https://doi.org/10.1074/mcp.M900375-MCP200
https://doi.org/10.1074/mcp.M900375-MCP200
https://doi.org/10.1016/S1044-0305(00)00124-0
https://doi.org/10.1021/ac049420n
https://doi.org/10.1021/ac401956f
https://doi.org/10.1002/jms.4313
https://doi.org/10.1039/c2nr11779g
https://doi.org/10.3390/separations7040053
https://doi.org/10.1021/ac020494d
https://doi.org/10.1515/zna-1953-0710
https://doi.org/10.1515/zna-1953-0710
https://doi.org/10.1021/acs.analchem.6b04348
https://doi.org/10.1021/acs.analchem.6b04348
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Peng, W.-P., Goodwin, M. P., Nie, Z., Volný, M., Ouyang, Z., and Cooks, R. G.
(2008). Ion Soft landing Using a Rectilinear Ion Trap Mass Spectrometer. Anal.
Chem. 80, 6640–6649. doi:10.1021/ac800929w

Petrie, B., Muñoz, M. D. C., and Martín, J. (2019). Stereoselective LC-MS/MS
Methodologies for Environmental Analysis of Chiral Pesticides. Trac Trends
Anal. Chem. 110, 249–258. doi:10.1016/j.trac.2018.11.010

Plaß, W. R., Dickel, T., and Scheidenberger, C. (2013). Multiple-reflection Time-
Of-Flight Mass Spectrometry. Int. J. Mass Spectrom. 349-350, 134–144.
doi:10.1016/j.ijms.2013.06.005

Qin, D., Wang, Q., Li, H., Jiang, X., Fang, K., Wang, Q., et al. (2020). Identification
of key metabolites based on non-targeted metabolomics and chemometrics
analyses provides insights into bitterness in Kucha [Camellia kucha (Chang et
Wang) Chang]. Food Res. Int. 138, 109789. doi:10.1016/j.foodres.2020.109789

Rajski, Ł., Martínez-Bueno, M. J., Ferrer, C., and Fernández-Alba, A. R. (2019). LC-
ESI-QOrbitrap MS/MS within Pesticide Residue Analysis in Fruits and
Vegetables. Trac Trends Anal. Chem. 118, 587–596. doi:10.1016/
j.trac.2019.06.032

Ramandi, N. F., Faranoush, M., Ghassempour, A., and Aboul-Enein, H. Y. (2021).
Mass Spectrometry: A Powerful Method for Monitoring Various Type of
Leukemia, Especially MALDI-TOF in Leukemia’s Proteomics Studies
Review. Crit. Rev. Anal. Chem. 26, 1–28. doi:10.1080/10408347.2021.1871844

Raterink, R.-J., Lindenburg, P. W., Vreeken, R. J., Ramautar, R., and Hankemeier,
T. (2014). Recent Developments in Sample-Pretreatment Techniques for Mass
Spectrometry-Based Metabolomics. Trac Trends Anal. Chem. 61, 157–167.
doi:10.1016/j.trac.2014.06.003

Ren, T., Li, R., Meng, X., Fawcett, J. P., Sun, D., and Gu, J. (2018). Differential
Mobility Spectrometry Followed by Tandem Mass Spectrometry with Multiple
Ion Monitoring for Bioanalysis of Eptifibatide in Rat Plasma. J. Pharm. Biomed.
Anal. 151, 260–265. doi:10.1016/j.jpba.2018.01.019

Riley, N. M., Mullen, C., Weisbrod, C. R., Sharma, S., Senko, M. W., Zabrouskov,
V., et al. (2016). Enhanced Dissociation of Intact Proteins with High Capacity
Electron Transfer Dissociation. J. Am. Soc. Mass. Spectrom. 27, 520–531.
doi:10.1007/s13361-015-1306-8

Riter, L. S., Gooding, K. M., Hodge, B. D., and Julian, R. K. (2006). Comparison of
the Paul Ion Trap to the Linear Ion Trap for Use in Global Proteomics.
Proteomics 6, 1735–1740. doi:10.1002/pmic.200500477

Roosendaal, J., Wang, K., Rosing, H., Lucas, L., Gebretensae, A., Oganesian, A.,
et al. (2019). Development and Validation of LC-MS/MS Methods for the
Quantification of the Novel Anticancer Agent Guadecitabine and its Active
Metabolite β-decitabine in H-uman P-lasma, W-hole B-lood and U-rine.
J. Chromatogr. B 1109, 132–141. doi:10.1016/j.jchromb.2019.01.011

Rose, R. J., Damoc, E., Denisov, E., Makarov, A., and Heck, A. J. R. (2012). High-
sensitivity Orbitrap Mass Analysis of Intact Macromolecular Assemblies. Nat.
Methods 9, 1084–1086. doi:10.1038/nmeth.2208

Sampson, J. S., Murray, K. K., and Muddiman, D. C. (2009). Intact and Top-Down
Characterization of Biomolecules and Direct Analysis Using Infrared Matrix-
Assisted Laser Desorption Electrospray Ionization Coupled to FT-ICR Mass
Spectrometry. J. Am. Soc. Mass. Spectrom. 20, 667–673. doi:10.1016/
j.jasms.2008.12.003

Schwartz, J. C., Senko, M. W., and Syka, J. E. P. (2002). A Two-Dimensional
Quadrupole Ion Trap Mass Spectrometer. J. Am. Soc. Mass. Spectrom. 13,
659–669. doi:10.1016/s1044-0305(02)00384-7

Second, T. P., Blethrow, J. D., Schwartz, J. C., Merrihew, G. E., MacCoss, M. J.,
Swaney, D. L., et al. (2009). Dual-Pressure Linear Ion Trap Mass Spectrometer
Improving the Analysis of Complex Protein Mixtures. Anal. Chem. 81,
7757–7765. doi:10.1021/ac901278y

Senko, M. W., Hendrickson, C. L., Emmett, M. R., Shi, S. D. H., andMarshall, A. G.
(1997). External Accumulation of Ions for Enhanced Electrospray Ionization
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. J. Am. Soc.
Mass. Spectrom. 8, 970–976. doi:10.1016/S1044-0305(97)00126-8

Senko, M. W., Remes, P. M., Canterbury, J. D., Mathur, R., Song, Q., Eliuk, S. M.,
et al. (2013). Novel Parallelized Quadrupole/Linear Ion Trap/Orbitrap Tribrid
Mass Spectrometer Improving Proteome Coverage and Peptide Identification
Rates. Anal. Chem. 85, 11710–11714. doi:10.1021/ac403115c

Shao, B., Li, H., Shen, J., and Wu, Y. (2019). “Nontargeted Detection Methods for
Food Safety and Integrity,” in Food Science. Editors M. P. Doyle and
D. J. McClements (Palo Alto: Annual Reviews), 10, 429–455. doi:10.1146/
annurev-food-032818-121233Annu. Rev. Food Sci. Technol.

Shchepunov, V., Rignall, M., Giles, R., Fujita, R., Waki, H., and Nakanishi, H.
(2019). A High Resolution Multi-Turn TOF Mass Analyzer. Int. J. Mod. Phys.
A. 34, 1942005. doi:10.1142/S0217751X19420053

Sherwood, C. A., Eastham, A., Lee, L. W., Risler, J., Vitek, O., and Martin, D. B.
(2009). Correlation between Y-type Ions Observed in Ion Trap and Triple
Quadrupole Mass Spectrometers. J. Proteome Res. 8, 4243–4251. doi:10.1021/
pr900298b

Si, X., Xiong, X., Zhang, S., Fang, X., and Zhang, X. (2017). Detecting Low-
Abundance Molecules at Single-Cell Level by Repeated Ion Accumulation in
Ion Trap Mass Spectrometer. Anal. Chem. 89, 2275–2281. doi:10.1021/
acs.analchem.6b03390

Silveira, J. A., Michelmann, K., Ridgeway, M. E., and Park, M. A. (2016).
Fundamentals of Trapped Ion Mobility Spectrometry Part II: Fluid
Dynamics. J. Am. Soc. Mass. Spectrom. 27, 585–595. doi:10.1007/s13361-
015-1310-z

Silveira, J. A., Ridgeway, M. E., Laukien, F. H., Mann, M., and Park, M. A. (2017).
Parallel Accumulation for 100% Duty Cycle Trapped Ion Mobility-Mass
Spectrometry. Int. J. Mass. Spectrom. 413, 168–175. doi:10.1016/
j.ijms.2016.03.004

Sleno, L., and Volmer, D. A. (2004). Ion Activation Methods for Tandem Mass
Spectrometry. J. Mass. Spectrom. 39, 1091–1112. doi:10.1002/jms.703

Snyder, D. T., and Cooks, R. G. (2016b). Successive Resonances for Ion Ejection at
Arbitrary Frequencies in an Ion Trap. J. Am. Soc. Mass. Spectrom. 27,
1922–1928. doi:10.1007/s13361-016-1473-2

Snyder, D. T., Panczyk, E. M., Somogyi, A., Kaplan, D. A., and Wysocki, V. (2020).
Simple and Minimally Invasive SID Devices for Native Mass Spectrometry.
Anal. Chem. 92, 11195–11203. doi:10.1021/acs.analchem.0c01657

Snyder, D. T., Pulliam, C. J., Ouyang, Z., and Cooks, R. G. (2016a). Miniature and
Fieldable Mass Spectrometers: Recent Advances. Anal. Chem. 88, 2–29.
doi:10.1021/acs.analchem.5b03070

Song, Q., Kothari, S., Senko, M. A., Schwartz, J. C., Amy, J. W., Stafford, G. C., et al.
(2006). Rectilinear Ion Trap Mass Spectrometer with Atmospheric Pressure
Interface and Electrospray Ionization Source. Anal. Chem. 78, 718–725.
doi:10.1021/ac0512709

Sonnett, M., Yeung, E., and Wühr, M. (2018). Accurate, Sensitive, and Precise
Multiplexed Proteomics Using the Complement Reporter Ion Cluster. Anal.
Chem. 90, 5032–5039. doi:10.1021/acs.analchem.7b04713

Southam, A. D., Payne, T. G., Cooper, H. J., Arvanitis, T. N., and Viant, M. R.
(2007). Dynamic Range and Mass Accuracy of Wide-Scan Direct Infusion
Nanoelectrospray Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry-Based Metabolomics Increased by the Spectral Stitching
Method. Anal. Chem. 79, 4595–4602. doi:10.1021/ac062446p

Spivak-Lavrov, I., Baisanov, O., Yakushev, E., and Nazarenko, L. (2020). Time-of-
flightMass Spectrometers Based on aWedge-shaped Electrostatic Mirror with a
Two-dimensional Field. Rapid Commun. Mass. Spectrom. 34, 8. doi:10.1002/
rcm.8590

Stryiński, R., Mateos, J., Pascual, S., González, Á. F., Gallardo, J. M., Łopieńska-
Biernat, E., et al. (2019). Proteome Profiling of L3 and L4 Anisakis Simplex
Development Stages by TMT-Based Quantitative Proteomics. J. Proteomics 201,
1–11. doi:10.1016/j.jprot.2019.04.006

Sudakov, M., Mamontov, E., Xu, F., Xu, C., and Ding, C.-F. (2016). Possibility of
Operating Quadrupole Mass Filter at High Resolution. Int. J. Mass Spectrom.
408, 9–19. doi:10.1016/j.ijms.2016.09.003

Sun, J., Yu, G., Yang, Y., Qiao, L., Xu, B., Ding, C., et al. (2020). Evaluation of
Prostate Cancer Based on MALDI-TOF MS Fingerprinting of Nanoparticle-
Treated Serum Proteins/peptides. Talanta 220, 121331. doi:10.1016/
j.talanta.2020.121331

Sun, Y., Xia, B., Chen, X., Duanmu, C., Li, D., and Han, C. (2015). Rapid
Quantification of Four Anthocyanins in Red Grape Wine by Hydrophilic
Interaction Liquid Chromatography/Triple Quadrupole Linear Ion Trap
Mass Spectrometry. J. Aoac Int. 98, 1628–1631. doi:10.5740/jaoacint.15-098

Syka, J. E. P., Marto, J. A., Bai, D. L., Horning, S., Senko, M.W., Schwartz, J. C., et al.
(2004). Novel Linear Quadrupole Ion Trap/FT Mass Spectrometer:
Performance Characterization and Use in the Comparative Analysis of
Histone H3 Post-translational Modifications. J. Proteome Res. 3, 621–626.
doi:10.1021/pr0499794

Szalwinski, L. J., Snyder, D. T., Wells, J. M., and Cooks, R. G. (2020). Triple
Resonance Methods to Improve Performance of Ion Trap Precursor and

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335919

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.1021/ac800929w
https://doi.org/10.1016/j.trac.2018.11.010
https://doi.org/10.1016/j.ijms.2013.06.005
https://doi.org/10.1016/j.foodres.2020.109789
https://doi.org/10.1016/j.trac.2019.06.032
https://doi.org/10.1016/j.trac.2019.06.032
https://doi.org/10.1080/10408347.2021.1871844
https://doi.org/10.1016/j.trac.2014.06.003
https://doi.org/10.1016/j.jpba.2018.01.019
https://doi.org/10.1007/s13361-015-1306-8
https://doi.org/10.1002/pmic.200500477
https://doi.org/10.1016/j.jchromb.2019.01.011
https://doi.org/10.1038/nmeth.2208
https://doi.org/10.1016/j.jasms.2008.12.003
https://doi.org/10.1016/j.jasms.2008.12.003
https://doi.org/10.1016/s1044-0305(02)00384-7
https://doi.org/10.1021/ac901278y
https://doi.org/10.1016/S1044-0305(97)00126-8
https://doi.org/10.1021/ac403115c
https://doi.org/10.1146/annurev-food-032818-121233
https://doi.org/10.1146/annurev-food-032818-121233
https://doi.org/10.1142/S0217751X19420053
https://doi.org/10.1021/pr900298b
https://doi.org/10.1021/pr900298b
https://doi.org/10.1021/acs.analchem.6b03390
https://doi.org/10.1021/acs.analchem.6b03390
https://doi.org/10.1007/s13361-015-1310-z
https://doi.org/10.1007/s13361-015-1310-z
https://doi.org/10.1016/j.ijms.2016.03.004
https://doi.org/10.1016/j.ijms.2016.03.004
https://doi.org/10.1002/jms.703
https://doi.org/10.1007/s13361-016-1473-2
https://doi.org/10.1021/acs.analchem.0c01657
https://doi.org/10.1021/acs.analchem.5b03070
https://doi.org/10.1021/ac0512709
https://doi.org/10.1021/acs.analchem.7b04713
https://doi.org/10.1021/ac062446p
https://doi.org/10.1002/rcm.8590
https://doi.org/10.1002/rcm.8590
https://doi.org/10.1016/j.jprot.2019.04.006
https://doi.org/10.1016/j.ijms.2016.09.003
https://doi.org/10.1016/j.talanta.2020.121331
https://doi.org/10.1016/j.talanta.2020.121331
https://doi.org/10.5740/jaoacint.15-098
https://doi.org/10.1021/pr0499794
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Neutral Loss Scans. J. Am. Soc. Mass. Spectrom. 31, 1123–1131. doi:10.1021/
jasms.0c00048

Tabert, A. M., Griep-Raming, J., Guymon, A. J., and Cooks, R. G. (2003). High-
Throughput Miniature Cylindrical Ion Trap Array Mass Spectrometer. Anal.
Chem. 75, 5656–5664. doi:10.1021/ac0346858

Tolmachev, A. V., Vilkov, A. N., Bogdanov, B., PĂsa-Tolić, L., Masselon, C. D., and
Smith, R. D. (2004). Collisional Activation of Ions in RF Ion Traps and Ion
Guides: The Effective Ion Temperature Treatment. J. Am. Soc. Mass. Spectrom.
15, 1616–1628. doi:10.1016/j.jasms.2004.07.014

Torres, C. M., Picó, Y., and Mañes, J. (1996). Determination of Pesticide Residues
in Fruit and Vegetables. J. Chromatogr. A 754, 301–331. doi:10.1016/s0021-
9673(96)00407-4

Trainer, M. G., Wong, M. H., McConnochie, T. H., Franz, H. B., Atreya, S. K.,
Conrad, P. G., et al. (2019). Seasonal Variations in Atmospheric Composition as
Measured in Gale Crater, Mars. J. Geophys. Res. Planets 124, 3000–3024.
doi:10.1029/2019je006175

Tsugawa, H., Tsujimoto, Y., Sugitate, K., Sakui, N., Nishiumi, S., Bamba, T., et al.
(2014). Highly Sensitive and Selective Analysis of Widely Targeted
Metabolomics Using Gas Chromatography/triple-Quadrupole Mass
Spectrometry. J. Biosci. Bioeng. 117, 122–128. doi:10.1016/j.jbiosc.2013.06.009

Uclés, S., Uclés, A., Lozano, A., Bueno, M. J. M., and Fernández-Alba, A. R. (2017).
Shifting the Paradigm in Gas Chromatography Mass Spectrometry Pesticide
Analysis Using High Resolution Accurate Mass Spectrometry. J. Chromatogr. A
1501, 107–116. doi:10.1016/j.chroma.2017.04.025

Vestal, M. L. (2009). Modern MALDI Time-Of-Flight Mass Spectrometry. J. Mass.
Spectrom. 44, 303–317. doi:10.1002/jms.1537

Wang, L., Xu, F., and Ding, C.-F. (2013). Dipolar Direct Current Driven Collision-
Induced Dissociation in a Digital Ceramic-Based Rectilinear Ion Trap Mass
Spectrometer. Anal. Chem. 85, 1271–1275. doi:10.1021/ac3031256

Wang, L., Xu, F., and Ding, C.-F. (2012). Performance and Geometry Optimization
of the Ceramic-Based Rectilinear Ion Traps. Rapid Commun. Mass. Spectrom.
26, 2068–2074. doi:10.1002/rcm.6308

Wang, Y., Zhang, X., Zhai, Y., Jiang, Y., Fang, X., Zhou, M., et al. (2014). Mass
Selective Ion Transfer and Accumulation in Ion Trap Arrays. Anal. Chem. 86,
10164–10170. doi:10.1021/ac502583b

Wei, R., Li, G., and Seymour, A. B. (2010). High-Throughput and Multiplexed LC/
MS/MRM Method for Targeted Metabolomics. Anal. Chem. 82, 5527–5533.
doi:10.1021/ac100331b

Weisbrod, C. R., Hoopmann, M. R., Senko, M. W., and Bruce, J. E. (2013).
Performance Evaluation of a Dual Linear Ion Trap-Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer for Proteomics Research.
J. Proteomics 88, 109–119. doi:10.1016/j.jprot.2013.04.009

Weisbrod, C. R., Kaiser, N. K., Skulason, G. E., and Bruce, J. E. (2010). Excite-
Coupled Trapping Ring Electrode Cell (eTREC): Radial Trapping Field
Control, Linearized Excitation, and Improved Detection. Anal. Chem. 82,
6281–6286. doi:10.1021/ac100461c

Weisbrod, C. R., Kaiser, N. K., Skulason, G. E., and Bruce, J. E. (2008). Trapping
Ring Electrode Cell: A FTICR Mass Spectrometer Cell for Improved Signal-To-
Noise and Resolving Power. Anal. Chem. 80, 6545–6553. doi:10.1021/
ac800535e

Weisbrod, C. R., Kaiser, N. K., Syka, J. E. P., Early, L., Mullen, C., Dunyach, J.-J.,
et al. (2017). Front-End Electron Transfer Dissociation Coupled to a 21 Tesla
FT-ICR Mass Spectrometer for Intact Protein Sequence Analysis. J. Am. Soc.
Mass. Spectrom. 28, 1787–1795. doi:10.1007/s13361-017-1702-3

Wiley, W. C., and Mclaren, I. H. (1955). Time-of-Flight Mass Spectrometer with
Improved Resolution. Rev. Scientific Instr. 26, 1150–1157. doi:10.1063/
1.1715212

Willis, P., Jaloszynski, J., and Artaev, V. (2021). Improving Duty Cycle in the
Folded Flight Path High-Resolution Time-Of-Flight Mass Spectrometer. Int.
J. Mass Spectrom. 459, 116467. doi:10.1016/j.ijms.2020.116467

Xu, F., Dang, Q., Dai, X., Fang, X., Wang, Y., Ding, L., et al. (2016). Characteristics
of Ion Activation and Collision Induced Dissociation Using Digital Ion Trap
Technology. J. Am. Soc. Mass. Spectrom. 27, 1351–1356. doi:10.1007/s13361-
016-1407-z

Xu, W., Li, L., Zhou, X., and Ouyang, Z. (2014). Ion Sponge: A 3-Dimentional
Array of Quadrupole Ion Traps for Trapping and Mass-Selectively Processing
Ions in Gas Phase. Anal. Chem. 86, 4102–4109. doi:10.1021/ac5008046

Xu, Z., Jiang, T., Xu, Q., Zhai, Y., Li, D., and Xu, W. (2019). Pseudo-Multiple
Reaction Monitoring (Pseudo-MRM) Mode on the "Brick" Mass Spectrometer,
Using the Grid-SWIFT Waveform. Anal. Chem. 91, 13838–13846. doi:10.1021/
acs.analchem.9b03315

Xue, B., Sun, L., Huang, Z., Gao, W., Fan, R., Cheng, P., et al. (2016). A Hand-
Portable Digital Linear Ion Trap Mass Spectrometer. Analyst 141, 5535–5542.
doi:10.1039/c6an01118g

Xue, J., Derks, R. J. E., Webb, B., Billings, E. M., Aisporna, A., Giera, M., et al.
(2021). Single Quadrupole Multiple Fragment Ion Monitoring Quantitative
Mass Spectrometry. Anal. Chem. 93, 10879–10889. doi:10.1021/
acs.analchem.1c01246

Yavor, M. I., Plass, W. R., Dickel, T., Geissel, H., and Scheidenberger, C. (2015).
Ion-optical Design of a High-Performance Multiple-Reflection Time-Of-Flight
Mass Spectrometer and Isobar Separator. Int. J. Mass Spectrom. 381-382, 1–9.
doi:10.1016/j.ijms.2015.01.002

Yavor, M. I., Verenchikov, A. N., and Guluev, R. G. (2019). Cylindrical Sector Field
Multi-Turn Time-Of-Flight Mass Analyzer with Second Order Focusing. Int.
J. Mass Spectrom. 442, 58–63. doi:10.1016/j.ijms.2019.05.007

Yavor, M., Verentchikov, A., Hasin, J., Kozlov, B., Gavrik, M., and Trufanov, A.
(2008). Planar Multi-Reflecting Time-Of-Flight Mass Analyzer with a Jig-Saw
Ion Path. Phys. Proced. 1, 391–400. doi:10.1016/j.phpro.2008.07.120

Yin, L., Ji, Z., Cao, H., Li, Y., and Huang, J. (2021). Comparison of LC-MS3 and LC-
MRM strategy for quantification of methotrexate in human plasma and its
application in therapeutic drug monitoring. Journal of Pharmaceutical and
Biomedical Analysis 205, 114345. doi:10.1016/j.jpba.2021.114345

Yin, R., Prabhakaran, V., and Laskin, J. (2018). Quantitative Extraction and Mass
Spectrometry Analysis at a Single-Cell Level. Anal. Chem. 90, 7937–7945.
doi:10.1021/acs.analchem.8b00551

Yost, R. A., and Enke, C. G. (1979). Triple Quadrupole Mass Spectrometry. Anal.
Chem. 51, 1251A–1264A. doi:10.1021/ac50048a792

Yu, Q., Tang, L., Ni, K., Qian, X., and Wang, X. (2016). Computer Simulations of a
New Toroidal-Cylindrical Ion Trap Mass Analyzer. Rapid Commun. Mass.
Spectrom. 30, 2271–2278. doi:10.1002/rcm.7713

Yuan, S., Yang, F., Yu, H., Xie, Y., Guo, Y., and Yao, W. (2021). Biodegradation of
the Organophosphate Dimethoate by Lactobacillus Plantarum during Milk
Fermentation. Food Chem. 360, 130042. doi:10.1016/j.foodchem.2021.130042

Zainudin, B. H., Salleh, S., Yaakob, A. S., and Mohamed, R. (2022). Comprehensive
Strategy for Pesticide Residue Analysis in cocoa Beans through Qualitative and
Quantitative Approach. Food Chem. 368, 130778. doi:10.1016/
j.foodchem.2021.130778

Zeng, W., Zhang, Y., Zheng, W., Luo, Q., Han, J., Liu, J. A., et al. (2019). Discovery
of Cisplatin Binding to Thymine and Cytosine on a Single-Stranded
Oligodeoxynucleotide by High Resolution FT-ICR Mass Spectrometry.
Molecules 24, 1852. doi:10.3390/molecules24101852

Zenobi, R. (2013). Single-Cell Metabolomics: Analytical and Biological
Perspectives. Science 342, 1201. doi:10.1126/science.1243259

Zhai, Y., Xu, Q., Tang, Y., Liu, S., Li, D., and Xu, W. (2019). Boosting the Sensitivity
and Selectivity of a Miniature Mass Spectrometer Using a Hybrid Ion Funnel.
Anal. Chem. 91, 7911–7919. doi:10.1021/acs.analchem.9b01770

Zhang, X.-K., Li, S.-Y., Zhao, X., Pan, Q.-H., Shi, Y., and Duan, C.-Q. (2020).
HPLC-MS/MS-based Targeted Metabolomic Method for Profiling of Malvidin
Derivatives in Dry Red Wines. Food Res. Int. 134, 109226. doi:10.1016/
j.foodres.2020.109226

Zhao, X., Xiao, Z., and Douglas, D. J. (2010). Mass Analysis with Islands of
Stability with Linear Quadrupoles Incorporating Higher Order Multipole
Fields. J. Am. Soc. Mass. Spectrom. 21, 393–402. doi:10.1016/
j.jasms.2009.11.002

Zhou, X., and Ouyang, Z. (2014). Flowing Gas in Mass Spectrometer: Method for
Characterization and Impact on Ion Processing. Analyst 139, 5215–5222.
doi:10.1039/c4an00982g

Zhou, X., and Ouyang, Z. (2016). Following the Ions through a Mass Spectrometer
with Atmospheric Pressure Interface: Simulation of Complete Ion Trajectories
from Ion Source to Mass Analyzer. Anal. Chem. 88, 7033–7040. doi:10.1021/
acs.analchem.6b00461

Zhou, X., and Ouyang, Z. (2021). Mass Analysis Using Collective Interaction of
Ions in an Ion Trap. Anal. Chem. 93, 5998–6002. doi:10.1021/
acs.analchem.1c00558

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335920

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.1021/jasms.0c00048
https://doi.org/10.1021/jasms.0c00048
https://doi.org/10.1021/ac0346858
https://doi.org/10.1016/j.jasms.2004.07.014
https://doi.org/10.1016/s0021-9673(96)00407-4
https://doi.org/10.1016/s0021-9673(96)00407-4
https://doi.org/10.1029/2019je006175
https://doi.org/10.1016/j.jbiosc.2013.06.009
https://doi.org/10.1016/j.chroma.2017.04.025
https://doi.org/10.1002/jms.1537
https://doi.org/10.1021/ac3031256
https://doi.org/10.1002/rcm.6308
https://doi.org/10.1021/ac502583b
https://doi.org/10.1021/ac100331b
https://doi.org/10.1016/j.jprot.2013.04.009
https://doi.org/10.1021/ac100461c
https://doi.org/10.1021/ac800535e
https://doi.org/10.1021/ac800535e
https://doi.org/10.1007/s13361-017-1702-3
https://doi.org/10.1063/1.1715212
https://doi.org/10.1063/1.1715212
https://doi.org/10.1016/j.ijms.2020.116467
https://doi.org/10.1007/s13361-016-1407-z
https://doi.org/10.1007/s13361-016-1407-z
https://doi.org/10.1021/ac5008046
https://doi.org/10.1021/acs.analchem.9b03315
https://doi.org/10.1021/acs.analchem.9b03315
https://doi.org/10.1039/c6an01118g
https://doi.org/10.1021/acs.analchem.1c01246
https://doi.org/10.1021/acs.analchem.1c01246
https://doi.org/10.1016/j.ijms.2015.01.002
https://doi.org/10.1016/j.ijms.2019.05.007
https://doi.org/10.1016/j.phpro.2008.07.120
https://doi.org/10.1016/j.jpba.2021.114345
https://doi.org/10.1021/acs.analchem.8b00551
https://doi.org/10.1021/ac50048a792
https://doi.org/10.1002/rcm.7713
https://doi.org/10.1016/j.foodchem.2021.130042
https://doi.org/10.1016/j.foodchem.2021.130778
https://doi.org/10.1016/j.foodchem.2021.130778
https://doi.org/10.3390/molecules24101852
https://doi.org/10.1126/science.1243259
https://doi.org/10.1021/acs.analchem.9b01770
https://doi.org/10.1016/j.foodres.2020.109226
https://doi.org/10.1016/j.foodres.2020.109226
https://doi.org/10.1016/j.jasms.2009.11.002
https://doi.org/10.1016/j.jasms.2009.11.002
https://doi.org/10.1039/c4an00982g
https://doi.org/10.1021/acs.analchem.6b00461
https://doi.org/10.1021/acs.analchem.6b00461
https://doi.org/10.1021/acs.analchem.1c00558
https://doi.org/10.1021/acs.analchem.1c00558
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhu, K., Liu, Y., Sun, Q., Zhao, M., and Huang, L. (2020). Determination of Volatile
Fuel Oxygenates in Water by Gas Chromatography-Triple Quadrupole Mass
Spectrometry: Effect of Automated Sample Preparation Techniques. Water 12,
2266. doi:10.3390/w12082266

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Chu, Tan, Yin, Jiang, Dai, Gong, Fang and Tian. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 81335921

Li et al. Higher Sensitivity of Mass Spectrometry

https://doi.org/10.3390/w12082266
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Towards Higher Sensitivity of Mass Spectrometry: A Perspective From the Mass Analyzers
	Introduction
	Quadrupole Mass Analyzer
	Ion Trap Mass Analyzer
	TOF Mass Analyzer
	FT-ICR Mass Analyzer
	Tandem Mass Analyzers
	Combination of Quadrupole and Other Analyzers
	QqQ
	Combination of Quadrupole and Ion Trap (Q-Trap)
	6.1.3 Combination of Quadrupole and TOF (Q-TOF)

	Combination of Ion Trap and Other Analyzers
	Ion Trap Arrays
	Combination of Ion Trap and FT-ICR

	Combination of Orbitrap and Other Analyzers

	Conclusion and Perspective
	Author Contributions
	Funding
	References


