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In recent years, the field of ICP-MS has seen an increasing trend towards sampling systems and methods that produce

short transient signals, rather than a continuous signal response. Fast data acquisition, readout and storage are crucial to

take advantage of the wealth of information available from these approaches. However, many of the current generation

mass spectrometers, in particular sector-field instruments, were not designed to cope with such short duration signals.
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This article reports the use of a commercially available multi-channel scaler board, which facilitates capture of TTL pulses
from an ICP-MS detector at a user defined time resolution down to 100 ns. The board was used to profile 400-600 ps wide
signals with 10 us resolution, derived from the nebulisation of a 50nm gold nanoparticle suspension. Furthermore, the

benefit of a 100% duty cycle was demonstrated for ~10 ms wide signals, following ablation of individual macrophage cells

www.rsc.org/jaas with a fast response LA-ICP-MS interface.

Introduction

Inductively coupled plasma - mass spectrometry (ICP-MS) was
first developed for the analysis of solutions, where a
continuous flow of analyte is nebulised to produce a constant
signal response. Although this form of analysis remains
popular, alternative sampling approaches that produce a
transient signal profile are now common. In recent years there
has been a rise in single cell “ and single particle > 6
applications, where the analyte is diluted heavily before
nebulisation, such that signals from individual particles or cells
appear as single events. Several groups have reported the use
of micro-droplet generators (uDG), which deliver discrete
droplets to the ICP-MS with up to 100% transport efficiency.7'9
Signals in the order of 500 us duration have been reported for
both single nanoparticles and cells using this approach.7‘ ?

Another notable form of transient sampling is laser ablation
(LA), which is applied to sample solid targets, such as tissue
sections'®"” or isolated cells.”* ™ LA-ICP-MS offers a
combination of high sensitivity and high spatial resolution,
which is critical to many bio-imaging applications. However,
performing high resolution imaging within an acceptable time
frame requires fast transit of the ablated material into the ICP-
MS instrument. As a result, a number of rapid response
interfaces have been developed, which provide baseline
separated signals in less than 10 ms,”>"” and are predicted to
set the next paradigm in LA-ICP-MS technology.ls‘ 19
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For many years the software and hardware developed by
instrument manufacturers did not evolve to meet the data
acquisition requirements of the aforementioned fast transient
applications. Thus, to improve the temporal resolution, some
quadrupole users connected external hardware, such as
osciIIoscopeszo‘ 1 or custom built devices,*” to read the signal
directly from the electron multiplier, or sacrificed sensitivity by
opting for faster time-of-flight instrumentation.”®** The latest
product launches in quadrupole instrumentation reflect the
developments in the field of particle analysis, with integration
times of 10-100 ps now available. However, strategies to
improve acquisition time have not yet been widely reported
for sector-field technology. This technical note addresses the
issue through the use of a commercially available, “plug-and-
play” multi-channel scalar board, which has a programmable
time resolution, with a minimum bin width of 100 ns. Here,
the capabilities of enhanced time resolution are demonstrated
using a double focussing sector-field mass spectrometer
(Element XR), but the solution is equally applicable to other
sector-field or quadrupole instruments. Two contemporary
examples of fast-transient analysis are highlighted: single
particle ICP-MS using a custom spray chamber, and the
analysis of individual cells using a high speed LA-ICP-MS
interface.

Experimental

Data Acquisition Instrumentation and Parameters. Analyses
were performed using a sector-field ICP-MS (Element XR,
Thermo Scientific, Bremen, Germany). A plug-in P7882 photon
counter board (FAST ComTec GmbH, Oberhaching, Germany)
was connected to the ion detection board of the Element XR
via a terminated 50Q cable, in order to record the post
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electronic dead time corrected TTL pulse output. To prevent
data losses, the detector saturation or ‘trip’ cable was
disconnected from the ion detection board and ion beam
deflection was disabled on the ESA board of the Element XR.°
A trigger cable was used to synchronise data acquisition on the
plug-in board with the start pulse from a laser ablation system.
The ICP-MS was operated according to a previously reported
fast-transient data acquisition protocol.25 In brief, this used
low resolution mode, the E-scan setting, pulse counting
detection mode, an integration time of 100 us, 1000
integrations or “samples” per peak, and a mass window of
20%. One isotope (*’Au) was analysed per run. Signals were
simultaneously monitored using the MCDWIN software,
supplied with the photon counter board, and the standard
vendor software. The integration time on the board was set to
10 ps and 100 ps for the single particle and single cell analyses,
respectively, with a maximum of 524288 integrations per run
in both cases. Data was exported from the MCDWIN software
in tab delimited format as .txt files, whilst the raw data points
obtained from the vendor software were exported as .csv files.
A custom Live Code based app (LA-ICP-MS Data Tool v0.17,
Reid-IT Limited, Loughborough, UK) was used to identify and
integrate individual peaks in both sets of files. The resulting
peak information was exported to IGOR Pro 6.22A
(Wavemetrics Inc., OR, USA) for graphical comparison.

Laser Ablation of Gold Labelled Cells. Human regulatory
macrophages (Mregs) were generated and cultured with 50
nm gold nanoparticles (Sigma, Munich, Germany), as described
previously.11 Following labelling, the Mregs were washed
three times in Dulbecco’s PBS and plated into chamber slides
(BD Falcon, Heidelberg, Germany), where they were allowed to
adhere for 24h. The average gold uptake was previously
determined to be 3.39 x 10% Au atoms/cell.11 Single cell
sampling was performed using a UP-213 laser ablation system
(Electro Scientific Industries, Huntingdon, UK), which was
modified with a custom two-volume laser ablation cell and
Dual Concentric Injector (DCl) inductively coupled plasma
torch, described in detail elsewhere.’® The design used an
unbroken, continuous diameter fused silica conduit, which
extended from the point of ablation into the base of the
plasma. The total path length was ca. 100 cm. Helium was
used as the ablation gas, at a flow rate of 0.1 |/min, with an
argon make-up gas introduced through the outer injector of
the torch, at a rate of 1.4 |/min. Ablation of individual Mregs
was performed using a 55 pum spot size and fluence of 6.0
J/cmz, to ensure the entire cell was ablated. Only individual
cells were targeted; cells present in clusters or spaced less
than 55 um apart were not sampled.

Nebulisation of Gold Nanoparticles. A 50nm gold
nanoparticle suspension containing ~3.5x10"° particles/ml in
0.1 mM PBS (Sigma, Munich, Germany) was diluted in DI water
(Milli-Q, Merck Millipore, Darmstadt, Germany) to yield a
suspension containing ~1x10° particles/ml. The solution was
nebulised using a low flow rate nebuliser (EnyaMist, Burgener
Research Inc., ON, Canada), which was fed by a syringe pump
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(PHD Ultra, Harvard Apparatus, MA, USA) operated at a flow
rate of 10 pl/min. The nebuliser was supported inside a
custom single pass spray chamber of 14 mm i.d. x 70 mm
length (H. Baumbach & Co. Ltd., Ipswich, UK) using an in-house
3D printed insert. Due to the large number of data points per
file, the analysis was performed over series of 250 runs.

Results and discussion

Laser Ablation of Gold Labelled Cells. The ICP-MS was
operated using a fast data acquisition method, which used the
shortest permissible integration time of 100 ps, with 1000
integrations per peak, and a mass window of 20%. This yielded
a theoretical acquisition window of 20 ms (i.e. 200 x 100 ps) in
which to capture signal events. In practice, two timing
anomalies were observed in the raw data files when using the
vendor software. A number of integrations displayed
background count rates of 9260, 18520 or 27780 counts per
second. Multiplying by the chosen integration time of 100 ps
therefore equates to 0.926, 1.852, 2.778 counts. It is
impossible to have a fraction of a count, so calculating the
integration time back from the count rate (i.e. 1/9260) yields
an actual integration time of closer to 108 us. It was further
noted that the raw data files contained 184 data channels per
sweep, rather than the 200 (20% of the mass peak) that were
set in the method. These observations were supported by the
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Fig 1. Example ¥au signals for the LA-ICP-MS analysis of a
single Au labelled macrophage. Top: signal from the plug-in
data acquisition board. Bottom: corresponding output from
the vendor software, adjusted to show data points at 108 ps
intervals.
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1
2
3 good alignment of the corrected time integrations with the
4 data from the external board, as illustrated in Figure 1.
5
6 Figure 1 shows the comparison of a typical laser ablation signal
7 recorded by the board and simultaneously by the vendor
8 software. The observed peak duration of approximately 8 ms
9 (full width at 10% maximum) is comparable to previous
10 literature for biological analysis using the DCI interface.'®
11 Following each sweep of the acquisition window, the ion beam
12 is normally deflected onto the wall of the electrical sector,
13 whilst the electrostatic analyser returns to the start of the
14 window to begin the next scan, ‘flyback’. This leads to a data
15 loss or “blind time” of approximately 3 ms per sweep. For this
16 experiment, ion beam deflection during flyback was disabled,
17 hence the ions reached the detector during the re-setting
18 period and there were no blind time losses in the data from
19 the acquisition board. In contrast, the vendor
20 hardware/software is not geared to allow retrieval of this
21 information and a data loss of 3 ms duration was observed. It
22 is clear that blind time disproportionately affects fast signals of
23 this nature, where the data loss may account for a significant
24 percentage of the peak, in comparison to those from more
25 dispersive systems. The extent of the data loss is variable,
26 depending on the position of the peak within the acquisition
27 window, and is thus difficult to correct for during post-
gg processing. In this regard, the use of external devices to
30 monitor 100% of the duty cycle may prove critical for
31 quantitative imaging work using the next generation of fast
32 response LA-ICP-MS interfaces.
33 Nebulisation of Gold Nanoparticles. Figure 2 depicts a signal
gg from an individual nanoparticle event, simultaneously acquired
36 using the plug-in board, at 10 us resolution, and the vendor
37 software, at 100 us resolution. In total, 995 nanoparticle
events were recorded using the counter board. Typical pulse
gg durations ranged between 400 and 600 us at the baseline. The
40 variance of the single particle integrated peak areas across the
41 data set can be represented as a histogram (Figure 3), as is
42 typical in particle sizing experiments. As a result of the blind
43 time, 83 nanoparticle events present in the board data were
44 not registered by the vendor software. A further 54 signals,
45 6% of those recorded, overlapped the region between the
46 acquisition window and the blind time. These were therefore
47 only partially captured. This is reflected in the distribution of
48 these signals towards the lower end of the histogram in the
49 vendor data, which ultimately resulted in a marginally broader
50 distribution of the fitted function (FWHM of 1464 counts),
51 compared to that of the board (FWHM of 1381 counts), and a
52 lower average integrated signal per nanoparticle of 2011
53 counts versus 2092 counts for the board. This data loss
54 therefore produces a distortion in the observed particle size
55 distribution. Strenge et al. recently performed a similar
56 comparison for quadrupole instrumentation, when examining
57 the benefits of fast acquisition time (5 us) on a home built data
58 board, versus vendor software at low time resolution (0.5 — 10
59 ms).22 In that study, the occurrence of particle coincidences in
60

the vendor data (two particles within the same integration
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Fig 2. A typical YAy signal following nebulisation of a single 50
nm Au nanoparticle. Top: signal from the plug-in data
acquisition board, with data points at 10us intervals
(integrated signal: 2276 counts). Bottom: output from the
vendor software, with data points at 108 ps intervals
(integrated signal: 2282 counts).

period) were a further contributing factor to the production of
a wider distribution. These effects were not observed in the
present study due to the heavy dilution factor, the slow
sample introduction rate and the much lower integration time
set in the Element software.

Conclusions

This technical note highlights the importance of data
acquisition speed in fast transient ICP-MS analysis and
presents a straightforward, “off-the-shelf” solution to improve
the data acquisition characteristics of a mass spectrometer. In
this manuscript the board was used in conjunction with a
sector-field instrument (Thermo, Element XR), but the
connections could be adapted to provide a universal solution
to improve signal acquisition in both sector-field and
quadrupole mass spectrometry. Use of the plug-in board
provides significant advantages for fast transient work,
including the removal of blind time in the duty cycle, which will
become a significant factor as the next generation of laser
ablation interfaces facilitate high speed imaging. The
programmable nature of the board allows selection of
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Fig 3. Stacked histograms showing the integrated 197

Au signals
for 995 nanoparticle events observed using the plug-in data
acquisition board (top) and the vendor software (bottom).
Signals that occurred within the ‘blind time’ or across the
border between the ICP measurement window and blind time
were either missed or incompletely captured by the standard

software, but were fully captured by the board.

integration times as low as 100 ns. At present, it would rarely
be practical to operate down to this level in ICP-MS analysis,
due to the low signal intensity and the limitation on the
maximum number of integrations of 524288 per run with this
board.
ablation section of this study, would be suited to many
imaging applications. This would be sufficient for 5200
baseline separated data points when using a <10 ms response

In practice, a value of 100 ps, as used for the laser

time system, e.g. analysis of a 5.2 mm line at 1 pum resolution,
whilst retaining sufficient data points for examination of the
detailed peak profile. The software takes approximately 3
seconds to save the data following every run, which can be
easily automated using a script and carried out during the laser
warm-up time for the next line. For nanoparticle analysis,
where signals in the region of 500 us are typical, a shorter
integration setting of 10 ps revealed the fine signal structure.
This level of detail is critical for the elimination of signal
artefacts in particle sizing applications and may pave the way
for fundamental studies into particle transport and plasma
effects. Faster acquisition times may be also useful for multi-
elemental analysis, where the user may wish to profile a single
peak for multiple isotopes. However, the validity of the data in

4| J. Name., 2012, 00, 1-3

multi-element applications is also dependent of the scanning
speed of the mass analyser, which remains a limiting factor.
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Notes

§ The electrical connections discussed in this manuscript were
implemented after consultation with Thermo Fisher Scientific.
To minimise the risk of instrument damage or exposure to high
voltages, users are advised to obtain advice from their
instrument manufacturer before connecting external equipment
to their mass spectrometers.
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