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ABSTRACT: In recent years, laser ablation — inductively coupled plasma — mass spectrometry (LA-ICP-MS) has gained increas-
ing importance for biological analysis, where ultra-trace imaging at micron resolution is required. However, whilst undoubtedly a
valuable research tool, the washout times and sensitivity of current technology have restricted its routine and clinical application.
Long periods between sampling points are required to maintain adequate spatial resolution. Additionally, temporal signal dispersion
reduces the signal-to-noise ratio, which is a particular concern when analysing discrete samples, such as individual particles or
cells. This paper describes a novel, two-volume laser ablation cell and integrated ICP torch designed to minimise aerosol dispersion
for fast, efficient sample transport. The holistic design utilises a short, continuous diameter fused silica conduit, which extends from
the point of ablation, through the ICP torch, and into the base of the plasma. This arrangement removes the requirement for a dis-
persive component for argon addition, and helps to keep the sample on axis with the ICP cone orifice. Hence, deposition of sample
on the cones is theoretically reduced with a resulting improvement in the absolute sensitivity (counts per unit mole). The system
described here achieved washouts of 1.5, 3.2 and 4.9 ms for NIST 612 glass, at full width half, 10% and 1% maximum respectively,
with an 8 t014 fold improvement in absolute sensitivity, compared to a single volume ablation cell. To illustrate the benefits of this
performance, the system was applied to a contemporary bio-analytical challenge, specifically the analysis of individual biological

cells, demonstrating similar improvements in performance.

INTRODUCTION

Two important fields in which Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) is experi-
encing growing demand are those of imaging/mapping, nota-
bly of biological targets '™ and the analysis of discrete small-
volume samples such as single cells ** or nanoparticulate **~
! For example this technique has been used to investigate the
etiology and pathogenesis of disease states arising from imbal-
ances in metal homeostasis. The links between imbalances of
transition metals, such as Fe, Zn, Cu and Mn, have been inves-
tigated in brain tissue as markers for Alzheimer’s disease '
and Parkinson’s disease ***, in retinal tissue as a factor in Age
related Macular Degeneration 2 and in liver to study Wilson’s
disease **. To differentiate regions of interest, high-spatial
resolution is required on the micron scale.

Existing commercial LA-ICP-MS platforms limit the practi-
cality of obtaining high resolution data due to long residence
times of ablated particulate in the sample cell and transport
tubing. Long washout times result in long analysis times when
image pixels are generated from the integrated peak area of
each resolved laser spot. Analysis times can be reduced by a
faster sampling rate, but this leads to mixing of the ablated
material from successive laser-sampling spots and requires
mathematical deconvolution of the transient signal to separate
data from consecutive laser pulses.. Models of the signal re-
sponse from particle transport processes % can be used to im-
plement mathematical corrections to improve the spatial reso-
lution %** but cannot fully resolve spots into discrete pixels.
Over-sampling of the material can be employed to further
improve spatial resolution beyond the smallest available spot
size on commercial ablation systems. ® A consideration of
increasingly smaller sampling areas is that if the transport
efficiency and response of the instrumental detector remain
constant, the inherently small mass resulting from higher spa-

tial resolutions results in a poorer signal-to-noise (SN) ratio
and a worse limit of detection (LOD). This can limit the ap-
plicability of LA-ICP-MS when analysing ultra-trace elements
in biological materials or isotope ratios in single particles,
unless an improvement in the absolute sensitivity of the sys-
tem can be achieved.

Commercially available LA cells achieve washout times
from 100% to 1% signal maximum in 1.5 s or less: ESI’s
TwoVol 2 and TrueLine: <0.7 s and <0.25 s respectively %%;
Teledyne Cetac Technologies’ HelEx: <0.7 s % and the two-
volume Laurin Technic cell: <1.5 s . A large number of LA
cells have been reported from academia, these often being
designed to improve measurement performance for specific
sample types. Critically, there is no universal agreement on
appropriate performance criteria which makes comparison
difficult. LA cells for ICP-MS can be broken down into four
design concepts: a closed single volume, a closed two volume,
open and in-torch designs.

The single volume cell encompasses the whole sample and
ejected sample-particulate can diffuse throughout the entire
volume of the cell. The cell geometry is critical to perfor-
mance, particularly the shape and volume, and the relative
position of the inlet and outlet ports in relation to the sampling
region. **2 Horstwood et al described a tear-drop shaped sin-
gle volume cell (inner volume ca 3 cm®) *, based on theoreti-
cal and experimental observations of particle transport by
Bleiner and Giinther %, which was capable of resolving single
shots in 0.8 s. A limitation of the single volume design is that
the response is not uniform across the cell surface. Further-
more, the very low inner volumes required for fast washout
place significant restrictions on sample size. These limitations
have prompted the development of the more favorable two
volume design.
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The two volume cell has an inner cell or cup that surrounds
the ablation site, within the closed outer cell. Hence, the cell
can accommodate larger sample sizes than possible using a
low single-volume chamber, whilst the effective volume into
which the ejected particulate can diffuse is minimised. In some
cells, the gas inlets and outlets remain fixed relative to the
inner cell/cup and the sample is moved beneath it to access
new sampling areas, providing homogeneous transport effi-
ciency across the surface. Computational modelling has been
used to investigate flow uniformity of a two-volume cell for
large samples, where the sample holder was positioned at dif-
ferent locations in the outer cell. ** Washout times were re-
ported to be 1.3 s for two to three orders of magnitude de-
crease from signal maximum of continuous ablation, and 10.4
s to reach background. Other two-volume designs include the
Volume Optional and Low Memory (VOLM) cell which
achieved washout to 10% peak maximum in 0.4 s *, and the
High Efficiency Aerosol Dispersion (HEAD) cell, which used
the Venturi effect to promote extraction of of the ablated mate-
rial. ** When modeled, the HEAD cell was predicted to re-
move 99% of ejected particles to the cell outlet in 10 ms. ¥

Computational fluid dynamics (CFD) is gaining increasing
importance in the field of ICP-MS, for instance to optimise
designs prior to construction of prototype components, or to
offer predictions or insight into experimental observation.
Design of a LA cell from numerical simulation by Autrique et
al facilitated better understanding of the aerosol transport
characteristics. ® The mixing of aerosol from the laser cell
with the argon make-up gas within the y-piece and transport
tubing was highlighted as a source of turbulence and pro-
longed particle residence time. This led to the development of
the Laminar Flow Reactor (LFR), which used tubing of equal
diameter to that of the ICP injector tube and a custom low-
dispersive connector for addition of the make-up flow. This
achieved a washout to 3% of the peak area in 140 ms, a full
width half maximum (FWHM) of 16 ms and 10% peak maxi-
mum in 45 ms. * Wang et al reported an in-tube cell, where
ablation took place 350 pum below the transport tubing. “° Ab-
lated material was ejected orthogonally into the argon make-
up flow through an opening in the tubing, aided by a helium
sheath gas. This removed the need for a mixing y-piece, hence
the full width at 10% peak maximum (FWO0.1M) from single
shot ablation was 30 ms, with 99.6% of the material reported
to be within the first 20 ms and the remaining 0.4% found in
the tail of the peak up to 40-50 ms. The concept of a single
diameter transport conduit was also integral to the low volume
cell recently reported by van Malderen et al. ** Connecting
tubing of equal diameter to that of the cylindrical cell, was
integrated into both the cell and injector of the torch (as de-
scribed previously by Sharp et al ** and in patent application:
Laser Ablation Cell and Torch System for a Compositional
Analysis System, number W02014127034, US2014227776
(A1, 2014-08-14)). This produced full widths at 1% peak max-
imum (FWO0.01M) of <4.7 + 0.4 ms, with removal of 99% of
ablated material in ~6 ms. Unusually, the cell did not allow for
addition of an argon make-up flow and utilised a very high
helium gas flow, which may limit its compatibility with some
ICP-MS instruments. No indication was given of the sample
sizes that can be accommodated in this design.

Ablating material within an ICP torch was first reported by
Liu and Horlick *; the design was based on a previously de-

scribed direct sampling insert * and achieved emission peak
widths at half maximum of 0.7 ms. Tanner and Gunther later
developed an in-torch ablation configuration for ICP-MS. ***'
This innovation was reported to yield baseline resolved peaks
with a FWHM of 4 ms and reproducibility of the peak maxi-
mum of 21% RSD. This design was shown to increase the
signal maximum up to 1000 times compared to the 2 s FWHM
of a conventional single volume cell. This system has limited
practical applicability due to the limitations on sample size;
however, it remains a benchmark for the characterisation of
new high-speed LA-ICP-MS interfaces.

Here we describe performance data for a LA interface based
on a novel, holistic design concept where the LA cell,
transport tubing and torch are integrated to provide an ultra
low-volume flow path to the axis of the ICP central channel.
This design was first described in patent *® and at the 2013
Winter Conference on Plasma Spectrochemistry. * The inter-
face improves efficiency of ion sampling into the sampler and
skimmer cones whilst allowing simultaneous introduction of
standards, water vapour etc. into the plasma via the annulus
between the 2 concentric injectors. Through this approach
both the speed of response and hence the concentration sensi-
tivity (counts-s™/unit concentration), and importantly the abso-
lute mass sensitivity (counts/mole) are improved. This inter-
face has been designed in response to demands in the emerg-
ing fields of bio-imaging and discrete sample analysis, where
improvements in sample throughput, signal-to-noise ratios and
absolute sensitivity are a necessity.

DESIGN CONCEPT

LA-ICP-MS Interface Design. This high-speed LA-ICP-
MS interface ** constitutes three major components: a LA mi-
cro-sampling cell (the Sniffer) contained within a secondary
outer cell, a Dual Concentric Injector torch (DCI) and a low
volume connecting conduit. The three components connect to
form a single unbroken conduit from capture of the ablation
plume to introduction into the ICP torch. The configuration
evaluated here used a 68.5 cm length of fused silica (250 um
1.D.), resulting in a typical transport volume from ablation site
to injection of the aerosol into the ICP of 0.04 cm® (inclusive
of Sniffer micro-chamber). The length of the tubing is largely
determined by the physical constraints of coupling the UP213
LA instrument (ESI, NewWave Research Division, Montana,
USA) to the Element XR mass spectrometer (Thermo Fisher
Scientific, Bremen, DE), however further improvement (re-
duction in peak width) can be anticipated if the length of the
coupling tubing can be reduced. The flow in the silica tube
approximates the laminar case, however, numerical simulation
by Bleiner and Bogaerts demonstrated that more complex flow
patterns, with differentiated cores, are likely to be present,
especially when helium is used as a transport gas. *® Whilst for
pure laminar flow we expect diffusional broadening of the
pulse, additional broadening mechanisms may also be present.

The Sniffer was made from a single piece of Macor® (Ce-
ramic Substrates and Components Ltd. Isle of Wight, UK): see
schematic depiction in Figure 1. The design was optimised by
modelling the surrounding gas; see Flow Simulation of the
Interface. Macor is a bright white material and strongly re-
flects illuminating light, thus to improve visualization of sam-
ples the Sniffer was dyed pink using carmine dye from Cochi-
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Figure 1. A schematic representation of the Sniffer cell where
arrowed lines depict the direction of gas flow: (a) direction of
the laser beam, (b) the Sniffer cell body, (c) the sample, (d)
the fused silica transport conduit, (e) fused silica support
tube, (f) the micro-chamber within which the ablation plume
is contained, (g) the main bulk of gas flow entering the micro-
chamber, (h) minor gas flow that enters the micro-chamber
from beneath and (i) minor gas flow down the laser access
port, (j) the laser-induced aerosol direction of travel towards
the ICP.
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Figure 2 A Schematic representation of the Sniffer within the
Enterprise cell: (a) optical window, (b) lid, (c) body, (d) base,
(e) magnetic coupling stage, (f) 1/8" and 1/16" gas fittings
(Swagelok, Manchester, UK), (g) neodymium magnets, (h)
acetal thrust rotary bearings (RS Components, Nottingham,
UK), (i) sample tray, (j) Sniffer support bar, (k) fused silica
transport conduit, (I) Sniffer, (m) gas inlet, (n) tubing outlet to
ICP and (o) direction of laser beam.

neal (Dr Oetker, West Yorkshire, UK). A 25 x 2.2 x 1 mm
micro-chamber, volume 0.0055 cm?®, encapsulates the ablation
plume. Gurevich and Hergenroder have detailed the stopping
distances of different particle sizes from a laser-induced plas-
ma, calculating a 2 mm particle cloud radius using a laser en-
ergy of 1mJ induced in an ambient pressure. ** The Sniffer cell
operates at a higher pressure than most cells (depending on the
length of fused silica used), ca. 70 kPa for the configuration
described here, effectively reducing the plume expansion and
reducing any particle-Sniffer wall interaction.

A laser access port, diameter 0.85 mm, is situated in the top
of the cavity of the micro-chamber and allows visualization of
the sample surface and facilitates focus of the laser beam. The
main bulk of transport gas (indicated by the horizontal block
arrow (g) in Figure 1) enters the micro-chamber via a 1mm
high x 2.2 mm wide opening: the ‘“Mouth’. Opposite this open-
ing an outlet of diameter 0.82 mm retains the fused silica
transport tubing (250 um L.D. 68.5 cm length, Supelco untreat-
ed, Sigma Aldrich, Dorset, UK), such that the distance be-
tween the ablation site and outlet can be optimised. The fused
silica transport conduit is located flush with the outlet in nor-
mal operation. The Sniffer is held by a support bar parallel
above the sample surface; the distance between the two can be
adjusted with the use of spacers. For normal operation the
distance is set to between 100 and 200 um. Flow simulation,
see below, has shown the efficiency of particle extraction im-
proves with decreasing gap size; however there are operational
limitations to the practicality of implementing distances below
100 pum.

The Sniffer cell resides within a custom built circular sec-
ondary outer-cell; the ‘Enterprise’ cell (Delrin, Creative Ma-
chine, Washington, US), see Figure 2. The internal volume of
the Enterprise is 118 cm®. The Sniffer, and subsequently the
fused silica tubing outlet tube, is held static relative to the laser
beam using a fixed positioning bar which is located above the
sample holder perpendicular to the sample gas inlet. Samples

up to 25 x 25 mm are held upon a tray and can be moved with
the aid of a magnetic (or other) coupling.

This mode of sample containment and movement relative to
the static laser beam ensures that the flow geometry remains
constant across the sample surface. As well as a primary gas
inlet port and the transport conduit outlet, the outer cell has
two additional ports that allow access for a digital pressure
switch (ZSE80F-NO2L-N, FTI, East Sussex, UK), and intro-
duction of an additional gas that can be directed to specific
locations within the cell, including the sniffer micro-cavity, by
means of internal tubing. Only the gas inlet and the tube outlet
are used during normal operation. Helium is typically used as
the sample transport gas and the back pressure from the cell is
measured on-line prior to the outer cell gas inlet.

The DCI required modification of the existing Element ICP
torch and can be adapted for most commercial ICP-MS in-
struments, see Figure 3. A % inch T-union (PFA, Swagelok,
Manchester, UK) at the rear of the torch was mounted upon a
custom built injector (Glass Expansion, Victoria, AUS) that
forms the outer injector, and is used to generate a sheath flow
around the uninterrupted fused silica conduit from the Sniffer
cell (the fused silica becoming the inner injector). The fused
silica is partially supported by borosilicate tubing and is held
concentric to the outer injector by a Macor® insert (Ceramic
Substrates and Components Ltd. Isle of Wight, UK). The
fused silica can be retracted within or extended (up to 14 mm)
beyond the end of the outer injector. Argon is supplied
through the shoulder of the union, typically at 1 Lmin™, to the
outer injector providing a sheath gas flow that surrounds the
inner injector. This facilitates punch through of the central
channel in the plasma, whilst maintaining stability, and pro-
vides cooling of the inner injector during extension. The
sheath gas can be used to optimise operating conditions >,
add external aqueous/dry particle standards or to wet the
plasma *. The laser-induced aerosol is contained within the
He flow in the central injector and no external mixing device
is required.
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Figure 3. A schematic diagram of the DCI, representation of
the plasma and the ICP-MS interface cones: (a) the aerosol
direction from the Sniffer, (b) argon sheath gas, (c) argon
auxiliary/plasma gas, (d) argon cool gas, (e) fused silica
transport conduit (inner injector), (f) fused silica support, (g)
custom Macor® centering piece, (h) outer injector, (i)
auxiliary/plasma torch tube, (j) outer cool torch tube, (k) RF
coil, (I) sampler cone, (m) skimmer cone, (n) plasma, (0)
sample channel, (p) likely path of laser-induced aerosol and
(q) depiction of inner injector movement capability.

Flow Simulation of the Interface. 3-dimensional (3D)
models of the interface components were constructed using the
computer aided design (CAD) software Solidworks (Educa-
tional edition, 2011-2012, 2011 SP5.0, NT CADCAM,
Worcestershire, UK). The fluid flow through the system was
investigated using Solidworks’ integrated flow-simulation
tool-package (2011, 5.0, build 1747). This method of cell
development enables investigation of multiple design concepts
and iterations more cheaply than a build-and-test process. The
operation of the flow simulation software has been previously
described elsewhere %2, In brief, a 3D mesh is created through-
out the CAD model geometry to produce a series of finite
cells, see Supporting Information Figure S-1. An iterative pro-
cess through each cell solves Favre-averaged Navier-Stokes
equations for fluid mass, momentum and energy conservation.
%3 The resulting model can then be used to investigate the fluid
flow trajectories, local pressures and estimate the
path/residence times of spherical particles injected into the
flows.

The gas dynamics around the Sniffer were investigated us-
ing the addition of helium at 120 ml min™, injected normal to

the inlet of the Enterprise cell and initially turbulent. Condi-
tions were set to the NIST standard of 101.325 kPa and 293.15
K. Level 5 refinement of small features (the highest permissi-
ble software setting to maximise computer memory utlisation,
by minimising the number of cells for large features and max-
imizing that for small features) and a 0.050 mm minimum
height of narrow channels were used to more accurately pre-
dict the flow between the gap of the Sniffer and sample sur-
face. Data presented here are for a modelled gap distance of
200 pum. A total path length of 300 mm from the micro-
chamber outlet to the end of fused silica transport tubing was
modelled.

The modelled flow around the Sniffer, see Figure 4, pro-
vides a useful insight into the critical flow paths within the
micro-chamber. The bulk of the gas flow enters the Mouth of
the Sniffer (labels f and g in Figure 1), sweeping the sides of
the micro-chamber and the surface of the sample, converging
on the outlet. Rounds on the micro-chamber’s exposed edges
(not shown) ensure that turbulence is kept to a minimum, indi-
cated by the lack of vortices.

Minor flows from the base of the micro-chamber closest to
the outlet, label h in Figure 1, aid in laser-induced particle-
transport by providing a lifting force into the outlet. Any flow
path through the micro-chamber which travels close to the
sample surface meets this counter-flow and is directed towards
the outlet. This pressure in the opposed-direction of the bulk
of gas flow ensures particles are retained within the micro-
chamber. A similar effect occurs through the laser access port,
where a small gas flow is observed with increased gas velocity
in this localised region, indicated by annotation i in Figure 1.
This aids in laser-induced particle confinement to the micro-
chamber by retarding the expansion of the aerosol plume. De-
tailed flow trajectories and velocities around these features are
given in Supplementary Information, Figure S-2.

Spherical glass particles (standard Solidworks parameters)
at a mass flow rate of 1.23 x 10™"° kg-s™ and diameter 10, 100
and 1000 nm were injected into the model to investigate likely
residence times within the system and any areas of potential
turbulence. Particle injections were located at the sample sur-
face with no initial velocity, as inclusion of laser induced
plasma dynamics and plume expansion are beyond the capa-
bility of the software used. 12 locations within the micro-
chamber and concentric to the laser access port were selected
as injection points; see Figure 5. The maximum spread of the
locations was 0.85 mm (points 3 to 4 and points 5 to 8).

Figure 4. A cut-section of the Sniffer CAD model and gas
flow, where colour contours are representative of the local gas
velocities; the scale bar represents velocities from 0 to 1 m-s?,
from blue to red respectively.

Figure 5. Cut-section of the Sniffer CAD model, view down
through the laser access port towards the sample surfacel
Particle injection points are numbered from 1 to 12



Table 1. Particle residence time through Sniffer-DCI inter-
face and maximum velocity when exiting DCI tip

Table 2. Characterisation of DCI-Sniffer and comparison
against conventional LA-ICP-MS System - operating pa-
rameters

Particle diameter (nm) 10 100 1000
Minimum residence time (ms) 2.80 2.80 6.10
Maximum residence time (ms) 11.0 10.7 8.40
Average velocity (m-s™) 34.6 35.8 49.9

UP213 Laser System DCI-Sniffer ~ Zircon Cell

The difference between minimum and maximum particle
residence times was 8.2, 7.9 and 2.3 ms for 10, 100 and 1000
nm particles respectively, see Table 1. Due to the increased
susceptibility to variation from small changes in gas flow,
particles of 10 nm showed the largest spread, and the longest
residence time of 11 ms. More comprehensive modeling of the
interface, including the ICP and interface, will be undertaken
at a later date.

EXPERIMENTAL

Peak Profiling Sample. LA cells are conventionally char-
acterized by monitoring the U signal from ablation of one or
more of the NIST reference glass series. Here the reference
material SRM 612 (50 pg g nominal concentration, NIST,
Maryland, US) was used in peak profiling experiments. The
higher concentration glass SRM 610 could not be used to
monitor **U (461.5 pg g™) due to the signal intensity saturat-
ing the detector in counting mode, which also occurred when
trying to monitor the less abundant isotope of **U in the same
material. All sampling sites were pre-ablated (60 shots) to
reduce unfavorable particle size related effects with initial
downhole ablation as described previously ** and a new abla-
tion site selected and conditioned for each parameter investi-
gated.

Instrumentation. A support bracket facilitated mounting of
the Enterprise cell to a UP213 laser ablation system. Align-
ment of the laser access port was achieved using a manual X,
Y, Z stage (Edmund Optics, Yorkshire, UK). The laser operat-
ing conditions are given in Table 2. Two laser beam spot sizes
(6 and 8 pm) and three fluence levels (12.8, 17.2 and 22.1
J-cm®) were used to investigate sample loading. At a laser spot
diameter of 6 pum, fluences above 22.1 J-cm™ yielded a mass
flow that resulted in detector saturation when monitoring *°U.
Ablation conditions could not be fully optimised to achieve
best shot-to-shot reproducibility, which are normally found at
higher laser fluence. Due to laser energy instability (a signifi-
cant factor for this older design laser) peak profile reproduci-
bility was significantly worse at fluences below 12.8 J-cm™.

A safe working limit of 100 k-Pa pressure within the cell
was imposed based upon the outer cell materials and fixings.
A flow rate of 125 ml min™ resulted in a pressure within the
cell of 70 kPa. No significant benefit in sensitivity or peak
width was observed above this gas flow rate. The Zircon cell,
which is an exceptionally good single-volume cell, * de-
scribed by Horstwood et al, was used as a benchmark against
which to compare the interface. In this configuration an argon
carrier gas was added via a y-piece to the laser-induced aero-
sol, downstream of the cell; total path length was ca 90 cm.

The DCI was connected to the semi-demountable torch
(Glass Expansion, Victoria, AU) of an Element XR ICP-MS

Spot diameter (um) 6 and 8
Repetition rate (Hz) 2 1
12.8 [50%]

Fluence (J-cm?) [% of max. out- 17.2 [60%]

put] 22.1 [70%)]

Helium sample gas flow (ml-min™) 125 800

Element XR ICP-MS

Cool gas (L-min?) 155

Auxiliary/plasma gas (L-min%) 0.95

Sheath gas (L-min™) 1.3t01.4 0.9

Torch Z-position (mm) -20t0-2.2 -11

RF power (W) 1200 to 1270
1250

Isotope monitored 28y

Resolution Low

Mass window 20%

Sample time 0.1 ms 10 ms

Samples per peak 1000

Detection mode Counting

Segment duration 20 ms 2000 ms

instrument. The effects of different positions of the inner in-
jector were investigated; the position of the inner injector tip is
given relative to the tip of the static outer injector. Positive
numbers indicate an extension of the inner injector into the
plasma and towards the cones, whilst negative numbers are a
movement of the inner injector back into the outer injector and
away from the cones.

The ICP torch X, Y and Z positions, the sheath gas flow and
the RF power parameters were optimised for maximum peak
height and area at each DCI injector position. The typical ICP
operating parameters are given in Table 2 and as a range for
variable conditions.

Peak Profiling Data Acquisition and Processing. Due to
hardware/software limitations of the Element XR data acquisi-
tion, the short pulse duration and the efficiency of the inter-
face, a previously reported data acquisition strategy was em-
ployed. *° In brief, the MS was operated at low resolution, this
yields trapezoidal peak shapes. 1000 ‘samples-per-peak’ were
selected with a mass window of 20% to yield 200 sampling
points across the flat-top portion of the mass-to-charge re-
sponse peak. In counting mode the integration time for each
sample is limited to 100 ps. Thus scanning across the peak’s
flat top using the settings described yields a 20 ms window in
which to capture the response of the laser-induced aerosol
with 100 ps time resolution. Data captured in this manner were
exported as a .csv file. A custom macro was compiled to dis-
card any peak where signal intensity above background oc-
curred within 5 integrations (samples) of the start or the end of
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Chart 1. A: integrated peak area (counts) and B: peak
maximum (counts), for DCI extensions from 0 to 10 mm
(region of interest) using a fluence of 22.1 Jcm™ for U

the 20 ms window. In this manner partially captured peaks
could be removed. A similar monitoring procedure was used
for the Zircon cell; however the integration time per sample
was increased to 10 ms to yield a time window of 2000 ms in
duration to ensure capture of the entire peak profile.

The average peak maximum and peak area were calculated
from the mean of individual peaks (minimum N = 30). The
signal-to-background (S/B) ratio was calculated by dividing
the average peak maximum by the background. Alternatively
the signal-to-noise ratio may be estimated by dividing the av-
erage peak maximum by the square root of the average back-
ground, assuming the data are Poisson distributed. Individual
peak profiles were averaged (minimum N = 30) to obtain a
representative peak profile for a particular set of parameters
and cell. Using Igor Pro (version 6.3.6.4, WaveMetrics Inc.,
Oregon, USA) and the Multipeak Fitting function, curve func-
tions were applied to the representative peak responses and
used to determine the FWHM, FW0.1M and the FW0.01M.

Preparation and Analysis of Gd Labelled Cells. Human
CD4'CD25'CD127"° T cells were isolated from a leukocyte
cone, purified to 98.5% purity, and labelled using Gd-DTPA-
BMA (Omniscan®, GE Healthcare, UK), as described previ-
ously.® The Gd uptake was previously determined to be 5.08 x
10" atoms per cell. ® Cells were prepared for laser ablation by
plating onto slides (Thermo Superfrost, Thermo Scientific,
UK) using a CytoSpin (Shandon Cytospin®, Thermo Scien-
tific, UK). Single shot laser ablation was performed on indi-
vidual T cells using a 30 um spot size and a fluence of 6.40
Jlem®. Only single cells were targeted:; cells present in clusters
or spaced at intervals of less than 30 pm were ignored.

RESULTS AND DISCUSSION

Peak Profile from NIST 612 Glass. Absolute sensitivity
for 2*Uwas found to be independent of DCI inner injector
position, with the exception of the 0 mm position where a sig-
nificant decrease was observed. This was followed by a gradu-
al rise and plateau (to the same absolute sensitivity observed at
the -20 mm position) as the DCI was extended, see Chart 1 A.
Computational modelling by Lindner et al ** * described a
turbulent mixing region of sample (outer injector sheath gas in
this instance) and plasma gas immediately after the tip of the
ICP injector. Extending the DCI inner injector into this region
possibly further-increases turbulence and mixing of the sample
gas with the plasma gas. Thus the sample aerosol may follow
non-optimum flow paths when directly introduced into this
region, resulting in particle loss. An increase in absolute sensi-
tivity was expected when extending the DCI past the turbulent
mixing region. However, it was observed that due to the me-
chanical design and the fused silica being stored as a coil, the
further the DCI was extended, the less concentric it became
relative to the outer injector. It can thus be inferred that during
operation extension of the inner injector resulted in an off-axis
alignment of the injector relative to the ICP cones. In spite of
this alignment deviation the DCI was extended and operated a
full 10 mm past the outer injector and into the plasma, with no
deterioration of the fused silica tubing observed.

Similar lower absolute sensitivities at the 0 mm position for
U were observed at fluences of 12.8 and 17.2 J-cm?, but
these were less significant due to a decrease in peak area re-
producibility, 37 and 25% respectively; most likely due to
non-optimum ablation conditions. This trend was consistent
when increasing the mass load with a larger spot size (8 um)
whilst maintaining the fluence at 12.8 J-cm™ (larger spot sizes
and higher fluences could not be investigated due to detector
saturation). Using an 8 um spot, the peak area at the 0 mm
position was much lower than that at the other positions, with
the difference being more significant than that observed with a
6 um spot. The variance between the other extensions was
significantly reduced, to 7% RSD, due to an improved repro-
ducibility in peak area at 8 um spot diameter (19 % RSD).

238,

At a fluence of 22.1 J-cm™ the average peak area (excluding
0 mm data) for **®U was found to be 5827 counts, with a
10.2% RSD between positions and a 22 % RSD peak area
reproducibility. When compared to the single volume Zircon
cell, ?®U total absolute sensitivity increased 14, 9, and 8 times
for fluences of 12.8, 17.2 and 22.1 J-cm™ respectively. The
extent of the increase is likely to be sample-specific (as
demonstrated in the Gd experiments below), requiring optimi-
sation of volumetric cell flow rate and DCI extension for dif-
ferent elements and matrics. The differences observed between
fluences are indicative of an effect resulting from mass load-
ing in the aerosol/vapour stream. Whether this is due to a
change in particle size distribution, increased transport losses
or mass loading of the plasma, is not discernable from this
data.

The peak maximum followed a similar trend to that of the
peak area. Comparing fluences of 22.1 J-em™?and 12.8 J-cm™
for an 8 um spot, monitoring U, a significantly lower peak
maximum was observed at 0 mm, see Chart 1 B. A peak max-
imum of 4.7 x 10% counts- (21 % RSD) was observed at the 2
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Chart 2. Example individual transient peak profiles (grey
bars, segments representing the counts obtained in indi-
vidual 100 ps integrations for both peaks) and fitted func-
tions (black dotted lines) at a fluence of 22.1 J-cm-2, spot
diameter of 6 pm and a DCI extension of 2 mm for 2. A
peak shape fitted with an exponentially modified Gaussian
function, B: peak shape fitted with a Gaussian function
(off-set by 3 ms in the x-axis and 50 counts in the y-axis for
clarity)

mm extension. The peak maximum of the DCI-Sniffer was
compared to that of the Zircon cell in counts:s™. The peak
maximum was defined by a single integration period which is
an average representation of the underlying processes within
that time period. As a different sample time per integration
was used to profile the DCI-Sniffer and the Zircon cell, 0.1
and 10 ms respectively, the signal intensities, counts-s™, were
directly compared for a notional 0.1 ms time period. A 500,
300 and 400 fold increase in the peak maximum was observed
when compared to the single volume Zircon cell for fluences
of 12.8,17.2 and 22.1 J-cm™ respectively.

The Element XR has a detector electronic cut-off threshold
of 5 x 10° counts s™ before saturation occurs. A significant
number of ?**U peak profiles at extensions of 2-10 mm could
not be included in peak profiling due to saturation of the de-
tector. Thus in this implementation, the DCI-Sniffer interface
applicability is currently limited to small spot sizes or low
concentration elements for NIST glass. Further work on im-
proving the Element XR detection (speed and saturation limit)
will be used to overcome these limitations and demonstrate the
interface at full capability, whilst facilitating better investiga-
tion of the interface performance e.g. with respect to mass
loading affects. It must also be noted that the optimum posi-
tions of peak area and maximum were found for uranium us-
ing an Element XR, and that other DCI positions may be op-
timum for other elements or ICP instrument designs.

The representative peak response associated with a particu-
lar set of operating parameters was obtained by averaging

Table 3. Range of FWHM, FW0.1M and FW0.01M wash-
out times of DCI-Sniffer Interface

Fluence (J-cm?)

128 17.2 22.1
FWHM (ms) 1.4-27 1.4-2.3 1.4-2.0
FWO0.1M (ms) 4357 3.3-4.9 2.9-4.4
FWO0.01M (ms) 5.9-8.9 4.4-10.6 4398

individual peaks (N > 30), and fitting an appropriate function
to the data. The typical peak shape associated with laser abla-
tion single pulse data is Log-Normal, with an initial sharp-
increase (wash-in), followed by an exponential decay in signal
intensity (wash-out). However, with the DCI-Sniffer as well as
observing this peak profile, as shown in Chart 2 peak A, using
the same conditions and within the same analysis, individual
peaks more Gaussian in shape were also randomly observed,
peak B. Chi-squared values were used as a guide to the func-
tion of best fit. The tendency towards Gaussian shaped peaks
increased as both the fluence was increased and the DCI was
extended into the plasma, towards the ICP-MS cones. Peak
shape is indicative of the flow processes occurring through the
interface. With low sample loading, short residence time and a
quasi-laminar/laminar flow path, the log-normal signal profile
would be expected. The occurrence of Gaussian peaks indi-
cates that diffusion is becoming significant in determining
peak shape. Increased sample loading at higher fluences cre-
ates higher mass loading and greater concentration gradients,
leading to higher rates of diffusion of the sample in the carrier
gas. This may also explain the occurrence of some random
Gaussian peaks in otherwise log-normal data sets, which may
represent higher fluence-mass loading and/or changed particle
sizes as a result of laser instability. To the best of the authors’
knowledge Gaussian shaped peaks have not previously been
experimentally observed with LA-ICP-MS. The increased
occurrence of Gaussian peaks was not expected and more
work is required to explain this. Some peak splitting was in-
frequently observed and is discussed below.

When averaging the individual peak profiles the resulting
representative peak response was found to be a convolution
between Gaussian and an exponential decay curve, see Chart 3
A. An exponentially modified Gaussian fit function was thus
applied to the representative peak response as described for
chromatography peaks by Lan et al. *® The representative peak
response from the Zircon cell was fitted with an exponentially
modified Gaussian function for consistency of comparison, see
Chart 3 B.

At a fluence of 22.1 J-cm™and DCI position of 2 mm the
FWHM, FWO0.1M and FWO0.01M of the peak response from
DCI-Sniffer interface were found to be 1.5, 3.2 and 4.9 ms
respectively for *®U. The range of washout times for NIST
612 particulate from the DCI-Sniffer interface at all extension
and fluences investigated are given in Table 3. Peak width
variation related to DCI position was only observed at the
lowest fluence of 12.8 J-cm™ and showed longer residence
times at the -20 and 0 mm position. This may be related to
particle formation at lower fluence for nano-second laser-pulse
widths, where thermal mechanisms result in splash/melt ejec-

tion and a larger particle size distribution >,



After the peak has decayed, as evidenced by the frequent
occurrence of zero 100 ps count periods, there is a period of
~8 ms during which small numbers of counting events occur
stochastically, some of which can be seen in Chart 3 A, and as
reported by Van Malderen et al **. It has been observed that in
some instances these events also occur a few integration peri-
ods prior to the start of the peak. These events comprise be-
tween 1-3 consecutive 100 ps periods in which between 1-3
counts are recorded. The origins of these are not clear but they
have little importance in terms of current usage of the system.
They are perhaps indicative of the new kinds of observations
that will become apparent as fast, high sensitivity cells come
into wider use. Whilst we can scale positive counts to the time
period of acquisition to give potentially significant count rates,
we cannot scale zeros or differentiate them from the gas blank
which also shows some random counting events. If we had a
hypothetical instrument with 100% detection efficiency we
would be able to see more clearly the processes involved, but
we would be placing even greater demands on the detector
which, due to its limited counting rate, is already a limiting
factor in system performance. Similar consideration could be
applied to the effect of increasing sample size on peak width.
Although this cell operates at elevated pressure, there is bound
to be plume expansion and diffusion processes occurring when
increasingly large amounts of material are ablated and con-
fined to small volumes and therefore some peak broadening is
to be expected, ® but we are unable to study this due to limita-
tions in our current measurement system. Fast, high sensitivity
cells are not general purpose devices and in this sense NIST
glasses are not sensible test samples, but they are the bench-
mark material against which LA cells tend to be compared.
High performance LA cells are best suited to bio-imaging,
single cell or nano-particle detection/analysis where their ca-
pabilities are fully exploited.

The rare occurrence of events >10 ms after the main peak
can also be seen in Chart 3 A and are the product of spikes
(single integration events) observed for 1-2 laser pulses aver-
aged over the 30 pulses. Within the raw peak data, these are
often found to be greater than or equal to than the main peak
maximum. These random events are most likely the liberation
of single or clusters of particles trapped within the non-ideal
interface junctions.

Application to Single Cell Analysis. The performance of
the system was evaluated in relation to a contemporary analyt-
ical challenge; namely the analysis of single biological cells.
It was recently reported that therapeutic cells can be individu-
ally tracked in recipients through a combination of elemental
labelling and LA-ICP-MS detection. ® Such monitoring is crit-
ical to the evaluation and progression of new cell-based thera-
pies. However, vast improvements to the throughput of com-
mercial technology are required before the technique can be
implemented for routine monitoring in a clinical setting.

Regulatory T cells containing ~5 x10 atoms of Gd per cell ®
were ablated on an individual basis. Representative peak pro-
files for this analysis, monitoring **'Gd, are depicted in Chart
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Chart 3. Representative peak response for NIST 612 moni-
toring **®U A: DCI-Sniffer interface, grey bars are exper-
imental data and black dotted lines are corresponding
exponentially modified Gaussian fit function, moving left
to right -20, 0, 1, 2, 3, 4, 6, 8 and 10 mm positions, peaks
offset of 5 ms in the x-axis and 2.5 x 10° cps in the y-axis
are used for clarity. B: Zircon cell, where experimental
data is represented as grey bars and the exponentially
modified Gaussian fit function as the black dotted line.

4. Peak shapes were marginally broader than those observed
for NIST glass, which may be a product of increased loading
from the 30 um spot size and/or expansion of the predominate-
ly water-based plume in the plasma. The peak profiles were
also characterised by slight peak splitting towards the longer
injector extensions. Splitting was also observed by Tanner et
al. during in-torch ablation, where the effect was attributed to
two overlapping functions; “ a result of particle separation
during formation and expansion of the laser induced aerosol.
To account for this profile, two separate fit functions were
applied to determine the peak width: a linear peak rise and an
exponential decay. Differences between each extension were
not statistically significant, due to the small sample size and
the inherent variability of biological samples. However, when
monitoring **’Gd, all extensions produced peaks of less than
10 ms at FW0.1M, with a range of 4.1 to 7.7 ms and a mean of
6.0 ms. This is considered the most relevant peak characteris-
tic for the cell tracking application described, since signals
below the 10% level would typically be below the threshold
for discriminating a labelled cell. The results therefore indicate
that cell analysis rates of 100 cells per second and above are
attainable, which would take the speed of LA-ICP-MS to a
more clinically acceptable level.
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Chart 4. Representative peak response for single cell, mon-
itoring °'Gd, with the inner injector extended 0, 1, 2, 3, 4,
6, 8, 10 and 12 mm (from left to right) past the tip of the
outer injector. Each peak is representative of the aver-
aged profile of 5 Gd labelled cells. Signals are offset by 10
ms in the x direction and 20 counts in the y direction, to
aid clarity.

Improvements in instrumental sensitivity are evidently ben-
eficial for measurement of small sample sizes, such as the
ones described here. On average, monitoring **'Gd, the proto-
type system delivered a 4-fold increase in absolute sensitivity
compared to the Zircon cell when used for T cell analysis,
with a 6-fold increase observed at the 6 mm injector extension,
see Table 4 for details of H15 mean (robust statistics, n = 50)
of counts per cell. Assuming that there is no net loss of label
during cell division, this improvement could permit tracking
of a further 1-2 cell divisions than was previously possible,
and hence may extend the therapeutic monitoring window.

CONCLUSION

When compared to existing technology, the holistic LA in-
terface presented shows clear performance improvements and
significant advantages, important for small/discrete sample
analysis. Resolved single-shot peak widths of 1.4, 2.9 and 4.3
ms (FWHM, FWO0.1IM and FWO0.01M respectively) were
achieved when ablating NIST SRM reference glass 612 with a
6 pum spot at a fluence of 22.1 J-cm™. Peak widths were inde-
pendent of the extension depth of the inner injector, however
further work will increase time resolution of MS detection,

Table 4. H15 mean (Robust Statistics, n = 50) of integrated
peak area (counts) monitoring **’Gd for single ablation
events from single cell analysis at varied DCI extensions

H15 mean = H15 standard deviation

DCI extension (mm) (counts)
0 9214 + 4733
1 9879 + 4476
2 8861 + 4233
3 8575 £ 4109
4 4940 + 2079
6 11934 + 5088
8 8461 + 3108
10 6440 + 2226
12 7961 + 3041
Zircon cell 2159 + 974

enabling better evaluation of any subtle differences between
extensions. Thus this interface can theoretically be used to
capture resolved single-shot data for this mass loading at a 233
Hz or 345 Hz repetition rate (dependent on the washout crite-
ria required). For single cell analysis, where spot size was 30
pm, the mean FWO0.1M increased to 6.0 ms, such that resolved
data could theoretically be captured at 167 Hz repetition rate.
Further work is required to fully evaluate mass loading effects
and influence of matrix on peak width.

Compared to a good single-volume cell, a 300 to 500 fold
increase in peak maximum (with no apparent increase in
background), and 8 to 14 fold increase in peak area were ob-
served for NIST SRM 612. Single cell analysis showed a 4-6
fold increase in absolute sensitivity. Increase in sensitivity
(peak maximum) and total transport efficiency (inclusive of
transit through the plasma) thus increases the applicability of
LA to imaging and discrete sample analysis, where analyte
concentration may be low or sample mass may be small.

Some Gaussian peak shapes were observed, likely resulting
from dominating diffusion processes. Higher fluences, result-
ing in greater mass loading, increased the occurrence of peaks
with a Gaussian shape. However, the extent of this could not
be fully investigated due to the saturation of the detector at
fluences above 22.1 J-cm”. Future work will include the de-
velopment of a new data acquisition board with improved time
resolution and a higher detector saturation point, such that
larger mass loads and their effect on peak shape can be inves-
tigated. Due to the ease of which the DCI can be modified, the
system will also be demonstrated on other ICP-MS instru-
ments for a variety of different elements.

The data presented here were obtained on a prototype sys-
tem constructed in our laboratory. As such, it almost certainly
did not meet fully the design concept of a continuous, straight
flow path, free from misalignments or burrs and with the cen-
tral injector exactly concentric to the outer injector. Given this
caveat, the data are excellent and suggest that the concept is
robust and has scope for further improvement with a fully
engineered version.

ASSOCIATED CONTENT

Supporting Information
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