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While quadrupoles provide unit mass resolution across the entire mass range, alternative analysers, (sector
field and time-of-flight) were developed to increase mass resolution and to improve selectivity for
interfered analytes. Increasing mass resolution is inherent with a loss in ion transmission and therefore,
sensitivity is sacrificed in a trade-off for selectivity. In inductively coupled plasma-mass spectrometry
(ICP-MS), the analysis of some elements may benefit from this increased selectivity, but many elements
are not interfered, and their trace analysis would rather benefit from increased sensitivity. Performing low
resolution ICP-MS can be achieved in the bandpass mode, in which scanning properties of the
quadrupole are altered to boost ion transmission. The aim is to gain sensitivity at the expense of mass
resolution and therefore selectivity. Here, unit mass resolution is deliberately given up to trigger two
main effects: first, an increased bandwidth improves ion transmission for each isotope. Second, isotopic
signals start to convolute and can be analysed at one point. This enables the simultaneous transmission
and acquisition of isotopes from polyisotopic elements increasing sensitivity substantially. Both effects
are cumulative and can enhance limits of analysis as long as potential interferences are considered and
avoided. This perspective details technicalities, the potential, and pitfalls of the bandpass mode for ICP-
MS. Applications and future potential are discussed for different hyphenated techniques and modes,
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Introduction

Inductively coupled plasma-mass spectrometry (ICP-MS) was
commercially introduced forty years ago and has undergone
a remarkable transformation that was driven by new technolo-
gies and emerging topics. Different facets of ICP-MS have been
developed and set new benchmarks for the detection of trace
elements in various scientific disciplines as well as routine
settings."” Besides a large linear dynamic range paired with
high detection power, one crucial advantage of ICP-MS is its
compatibility with other technologies and the resulting versa-
tility to tackle interdisciplinary questions. While in its stand-
alone configuration it enables ultra-trace analysis of almost
any element of the periodic table, ICP-MS provides the means to
inquire individual species in conjunction with chromato-
graphic techniques® or the mapping of element distributions
when hyphenated to laser ablation (LA).* More recent facets are
its so-called single particle (SP) mode and its application in the
context of cytometry.>*
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scientific questions. However, the loss of selectivity is inherent with a longer list of potential
interferences, which is discussed for specific examples.

The limits of analysis for these techniques were gradually
improved over the last four decades, which was driven by
various technological innovations enhancing acquisition speed,
ion focus and transport, suppression of interferences, vacuum,
and mass analysers. Just like the improvement of figures of
merit provided new opportunities to inquire questions which
were originally beyond the scope of ICP-MS, further new
scientific endeavours are now appearing at the horizon and are
to be tackled next. This requires the pushing of limits of anal-
ysis beyond current benchmarks once again. One avenue to
accomplish this is the improvement of ion transmission of
currently employed mass analysers in ICP-MS. In a series of
studies, we previously investigated the possibility to manipulate
the quadrupole as the most frequently applied mass analyser in
ICP-MS by increasing the mass bandpass above 1 amu. Altering
the mass bandpass is inherent with changes in mass resolution
and selectivity. When adapting both carefully, this “bandpass
mode” can provide considerable improvements in the figures of
merit.***

This perspective explains the concept and technicalities of
the bandpass mode and demonstrates strategies and applica-
tions. The bandpass mode has a broad applicability in ICP-MS,
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but its utility is limited by interferences and the questions to be
answered. Understanding it and predicting underlying effects
requires a basic understanding of quadrupole theory, which will
be reviewed qualitatively in the first part. Subsequently, two
effects resulting from changed bandwidths will be showcased
and discussed, while approaches to consider and tackle spectral
interferences are highlighted. Finally, applications and the
future potential of the bandpass mode are discussed.

The quadrupole basics

The quadrupole is the most frequently applied analyser in mass
spectrometry which is often attributed to its affordability, small
dimensions, and weight as well as its simple yet robust opera-
tion. It consists of four parallel metallic rods which are supplied
with a combination of direct current (DC) voltage and a radio
frequency (RF) voltage. An ion entering the quadrupole is
influenced by the electric field generated at the rods and follows
a specific trajectory which is depending on its mass (M) and
charge. The trajectory can be described exactly by consideration
of the Mathieu equations (eqn (1) and (2)) which are second
order linear differential functions established in the 19th
century and applied to numerous scientific questions. In
quadrupole theory, these equations can be used to describe an
ion's movement in x (eqn (1)) and y (eqn (2)) direction over time
(6 = Qt/2). The terms a and g (eqn (3) and (4)) contain ion mass
(M) electron charge e, DC and RF voltages (U, V), RF frequency Q
and the effective radius r between rods.">™*
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The solution to these differential functions consists of an
infinite number of sine and cosine functions and lead to the
graphical solution, which is often preferred for educational
purposes. To inquire settings for stable trajectories of an ion with
a distinct mass-to-charge ratio (m/z) given in atomic mass units
(amu) over the multiple integer (z) of e, the terms a and g can be
substituted to plot a RF-DC voltage space for specific m/z known as
Matthieu stability diagram shown qualitatively in Fig. 1A. Here, DC
and RF voltages within red and blue boundaries indicate combi-
nations resulting in a stable trajectory for a selected m/z in the y
and x dimension, respectively. Given that an ion needs both
a stable x and y trajectory, only zones where red and blue areas
have a common overlap (yellow) lead to a transmission through
the quadrupole. It is obvious that there are an infinite number of
overlaps, which are called stability regions. Commonly, only the
first stability region is used in mass spectrometry, which considers
comparably small DC and RF voltages. The first stability region is
symmetrical at the RF-axis and only the upper half is typically
considered as shown qualitatively for three different m/z in Fig. 1B.
Any combination of DC and RF voltages within this first stability
region of a specific m/z leads to a stable trajectory through the
quadrupole. However, when comparing three different ions with
m/z a, b and c in Fig. 1B, it is evident that stability regions for
different m/z have a common overlap. Therefore, depending on the
choice of RF and DC voltage combinations, more than one m/z can
be transmitted through the quadrupole. To maintain selectivity for
conventional quadrupole applications, DC and RF voltages are
carefully selected in the stability diagram of the targeted m/z to
analyse only within areas where there is no overlap with stability
regions from adjacent m/z. For classic quadrupole applications
and specifically in ICP-MS, unit mass resolution is desired which
means that mass peaks have approximately a width of 0.7-0.9 amu
at 10% height. To achieve unit mass resolution across the entire
mass range, DC and RF voltage combinations are located on one
line, which is called scan line and truncates the tips of all stability
regions (purple line in Fig. 1B). Here, a linear combination of RF
and DC voltages is scanned across this line from low to high
voltages to transmit sequentially low and high masses. In reality,
a straight line does not achieve consistent unit mass resolution

m/za m/zb m/zc

RF voltage

(A) Shows the Matthieu stability plot for one m/z. (B) Shows the first stability region for three different m/z.
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and commercial systems apply an error function which corrects
deviations.

Theoretical and practical considerations for the bandpass
mode

The position of the scan line is setting mass resolution and
therefore the mass bandwidth. Lowering the scan line within
a stability region is inherent with decreasing mass resolution
but also with increasing the acceptance of the quadrupole and
therefore ion transmission. As seen in Fig. 1B, stability regions
are not symmetrical. This is consequently mirrored in the mass
peaks, which is often not immediately visible when looking at
rather sharp signals. However, increasing the bandpass for a m/
z pronounces this feature and asymmetry becomes increasingly
notable. Increasing ion transmission this way is exploitable in
the so-called bandpass mode. Here, the scan line is deliberately
altered to boost ion transmission (compare green scan line in
Fig. 2A and E). Hence, the idea of the bandpass mode is a trade-
off between selectivity and sensitivity or in other words, the
sacrifice of (unit) mass resolution for ion transmission.
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Practically, this can be done by identifying and altering
instrumental parameters that set the resolution for the quad-
rupole, which will inevitably change the scan line function. The
bandpass mode has been demonstrated on commercial plat-
forms from three manufacturers so far and the amplification
factor of ion transmission depends on the underlying instru-
mentation. For instruments from Agilent Technologies the
“amu gain” and “amu offset” parameters were altered to
increase mass bandwidths.®® For Thermo Fisher Scientific
(iCAP Q)* and PerkinElmer (NexION 300X)* platforms, the scan
line was altered by adapting the digital to analogue converter
(“DAC”) value.

Effect 1: enhanced ion transmission of individual isotopes

The bandpass mode has two dominant effects which can result
in enhanced sensitivity and limits of analysis. The first effect is
apparent for any m/z: due to the enlarged mass bandwidth (and
reduced mass resolution), a higher fraction of ions meets the
criteria for a stable passage through the quadrupole which
increases counting rates and therefore sensitivity. Fig. 3A shows

0,
.1 A 'p 0%,
©
£ l
o
>
14.8%
9 l 21.9% ° B 152G g
I 15Gd
| 155G d
I 156Gd
20.5% ¥7Gd
1SSGd
2l B RF voltage | 24.8% 160Gd
g /’\ /‘\ /—\ i 15.7%
£
m/z I
5 M [ H
Q
€
- 1= —
Lowmass Mid mass High mass m/z | ] '*Gd ]
i . [ 1s8Gd
. | 1 "*Gd |
g I D 156Gd
‘_; :I 155G d
> | 05 M '*‘Gd -
8 S = 's2Gd u
13
12 -
|§ 0 T T 1
g 145 150 155 160 165
| g 1= I m/z
4 1 RF voltage |§
2t F 36 38 9
2 g5e |
3 3 2
£ g gﬂ”” I 05—
m/z |
z| G |
2
£ I
= 0 T T T 1
145 150 155 160 165
m/z m/z

Fig. 2 (A-C) Compare different scan lines and the resulting mass band

widths and transmissions qualitatively for three different elements. The

conventional method (unit mass resolution) is shown in black (B) and the bandpass mode in green (C). (D) Shows the isotopic abundance of Gd.
(E-G) Compare the analysis of Gd via conventional ICP-MS and the bandpass mode qualitatively. While with normal resolution individual isotopes

can be resolved (F), they convolute in the bandpass mode (G) and can be

analysed simultaneously. (H) and (I) Show a simulated and experimental

bandpass mode mass spectrum for Gd using a bandwidth of 8 amu, respectively.
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(A) Shows that with decreasing mass resolution and increasing bandwidth, ion transmission and therefore sensitivity for the monoisotopic

Au is enhanced. (B) Compares the relative signal increase when increasing peak width. (C) Compares the normalised intensities (on a log scale)
when the bandwidth is increased. It can be seen that interferences start falling into the Au bandpass when resolution is progressively decreased.

The resulting background may increase noise levels.

the gradual increase of the mass bandwidth for the analysis of
the monoisotopic Au from 1 amu (front) to approximately 10
amu (back) and demonstrates how sensitivity is increased,
while resolution is decreased. The same effect is schematically
shown in Fig. 2A-C. The relation between relative sensitivity
and mass bandwidth is plotted in Fig. 3B and it is evident that
transmission can be improved by more than 100% this way and
that there is a non-linear relation between bandwidth and
signal. The maximum signal enhancement is coupled to the
properties of ion optics before and after the quadrupole and for
this example, not much signal is gained after a bandwidth of 4
amu.

For most applications, an increase in sensitivity is not as
relevant as the enhancement of in signal to noise ratios, which
ultimately define limits of analysis. This raises the question,
whether the gain in transmission is translated into improved
detection limits. Generally, increasing the mass bandpass is
directly translated into improved signal to noise ratios for
solutions containing only the targeted element. However, the
assumption that samples are only containing one element is not
practical and traces of other elements are ubiquitously abun-
dant. Therefore, when opening the mass bandpass, adjacent
elements need consideration and the question whether signal
to noise ratios are improved depend on the mass bandwidth
and the signal from adjacent elements/isotopes. Fig. 3C shows
the analysis of a commercial Au standard for ICP-MS consid-
ering a mass range between 183 and 206 amu as well as different

This journal is © The Royal Society of Chemistry 2023

mass bandwidths. In this depiction, element signals project the
shape of the Matthieu stability plots and the contours of 4
different isotopes are highlighted in blue. It is visible that next
to a dominant Au signal, traces of Ir and Hg can be found. When
increasing the bandwidth substantially, Ir and Hg can be
considered spectral interferences and fall into the mass band-
pass of Au increasing background and noise. For example, when
analysing Au at 197 amu, the *°’Hg signal starts interfering at
a mass bandwidth of approximately 6-7 amu. Therefore, the
answer to whether the bandpass mode increases signal to noise
ratios is depending on the signal and noise generated by adja-
cent elements. Hence, the bandpass should be adapted care-
fully: if signals of adjacent elements fall within the bandwidth
of the targeted element, it should be evaluated whether further
gain in sensitivity compensates increasing noise levels.

Effect 2: isotope convolution

In molecular MS, a plethora of molecular species is often
present across the mass range and may have non-integer m/z
due to the accumulating mass defect in molecules. Here, tech-
nologies to increase mass resolution and therefore selectivity
are in high demand. In elemental MS, the situation is somewhat
different; mass defects are little pronounced and do not accu-
mulate as solely elemental cations are monitored. Additionally,
interferences are somewhat predictable or manageable as will
be discussed later. Besides the increase in transmission for
individual isotopes (effect 1), a second effect can contribute

J. Anal. At. Spectrom., 2023, 38, 2518-2527 | 2521
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substantially to increased sensitivities and is apparent for
elements with more than one isotope. Giving up unit mass
resolution of a quadrupole leads to the possibility to sample two
or more isotopes simultaneously although it is not possible
anymore to differentiate between them. Therefore, convoluting
isotopic signals and acquiring them simultaneously leads to
a higher elemental fraction analysed and consequently to
a higher elemental sensitivity. The more isotopes these
elements have and the more evenly they are distributed, the
more recognizable is this signal amplification. Fig. 2A-C qual-
itatively show the association between increasing bandwidths
and sensitivity (effect 1) for elements from three different mass
ranges. While elements with large mass differences can still be
distinguished, the situation is different for elements with
similar masses and especially for isotopes of the same element.
This shall be further discussed for the element Gd, for which
the isotopic abundance is shown in Fig. 2D. Operating a quad-
rupole with unit mass resolution (black scan line) leads to
a mass spectrum as visible in Fig. 2F. While isotopes can be
distinguished from each other, more than 75% of Gd isotopes
are ejected from the quadrupole if only the most abundant
isotope is monitored. When switching into the bandpass mode
(green scan line), unit mass resolution is lost, and isotopic
signals start to convolute (Fig. 2G) and are transmitted coinci-
dentally. Consequently, more ions can be counted at the
detector and signal is improved substantially. The simulta-
neous sampling of two or more isotopes is an additive effect and
signal gain is depending on relative isotopic abundances. The
resulting bandpass signal is simulated for Gd in Fig. 2H and the
contribution from different isotopes to the overall Gd signal is
indicated. Fig. 2I shows an experimental spectrum of Gd in the

o
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bandpass mode. In this case, a bandwidth of 8 amu enabled the
analysis of all Gd isotopes simultaneously and increased
sensitivity by approximately factor 4 relative to the most abun-
dant "**Gd.

This second effect is pronounced for elements with a broad
and even isotopic distribution. However, it shall be emphasised
that potential interferences must be considered very carefully,
especially in the low- and mid-mass range. Fig. 4 predicts the
effect of isotope convolution (effect 2) for ICP-MS-compatible
elements using a mass bandpass of 9 amu (effect 1 is not
considered for simplicity). Here, only elements which yield at
least 25% signal enhancement through isotope convolution
were considered and the maximum enhancement is expected to
be approximately 400% for elements such as Sm, Gd and Mo.
The factors of enhancement are illustrated in Fig. 4B.

In conclusion, opening the mass bandwidth results in two
distinguishable effects: first, the increasing bandwidth results
in enhanced ion transmission for each individual isotope.
Second, isotopic signals from polyisotopic elements convolute
which enables the sampling of several isotopes with one
quadrupole setting. These two effects are occurring simulta-
neously and can increase sensitivity by one order of magnitude
depending on the chosen instrumentation, bandwidth and
isotopic abundances of the targeted element. Ion transmission
can further be improved via the choice and settings of ion optics
as previously shown.”

Spectral interferences

In the presence of spectral interferences, the loss of unit mass
resolution can be a pitfall for certain applications and elements.
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(A) Displays the bandpass signal for ICP-MS compatible elements, which yield at least 25% signal increase through isotope signal

convolution (effect 2). The expected signal increase factors are given in (B).
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For example, using the bandpass mode to target elements with
masses in the proximity of prominent polyatomic interferences
(e.g, Ti and Se) may require very careful adjustment and should
be avoided for less experienced users to ensure the absence of Ar-
based interferences and to avoid damaging the detector.
However, especially in the high mass region, polyatomic inter-
ferences are scarce and even the abundance of isobaric spectral
interferences can be predicted, evaluated on-site and/or elimi-
nated. One way to recognise interferences in bandpass mode is
the concurrent analysis of signals adjacent to the bandpass signal
as shown in Fig. 5 for Gd. If abundant at significant levels, it is
possible to correct interferences by taking natural isotope abun-
dances of adjacent elements into account and deconvoluting the
signal contribution mathematically. For example, when analysing
Gd in bandpass mode at 156 amu (red arrow), 161 amu can be
monitored additionally (black arrow). Using a bandwidth of 9
amu would suggest a signal ratio of approx. 4.55 and lower values
would indicate a signal contribution from either Er, Dy or Tb.
Knowing the natural isotopic abundance and probing other
masses (e.g., purple arrows) allow the estimation of respective
signal contributions for a subsequent correction. As mentioned
before, it should be kept in mind that mass signals are asym-
metric, which means that elements slightly heavier than the
targeted element may impact analysis more severely than lighter
elements. Analysing Gd at 156 amu in bandpass mode (9 amu)
requires considerations which elements and isotopes can
potentially interfere. The ***Dy isotope will for example generate
a signal spanning from 156 to 164 amu and is therefore
a potential interference that needs to be taken into account.
However, the isotope '>’Eu creates a signal spanning from 147 to
155 amu and does not interfere (compare blue arrow in Fig. 5 for
orientation).

As shown in Fig. 3, traces of adjacent elements as well as
noise levels in surrounding mass regions can potentially influ-
ence the analysis when increasing the bandpass. While sensi-
tivity increases, noise levels can increase concomitantly and
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counteract efforts to enhance overall figures of merit. Therefore,
the bandpass should be increased empirically and signal to
noise ratios should be monitored closely. Largest improvements
in figures of merits are expected in cases, where interferences
are mostly absent due to natural or experimental circum-
stances. For example, Gd is often inquired in the context of the
anthropogenic Gd anomaly or MRI applications."”” Here, Gd
occurs at substantially elevated levels and other lanthanides are
only expected at background levels. Especially in cases where
a chromatographic method (e.g., liquid chromatography (LC)) is
used prior to ICP-MS, interferences are separated and elute at
distinguishable retention times. Alternatively, the presence of
interreferences can be confirmed and compensated using
previous screenings, suited sample preparation techniques
(e.g., solid phase extraction)® and methods for a collision/
reaction cell.*®

Besides Eu, Tb, Dy and Er, which may directly interfere with
the analysis of Gd in the bandpass mode, lighter rare earth
elements such as Ce or Nd may form polyatomic interferences
(e.g., oxides) which fall into the acquired mass bandpass.
Polyatomic interferences can best be controlled during method
development (plasma parameters) as well as through the use of
a collision/reaction cell. The latter offers distinct modes to
harness either chemical or physical processes to eliminate
interferences. As a RF-only multipole that is pressurised with
specific gasses or gas mixtures, it is situated before a quadru-
pole to increase elemental selectivity by eliminating interfer-
ence via strategies such as kinetic energy discrimination,
molecular fragmentation, charge transfer or exploiting chem-
ical affinities.*****

Signal to noise ratios

The concurrent amplification of noise and signal is defining the
detection limits. However, the amplification of both is not
proportional and occurs at different rates. This shall be exem-
plified in single particle (SP) ICP-MS. In SP mode, particles are

160 170

m/z

Fig. 5 The large mass bandwidths may result in the accidental analysis of elements with overlapping bandpass signal. This needs to be
considered to enable accurate analysis and can be done by monitoring adjacent mass signals. When analysing Gd at 156 amu (red arrow), other
elements can be analysed (e.g., black arrow at 161 amu) and their signal proportion can be taken into account to consider and eliminate

interferences.
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Fig. 6 Sensitivity is dependent on the fraction of Sn analysed. Considering abundant Sn isotopes or the sum of Sn isotopes increases sensitivity.
However, concomitantly, decision limits increase due to increasing background signals. It is visible that sensitivity grows more rapidly than
decision limits, which provides the opportunity to enhance detection limits through the bandpass mode.

individually introduced into the plasma and detected as
discrete pulses at the detector. Short SP signals are super-
imposed by a continuous ionic signal which in the bandpass
mode is amplified at the same rate. This raises the question,
whether an increase in sensitivity through the large bandpass
results in overall improved figures of merit (SP mass- and size
detection limits). Fig. 6 shows a scenario, in which SnO, is
analysed. Sn has a broad isotopic distribution comprising of 10
isotopes with abundances of up to 32.58% (**°Sn). Conse-
quently, when performing SP analysis using a quadrupole with
unit mass resolution, more than two thirds of all Sn isotopes are
readily eliminated by the quadrupole before a SP signal is
detected. Convoluting isotopic signals through the bandpass
mode provides the opportunity to harness this otherwise lost
fraction. For simplicity, Fig. 6 only considered isotopic convo-
lution (effect 2) for signal amplification. The ionic background
for the Sn isotopes and their sum can be seen on the x-axis and
it is clear that background levels correlate positively with both
decision limits and relative sensitivity (left and right y-axis,
respectively). The decision limit refers here to the signal
threshold required to identify a SP event with a certainty of 1-
« and is governed by Poisson statistics.?*** Limits were calcu-
lated for different « values using an approach by Nicholson**?*
according to eqn (5).

z? /22
Sczi—i-z Z+2NB (5)

Here, z signifies the 1-a quantiles to predict the decision limit
S., which depended on the background signal Ng. From Fig. 6, it
is visible that decision limits increase when analysing more
abundant Sn isotopes or their sum due to increasing ionic
background levels. However, sensitivity increases much faster
which translates into overall improved figures of merit. In this

2524 | J Anal At. Spectrom., 2023, 38, 2518-2527

example, analysing the sum of Sn improved the size detection
limit by a factor of 1.4 and the mass detection limit by factor of
2.6 when compared to analysing the most abundant Sn isotope
alone.

Applications and potential

Speciation analysis. Low limits of analysis are a prerequisite
for the detection of low abundant element species via LC-ICP-
MS and the bandpass mode may provide opportunities to
promote the detection of ultra-trace species. Using a chromato-
graphic method prior to ICP-MS enables separation of potential
interferences and the retention time of target species can be
conserved as a species-specific parameter. This restores some
level of selectivity as well as confidence to avoid interferences.
For example, when separating and determining Gd-based
contrast agents in the environment,"” the bandpass mode was
demonstrated to increase figures of merit. Fig. 7A shows the
separation of four Gd-based contrast agents with a conventional
method (orange) and the bandpass mode (blue). Here, the
method was complemented with adapted ion-optics which
increased ion transmission additionally.® Potential interfer-
ences included geogenic Dy, Er, Tb and Eu, which however
eluted at different retention times. For an extra layer of selec-
tivity, adjacent mass ranges were monitored. Furthermore, the
collision/reaction cell was pressured with a mixture of He and
H, to ensure the absence of polyatomic interferences (e.g., CeO),
which can consequently be eliminated in fragmentation and
kinetic energy discrimination processes without compromising
sensitivity significantly.

Besides Gd, there is a range of elements which are frequently
interrogated regarding their speciation and the bandpass mode
may improve limits of analysis. This includes for example, Hg-,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ja00267e

Open Access Article. Published on 14 2023. Downloaded on 2025/11/1 22:02:17.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

120~ === Bandpass Method
o Unit mass resolution
5, 80-
>
@ 40+
2
£, :

g Time [min] 3
™ 12 B Unit mass resolution
2
L 0.6
=
(3]

Q— —
# 0.0 T Bandpass mode
£
S 0.6
= U
0.0

100 10? 102 103

Signal intensity [cts]

Fig. 7 (A) Shows the intensity measured for four Gd-based contrast
agents separated via HILIC-ICP-MS and detected once in bandpass
mode (blue) and with a conventional method (orange). Reproduced
from Horstmann et al. with permission from the Royal Society of
Chemistry.® B shows the performance of the bandpass mode by tar-
geting Yb contained in UCNPs via SP ICP-MS. Applying the bandpass
mode enabled the resolution of particle signals from background and
noise unlike a method with unit mass resolution. Adapted with
permission from Meyer et al” Copyright 2020 American Chemical
Society.

Pb-, Sn-, and Se-species. However, for the latter the Ar," inter-
ferences need to be considered carefully.

Single particle ICP-MS. As discussed for the example of SnO,
particles, one area of application of the bandpass mode is SP
ICP-MS. Here, increased transmission of elements is translated
into improved mass- and size detection limits enhancing the
characterisation of small and heterogenous particles. While in
two studies it was shown that the bandpass mode improved the
analysis of Au nanoparticles,”*> more obvious candidates
include particles incorporating heavy polyisotopic elements.
This includes for example upconversion nanoparticles (UCNPs)
as well as quantum dots, which are emerging materials with
a wide range of applications and which incorporate lanthanides
and Cd or Sn, respectively. Quantum dots were not yet analysed
individually in SP ICP-MS due to their small sizes of 10 nm and
below. However, the bandpass mode may provide sufficient
sensitivity to enable discrete analysis of quantum dots with
around 10 nm. The improved performance of the bandpass
mode was shown for UCNPs containing Er, Yb and Gd as shown
in Fig. 7B.” Detecting Yb integrated into UCNPs, the particle
signal distribution could be resolved from background and
noise in the signal histogram when using the bandpass mode
(blue). This was not possible using a standard mode (orange).

Besides improving the analysis of small and heterogenous
particles, the bandpass mode can improve NP screenings with

This journal is © The Royal Society of Chemistry 2023
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quadrupoles. Identifying particulate elements in quadrupole-
based SP ICP-MS is challenging as each element needs to be
acquired for a certain amount of time before scanning the next.
This means that scanning through the mass range is time and
sample consuming. We have previously used the bandpass
mode to define larger mass windows, which can be moved
about four times faster through the upper mass range to iden-
tify SP data structures. When detecting SP pulses, unit mass
resolution was reestablished to identify the particulate
element.’

In a recent application by Bazo et al.,'® the bandpass mode
was employed for internal standardisation in SP ICP-MS. Here,
the bandwidth was chosen large enough to detect Au and Pt
isotopes at the same time. Previous investigations of the indi-
vidual Au and Pt NP responses enabled a differentiation
between Au and Pt when using the bandpass mode. Therefore,
spiking an Au dispersion with a Pt NP standard (and vice versa)
enables to monitor and compensate drift effects.

LA-ICP-MS. LA-ICP-MS is frequently used to target a variety of
heavy elements in biological tissues as well as in geological
specimens." Especially in the former, high mass elements are
scarce and interferences can be predicted or evaluated on-site.
For example, elements such as Gd, Sm, Nd, Dy, Er, Pb, Hg, Pt,
Cd and Sn are candidates for enhanced figures of merit in
bandpass mode-supported LA-ICP-MS. The bandpass mode can
be employed in LA-ICP-MS to enhance detection limits or to
improve spatial resolution. The latter results from the fact that
increasing resolution (reducing laser spot size) is inherent with
less ablated mass which translates into worse detection limits.
Improving spatial resolution by a factor of 2 decreases limits of
analysis by factor 4 (2°) and the bandpass mode can be used to
compensate decreasing sensitivity.

Previously, the bandpass mode has been demonstrated to
map a lanthanide label conjugated to an antibody.® In this
immunohistochemistry-assisted LA-ICP-MS approach, the
lanthanide was used as a proxy for the antibody's target and
following the incubation on tissue, LA-ICP-MS was used to
inquire the spatial distribution of the label.>* Both high sensi-
tivity and high spatial resolution are often required to target
specific biomarkers in highly compartmentalised structures.
Provided that labels do not produce overlapping signals, the
bandpass mode may improve contrasts. Fig. 8 shows an
example where endogenous elements were targeted together
with Yb which was used as antibody label to inquire the
distribution of a specific protein (tyrosine hydroxylase) in
murine brain.® Alas, transition elements are not easy to target
with a large bandpass due to highly abundant polyatomic and
isobaric interferences. To enable the joint analysis of both
endogenous elements and the high-mass labels used for anti-
body tagging, a bandpass drift was induced. Here, the y-inter-
cept and slope of the scan line was adapted in a fashion that
provided the bandpass effects in the high mass range, unit mass
resolution in the mid mass range and higher mass resolution in
the low mass range. Fig. 8A shows the stability regions for a low,
mid and high m/z and the qualitative positioning of the scan
line. Below is the resulting mass spectrum and mass signal
widths were determined at 10% signal height to be
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(A) Shows a scan line that was set to induce a bandwidth drift across the mass range. High m/z were analysed in bandpass mode, mid m/z

were analysed with unit mass resolution, and low m/z were analysed with increased mass resolution (B). (C) and (D) Compare the image contrast
when using a standard method and the bandpass mode, respectively. (E) and (F) Demonstrate that bandpass signals can be analysed together
with elements recorded with unit mass resolution. Here, Yb and Fe were analysed in murine brain sections. The red box indicated the substantia
nigra. Reproduced from Clases et al. with permission from the Royal Society of Chemistry.®

approximately 0.3 amu for low mass elements like P, 0.6-0.9
amu for mid mass elements such as Mn, Fe, Cu and Zn, and 3.7
amu for high mass elements such as Yb. Interestingly in this
case, the labelled Yb was isotopically enriched to 94% and
employing Yb with a natural abundance would have resulted
into larger peak widths (at 10% height) and into more dramatic
improvements relative to a standard method. Fig. 8C and D
compare a standard method with the bandpass mode and the
latter improved sensitivity and contrast substantially. Fig. 8E
and F show the joint analysis of Fe and Yb in murine brain for
a correlative study by merging maps (E) and by forming the
product of both elemental signals (F).

Conclusions

While in some areas of application high resolution mass spec-
trometry is advantageous, considering low mass resolution
analysis can be useful for ICP-MS and its associated techniques.
The manipulation of the scanning properties of the quadrupole
can be translated into higher sensitivities. Decreasing the mass
resolution below unit mass resolution by adapting the quad-
rupole's scan line enables to harness two distinct effects. The
first effect is visible for any elemental ion and is the conse-
quence of a larger mass bandpass resulting in increased ion
transmission. The second effect is recognisable when analysing
polyisotopic elements and boosts transmission additionally.
Here, low mass resolution causes a convolution of isotopic
signals which consequently can be analysed simultaneously.
The mass bandwidth can be adapted to analyse all isotopes of
an element at the same time and together with effect 1, this

2526 | J Anal. At. Spectrom., 2023, 38, 2518-2527

results in significant signal improvements. However, besides
sensitivity, noise can be amplified, and both have to be
balanced to achieve improved figures of merit. When spectral
interferences are carefully considered, increased sensitivities
can provide advantages in various facets of ICP-MS including
LC-, LA- and SP ICP-MS.
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