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Abstract
Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analysis of μ-droplets is becoming an attractive
alternative for detecting and quantifying elements in biological samples.With minimal sample preparation required and detection
limits comparable to solution nebulisation ICP-MS, μ-droplets have substantial advantages over traditional elemental detection,
particularly for low volumes, such as aliquots taken from samples required for multiple independent biochemical assays, or fluids
and tissues where elements of interest exist at native concentrations not suited to the necessary dilution steps required for solution
nebulisation ICP-MS. However, the characteristics of μ-droplet residue deposition are heavily dependent on the matrix, and
potential effects on signal suppression or enhancement have not been fully characterised. We present a validated and flexible
high-throughput method for quantification of elements in μ-droplets using LA-ICP-MS imaging and matrix-matched external
calibrants. Imaging the entire μ-droplet area removes analytical uncertainty arising from the often-heterogenous distribution
when compared to radial or bisecting line scans that capture only a small portion of the droplet residue. We examined the effects
of common matrices found in a standard biochemistry workflow, including native protein and salt contents, as well as reagents
used in typical preparation steps for concurrent biochemical assays, such as total protein quantification and enzyme activity
assays. We found that matrix composition results in systemic, concentration-dependent signal enhancement and suppression for
carbon, whereas high sodium content has a specific space-charge-like suppression effect on high masses. We confirmed the
accuracy of our method using both a certified serum standard (Seronorm™ L1) and independent measurements of analysed
samples by solution nebulisation ICP-MS, then tested the specificity and reproducibility by examining spinal cord tissue
homogenates from SOD1-G93A transgenic mice with a known molecular phenotype of increased copper- and zinc-binding
superoxide dismutase-1 expression and altered copper-to-zinc stoichiometry. The method presented is rapid and transferable to
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multiple other biological matrices and allows high-throughput analysis of low-volume samples with sensitivity comparable to
standard solution nebulisation ICP-MS protocols.

Keywords Bioanalytical methods . Biological samples . Laser ablation . Mass spectrometry/ICP-MS . Trace elements . Metals/
heavymetals

Introduction

The elemental composition of biological material is intimately
linked to functionality. Covalently bound heteroatoms (e.g.
sulphur, phosphorus, iodine) often dictate protein-ligand bind-
ing sites and biochemical activity [1, 2], while metal ions are
thought to be associated with ~ 50% of all known enzymatic
reactions [3], where they participate in a range of processes
from stabilising net charge to acting as redox centres [4]. With
such a diverse number of biological functions, it is not surpris-
ing that changes in endogenous elemental concentrations have
been associated with numerous pathologies and are consid-
ered promising therapeutic targets for neurodegenerative dis-
eases [5], cancer [6], and a number of other chronic health
conditions. Further, exogenous elements are regularly used
in clinical practice, such as platinum-containing anti-cancer
drugs [7] and imaging contrast agents [8], both of which have
harmful antecedent effects.

Accurate and precise determination of elemental composi-
tion is paramount to understanding how often subtle variations
are involved in disease processes. Traditionally, this has been
performed using conventional atomic spectrometry tech-
niques, or inductively coupled plasma-mass spectrometry
(ICP-MS). While ICP-MS is well-suited to many biological
applications, it does have several limitations. These include
often extensive sample preparation for solid samples (e.g. mi-
crowave digestion, lyophilisation), the need to dilute low-
volume samples for use with typical sample introduction sys-
tems, difficulties in matrix-matching complex biological spec-
imens, and the effects of incomplete polyatomic interference
removal on detection limits for trace endogenous elements
(e.g. selenium, iodine, cobalt). As such, potential contamina-
tion and/or insufficient sensitivity limits the applicability of
solution nebulisation (SN-)ICP-MS for low-volume samples,
particularly when starting material is also required for addi-
tional biochemical assays.

Laser ablation (LA-)ICP-MS offers a suitable alternative
via its capacity for discrete sampling of the source material.
In the absence of significant amounts of water and resulting
need for the ICP to desolvate an aqueous solution, both spec-
tral and matrix-based polyatomic interferences can be negated
by optimising system conditions to reduce temperature (by
lowering forward power), residence time of the analyte in
the plasma (by decreasing sampling depth) [9], and the use
of low flow rates of a reaction gas to remove a specific

interfering species (e.g. H2 for removal of spectral 40Ar16O+

interference on 56Fe+) [10]. For biological samples, which are
most often encountered on a silica glass mount, such as a
microscope slide, laser energy fluence (that is, the energy dis-
tribution across the area on which the beam is focused; in
J cm−2) can also be optimised to ensure complete ablation of
the sample while not surpassing the energy threshold required
for UV lasers to remove material from the underlying support
[11]. Combined, these conditions are suitable for interference-
free measurements of low-level analytes [12] and ideal for
direct analysis of micro- and nanolitre volume samples.

Substantial attention has been paid to the utility of LA-ICP-
MS for assessing the elemental composition of sample resi-
dues remaining after deposition and drying of microdroplets
following the first reported example by Yang et al. in 2005
[13]. Here, 20-μL volumes of aqueous zinc, cadmium, seleni-
um, and lead-containing standards and environmental/
biological samples were deposited on a polystyrene substrate
and dried, yielding concentrated residues of metal salts less
than 500 μm in diameter. The high-throughput potential—
originally put at ~ 250 samples per hour—has not been
capitalised upon in the decade since, though proof-of-
concept has been described in a range of biological applica-
tions [14–22].

The emergence of LA-ICP-MS imaging, and the chal-
lenges involved in obtaining absolute quantitative data that
came with it [23], turned attention to micro (μ-)droplets as a
simple method for external calibration [24] and isotope dilu-
tion [25] quantification (biological applications reviewed by
Pozebon et al. [26, 27]). Most applications have used only
representative bisecting lines of ablation through a standard
deposited on a substrate, with a focus on imaging applications.
As available imaging software tools have become more re-
fined and user-friendly while also rapidly expanding data
analysis capabilities [28–31], the potential to revisit high-
throughput μ-droplet analysis that capitalises upon the advan-
tages of fast LA-ICP-MS mapping becomes apparent. Spatial
reconstructions of element distribution across the total area of
μ-droplet residue removes uncertainty arising from non-
uniform residue deposition, or ‘coffee ring’ effect [32].

We present here a detailed analytical assessment of imaging
μ-droplets for quantification of elements in low-volume sam-
ples and highlight the versatility of this approach by applying it
to a range of commonly encountered research settings that
necessitate robust analytical methods for high-value samples.

604 K. Kysenius et al.



Materials and methods

Standards and chemicals

Mixed-element standards were prepared using step dilution of
a 500 μg L−1 certified multi-element standard for ICP-MS in
1% (v/v) HNO3 (Agilent Technologies, Mulgrave, Australia)
to 100 μg L−1, 50 μg L−1, 10 μg L−1, and 5 μg L−1 in 1% (v/v)
HNO3 (from Suprapur®-grade 65% HNO3 in ISO 3696
Grade 1 Milli-Q 18.2 MΩ cm water; both Merck Millipore,
Bayswater, Australia). In-house prepared standards for
matrix-matching were prepared from individual 1 M stock
solutions of laboratory-grade metal salts (see Electronic
Supplementary Material (ESM), Table S1) weighed using an
Ohaus AX224 (Port Melbourne, Australia) analytical balance
(precision = ± 0.0001 g; accurate to 82 mg). Salts were quan-
titatively transferred to metal-free 1.5-mL polypropylene vials
(Techno Plas, St Marys, Australia) and made to volume
(1 mL) in either Milli-Q water or analytical reagent-grade
37% (w/w) HCl (Merck Millipore) for FeCl2·4H2O to prevent
Fe2+ autooxidation and Fe3+ precipitation when further dilut-
ed. A mixed-element 10mM stock solution was then prepared
in Milli-Q water. Working standards were prepared using se-
rial dilution in Milli-Q water to give final estimated concen-
trations of 0 (matrix blank), 1 μM, 5 μM, 10 μM, 50 μM,
100 μM, 500 μM, 1 mM, and 5 mM. For matrix-matching
experiments, mixed-element standards were prepared inMilli-
Q water containing 3-sn-phosphatidylcholine (P1263), urea,
NaCl, glucose, Triton X-100, or sodium dodecyl sulfate (SDS;
all Sigma-Aldrich). Analytical performance of the optimised
matrix-matching protocol was assessed using a 1 mg mL−1

bovine serum albumin (BSA; Sigma-Aldrich) and 1× Tris-
buffered saline (TBS; 50 mM Tris-Cl, pH 7.6; 150 mM
NaCl; Sigma-Aldrich; in Milli-Q H2O) as the diluent for sam-
ples and standards. Accuracy was assessed using Seronorm™
Trace Elements Serum L1 (SERO, Billingstad, Norway; Ref,
201405; Lot, 1309438). The lyophilised standard was
reconstituted in Milli-Q water per the supplier guidelines
and used neat or diluted 1:10 and 1:40 in BSA-TBS.

Ethics approval statement and animal details

The use of biological material taken from wild-type C57/B6
and transgenic mice was approved by The University of
Melbourne Animal Ethics Committee (approval number
1312908). All procedures were conducted in accordance with
National Health and Medical Research Council guidelines.

Hemizygous mice expressing a transgene for human superox-
ide dismutase-1 (SOD1) containing the G93A substitution muta-
tion (SOD1G93A) on themixed B6/SJL backgroundwere from the
Jackson Laboratories (strain B6SJL-Tg(SOD1*G93A)1GurJ; Bar
Harbor, USA) and generously provided by Prize4Life. Non-

transgenic littermates were used as a control (Jackson
Laboratories).

Preparation of spinal cord lysates

Mouse spinal cord lysates (Fig. 1(a)) were prepared by
homogenising dissected tissue with polypropylene pestles in
TBS containing 0.5% (v/v) phosphatase inhibitor cocktail 2
(Sigma-Aldrich), 2% (v/v) cOmplete™ EDTA-free protease
inhibitor (Roche, Hawthorn, Australia), and 5% (v/v) DNAse
I (Sigma-Aldrich). Homogenates were then separated into
TBS-soluble and TBS-insoluble fractions by centrifugation

Fig. 1 Workflow forμ-droplet quantification of minor and trace elements
in low-volume samples. (a) Solubilised preparations of biological
matrices are aliquoted for LA-ICP-MS analysis and concurrent
biochemical assays (b). (c) Neat or diluted samples are deposited using
an air-displacement pipette onto a microscope slide alongside aqueous
standards containing each analyte. Following air-drying and LA-ICP-MS
analysis (d), where all deposited residue is ablated, images are constructed
(e) and used to extract mean and total signal attributable to each element
(m/zE) deposited μ-droplet (f) and subsequent quantification via external
calibration (g)
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at 18,000×g, for 30mins at 4 °C, and the TBS-soluble super-
natant was transferred to a separate vial. At this point, aliquots
for biochemical analysis can be taken (Fig. 1(b)).

Inductively coupled plasma-mass spectrometry

Concentrations of the investigated elements in standard solu-
tions were confirmed using SN-ICP-MS. Aliquots of stan-
dards were diluted 1:10 in 1% (v/v) HNO3 in 1.5-mL polypro-
pylene vials (Techno Plas) and analysed using an Agilent
Technologies 7700x ICP-MS with a MicroMist concentric
nebuliser and Scott-type double-pass spray chamber (Glass
Expansion, Port Melbourne, Australia). Yttrium (m/z = 89;
Choice Analytical, Thornleigh, Australia) was used as an on-
line internal standard, introduced via a Teflon T-piece. Helium
(4 mL min−1) was used as a collision gas. External calibration
with mixed-element standards in 1% (v/v) HNO3 (from
TraceCERT® stock solutions in 10% (v/v) HNO3; Sigma-
Aldrich) was used to generate quantitative data using
MassHunter software (rev. G7201B; Agilent Technologies).

The elemental composition of mouse spinal cord homoge-
nates was determined using a method modified from Hilton et
al. [33]. Briefly, homogenates were lyophilised overnight in a
vacuum freeze dryer (Ezzi Vision, Chirnside Park, Australia),
digested in 50 μL of 65% (w/w) HNO3 at room temperature
for ~ 2 h and then heated at 70 °C on a heating block for ~
5 min, or until the solution was clear. Digests were diluted
1:20 with 1% (v/v) HNO3 prior to analysis using the condi-
tions above.

Microdroplet deposition

Droplets (1 μL) of samples and standards (Fig. 1(c)) were
deposited onto silica glass microscope slides (Menzel-Gläser
Superfrost® Plus; Thermo-Fisher Scientific, Scoresby,
Australia) manually using a Gilson P2 air-displacement pipette
(precision = ± 0.0025 μL; John Morris Group, Willoughby,
Australia). The solution was partially dispensed as a droplet
on the pipette tip, which was gently placed on the slide surface
before being fully expelled. Standards and samples were de-
posited in rows within the 5 × 2.5 cm working area of a single
slide and then air-dried in a particle-free environment over-
night. Samples can feasibly be stored indefinitely in an air-
tight container; in this study, the maximum period between
μ-droplet deposition and analysis was 5 days.

Laser ablation-inductively coupled plasma-mass
spectrometry

Laser ablation-ICP-MS experiments were based on our previous-
ly reported method for μ-droplet analysis (Fig. 1(d)) [12] with
additional modification for triple quadrupole ICP-(QQQ-)MS.
Operating conditions are shown in Table S2 (see ESM). A

NewWave Research NWR213 laser ablation system (Kennelec
Scientific, Mitcham, Australia) with a standard two-volume cell
was used for all analyses. Briefly, the ablation cell (10 × 10 cm)
was loaded with a maximum of three microscope slides per
analysis round. A scan region encompassing all microdroplet
residues was established for each slide (roughly 5 × 2.5 cm; total
area = 12.5 cm2), over which lines of ablation spaced at 100-μm
intervals were drawn. A square beam 100 μm wide scanned at
400 μm s−1 and 0.3 J cm−2 fluence was used to remove all
deposited material while not ablating the supporting glass (min-
imum fluence threshold for ablation of silicate glass 2.4 J cm−2

[34]), resulting in a total analysis time of approximately 8–14 h
per slide. Argon was used as the carrier gas (1.2 L min−1).

All measurements were performed using an Agilent 8800
triple quadrupole ICP-(QQQ-)MS system with ‘cs’ lenses.
The ICP-QQQ-MS system used was previously optimised to
‘no gas’ tuning parameters to maximise ion focusing and
transmission via the Q2 ion-guide and collision/reaction cell
[35]. The ICP-QQQ-MS system was configured to measure
the mass-to-charge (m/z) ratios for elements listed in Table S2
(see ESM) in time-resolved analysis mode. Dwell time per
mass was set to equate to four m/z readings per second, or a
total integration time of 0.25 s per scan cycle [36].

Image generation and data analysis

Single line scans (as .csv files) were collated into
hyperspectral images using iolite (v.3; The University of
Melbourne, Parkville, Australia) [37] with the Biolite add-
on for image analysis [28] (Fig. 1(e); see Hare et al. [38]
for a visual tutorial). Modifications to the image analysis
code were made using Igor Pro (v7; WaveMetrics, Inc.,
Portland, USA).

Contour plots of background signal intensity and drift for
each measured m/z were interpolated from mean signal inten-
sity in ~ 10 randomly positioned ~ 250-mm2 areas containing
no residue and used to correct for each μ-droplet. An elliptical
region of interest (ROI) tool was used to extract mean (x )
counts per second (CPS) and total counts per second (Σ of
~ 1000 pixels) for each m/z from the complete μ-droplet area
(Fig. 1(f)). External calibration was performed via nonlinear
regression analysis using a log-log nonlinear model of a 9-
point (including matrix blank) calibration curve in Prism
(v7, GraphPad, La Jolla, USA). Limit of detection (LOD)
and limit of quantification (LOQ) were calculated according
to the 3σ and 10σ criteria, respectively, using the matrix blank.
All μ-droplet dilution series were analysed in triplicate, or as
otherwise stated. Recovery measurements are reported for on-
ly measured analytes >LOQ with Grubbs’ test (1% stringen-
cy) applied to eliminate statistical outliers. All statistical test-
ing was performed using Biolite, Excel 2016 (Microsoft Co.,
Redmond, USA), and Prism.
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Results and discussion

Effects of μ-droplet matrix on element distribution

We examined the effect of matrix composition on heterogene-
ity of element deposition following evaporation of H2O by
comparing background 23Na levels in 1-μL droplets of aque-
ous (as 1% (v/v) HNO3), protein (BSA)- and salt (TBS)-rich
vehicles, and mixed BSA-TBS representative of biological
samples with minimal sample preparation, including two μ-
droplets spiked with 100 pgμL−1 of a mixed-element standard
including Na (Fig. 2a). Each sample preparation method led to
distinct heterogenous analyte distribution in the remaining
residues. For HNO3, trace levels of endogenous elements
were assumed to be below those deposited in concentrated
areas at the centre of the circular droplet. For 23Na, Tris-
buffered saline containing 150 mM NaCl (equivalent to ~
3.5 μg μL−1 Na) provided a fairly uniform distribution with
punctate areas of higher signal intensity, including in the ap-
proximate centre of the droplet, whereas BSA contained lower
background contaminant levels reminiscent of the ‘coffee

ring’ effect observed in biological matrices deposited on a
porous cellulose membrane [32] with an additional concen-
trated area at the centre. Heterogeneity in residue deposition
can be attributed to a chromatographic-like effect with the
proprietary silane-like slide surface acting as a stationary
phase and the vehicle dispersing as a mobile phase while
drying, resulting in diffusion of the μ-droplet over larger areas
and potentially limiting sample throughput. Mixed BSA-TBS
droplets showed a similar but more diffuse pattern with a
broader ‘ring’ effect and dense inner edge. The BSAmolecule
has a general high affinity to divalent metals [39], and the
presence at high concentrations may provide an additional
matrix component that affixes mobilised elements within the
area on which the μ-droplet was deposited. With the addition-
al 100 pg mixed-element spike, analyte distribution was more
uniform in the mixed TBS-BSA μ-droplet.

Addition of 100 pg μL−1 standard solution amplified the
effects observed in matrix blanks. Histograms of signal inten-
sity binned per 10-mm2 area were used to assess the hetero-
geneity of each vehicle by measuring the difference between
mean and median values for 7Li, 13C, and 63Cu (Table 1; Fig.

Fig. 2 Heterogeneity in residue
deposition of dried μ-droplets. a
Blank diluents had varying
background levels of Na,
including ~ 3.5 μg in TBS.
Histograms of each preparation
showed the smallest variance
between median and mean
(dashed vertical line) for mixed
BSA-TBS vehicle (shown here as
solid lines); hence, most
homogenously distributed
deposition of spiked b 7Li, c 13C,
and d 63Cu occurred with a mixed
TBS-BSA vehicle

A versatile quantitative microdroplet elemental imaging method optimised for integration in biochemical... 607



2b–d). The smallest variance was observed in the mixed BSA-
TBS diluent, where the difference between mean and median
was 1–6%, compared to 17–100% for all other vehicles, pri-
marily due to areas within the ROI where residue present was
<LOD. These data suggest that certified multi-element stan-
dards in a simulated high-salt, high-protein biological matrix
produce a homogeneous residue deposition and are suited for
quantitative analysis with minimal intra-sample variability.

Limits of detection and quantification in simple-matrix dilu-
ents The LOD and LOQ for all measured analytes in matrix
blank (1% (v/v) HNO3) and BSA-TBS vehicles were calculat-
ed from the 3σ and 10σ of the signal intensity of seven repli-
cates of preparation blanks (Table 2). For 1% (v/v) HNO3,
absolute LOD ranged from 0.02 to 12.18 pg. Detection limits
were substantially higher for most elements in mixed TBS-
BSA. The ~ 200-fold increase for 23Na constitutes the back-
ground contribution of 3.45 μg Na. Absolute LOD ranged
from 0.10 to 49.34 pg, with higher limits for typical protein
constituents (31P) and abundant metals (39K, 43Ca), whereas
typical minor and trace elements were consistently < 15 pg.
This is equivalent to ~ 10 μg L−1, or parts per billion, which is
adequate to detect most endogenous elements in biological
samples with minimal preparation or dilution. The perfor-
mance of the proposed method is comparable to the dried-
droplet method published by Hsieh et al. [14], and encom-
passes several additional biologically relevant elements (e.g.
Ca, P, Fe, Cr, Rb, Sr, and Mo) with the flexibility needed for
low-volume samples, such as those required for multiple con-
current biochemical assays where dilution of small aliquots
limits sensitivity for analytes at already low concentrations
in the analysed sample, such as cerebrospinal fluid (CSF)
[40]. Limits of analysis were also comparable to a pseudo-
flow injection method for quantifying metals in CSF using
size exclusion chromatography hyphenated to ICP-MS [41].

Analysis of prepared standard solutions by SN-ICP-MS

Concentrations of prepared standard solutions used for exter-
nal calibration inμ-droplet analysis were confirmed using SN-
ICP-MS. As stated above, endogenous element concentra-
tions in biological samples vary from ultra-trace (defined as
< 1 μg L−1; e.g. Mn in CSF) [40] to ‘minor’ levels >
100 mg μL−1 (e.g. K in serum) [42]. Thus, a sufficiently broad
dynamic range spanning four to five orders of magnitude is
necessary for simultaneous quantification of target elements in
biological samples. Having calculated the LOD, the prepared
standards (ESM Table S1) were used to demonstrate and val-
idate the use of custom-prepared standards for quantification
of metals in a BSA-TBSmatrix. The analyte concentrations in
prepared standards were independently determined using SN-
ICP-MS to account for possible contamination and impreci-
sion in weighing of source materials (Table 3) [43] and used to
test our LA-ICP-MS μ-droplet method. Using a concentrated
stock of independently measured single-element standards to
produce amixedmulti-element calibration with an appropriate
concentration range allows for a simple dilution, avoiding
potential error introduced through serial dilutions. While we
report quantification results using six elements with high rel-
evance to biochemistry, the same approach can be used for
any other water-soluble inorganic analyte.

Linearity and calibration curve obtained by LA-ICP-MS
for imaging of μ-droplets

A log-log nonlinear model was fitted to summed signal inten-
sity for each deposited μ-droplet of spiked mixed salt solu-
tions in BSA-TBS for logistic regression analysis using Eq. 1
(n = 4 replicates; Fig. 3a–e):

∑CPS ng−1μg−1 ¼ 10 mlog E½ �ð Þ þ b ð1Þ

Table 1 Comparison of matrix
effect on heterogeneity of analyte
distribution (as median and mean
signal intensities in counts per
second [CPS] per 10 mm2)

Diluent m/z Median (CPS) Mean (CPS) Mean/median difference (%)

HNO3 7 0 15,284 100

13 0 238 100

63 0 12,673 100

TBS 7 2399 3007 20

13 4024 4976 19

63 1971 2771 29

BSA 7 131 7630 98

13 1422 1718 17

63 370 6094 94

BSA in TBS 7 4265 4224 − 1
13 18,144 17,384 − 4
63 3569 3367 − 6
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where Σ CPS ng−1 μL−1 is the sum of all counts per second
attributable to element (E) within the bounds of the μ-droplet,
m is the slope, and b is the y-intercept [44]. Using the mini-
mum standard concentration greater than the calculated LOD
for each prepared standard deposited (for all measured ele-
ments other than 24Mg and 39K) [45], we assessed linearity
of calibration curves and the respective dynamic range
(Table 4).

Polyatomic interferences

As spectral and matrix-based interferences are low in the con-
ditions used [12], the LOD values are attributable to intrinsic
instrumental noise. Interference formation for an acidified ve-
hicle in the absence of comparable salt and protein contents,
using the imaging conditions here, has been previously report-
ed to be negligible [12]. To further support the previous

Table 2 Absolute LOD and LOQ
values calculated for 1-μL
droplets of 1% (v/v) HNO3 and
BSA-TBS matrix blanks

Element 1% (v/v) HNO3 BSA-TBS Ratio BSA-TBS:1%
(v/v) HNO3

LOD (pg) LOQ (pg) LOD (pg) LOQ (pg)

7Li 0.02 0.08 0.33 1.09 14.1
23Na 0.11 0.35 23.6 78.5 221.5
24Mg 5.29 17.6 35.8 119 6.8
27Al 5.43 18.1 13.1 43.7 2.4
31P 10.91 36.4 47.0 157 4.3
39K 2.41 8.02 49.3 164 20.5
43Ca 3.17 10.6 25.4 84.7 8.0
47Ti 12.2 40.6 11.7 39.0 1.0
52Cr 0.45 1.49 1.58 5.26 3.5
55Mn 0.21 0.70 0.89 2.96 4.2
56Fe 4.15 13.8 10.2 33.8 2.4
59Co 0.10 0.32 0.08 0.26 0.8
60Ni 0.71 2.37 10.2 33.9 14.3
63Cu 0.10 0.34 2.55 8.50 25.3
66Zn 0.07 0.24 2.88 9.59 40.1
78Se 0.30 1.00 1.50 4.99 5.0
85Rb 0.18 0.61 0.75 2.50 4.1
88Sr 0.08 0.25 3.51 11.7 46.7
95Mo 0.04 0.15 0.81 2.69 18.3
101Ru 0.02 0.07 0.10 0.32 4.6
111Cd 0.25 0.83 0.48 1.58 1.9
208Pb 0.02 0.07 0.06 0.18 2.6

Table 3 Predicted and determined concentrations of elements in standard solutions by SN-ICP-MS

Nominal
concentration

24Mg 39K 55Mn 56Fe 63Cu 66Zn

Predicted Measured Predicted Measured Predicted Measured Predicted Measured Predicted Measured Predicted Measured

5 μM 122a 107a 196a 46.0a 275a 258a 279a 253a 318a 233a 327a 233a

10 μM 243a 203a 391a 164a 549a 513a 559a 514a 636a 461a 654a 461a

50 μM 1.22b 1.36b 1.96b 0.865b 2.78b 2.88b 2.79b 2.84b 3.18b 2.60b 3.27b 2.60b

100 μM 2.43b 2.38b 3.91b 3.64b 5.49b 5.14b 5.59b 5.17b 6.36b 4.66a 6.57b 4.66b

500 μM 12.2b 12.4b 19.6b 18.5b 27.5b 28.1b 27.9b 27.4b 31.8b 25.2b 32.7b 25.2b

1 mM 24.3b 24.4b 39.1b 37.3b 54.9b 55.7b 55.9b 55.1b 63.6b 49.8b 65.4b 68.5b

aμg L−1 . b mg L−1

A versatile quantitative microdroplet elemental imaging method optimised for integration in biochemical... 609



assertion, we examined the primary matrix-based interference
expected in a biological specimen arising from 40Ar23Na+,
31P16O2

+, 36Ar12C14N1H+, and 16O12C35Cl+ on 63Cu [46].
We monitored both m/z 63 and m/z 65, representing the two
stable Cu isotopes (natural abundance 69.15% and 30.85%,
respectively) and compared the slopes, which showed good
agreement (p = 0.800, extra-sum-of-squares F test, F = 0.067,
df = 11; Fig. 3f) and an absolute LOD of 2.55 pg Cu. Within
the dynamic range achieved and in physiologically relevant
conditions, using ion focusing optimised for ICP-QQQ-MS

[35], matrix-based interferences do not restrict LA-ICP-MS
analysis in biochemical applications.

Effects of a simulated biological matrix
on measurements

To further characterise the contribution of additional matrix con-
stituents common to biochemical samples on method accuracy,
50 pg μL−1 multi-element standards with increasing concentra-
tions of protein (as BSA), lipids (asmixed phosphatidylcholines),

Fig. 3 Log-log nonlinear logistic regression analysis from μ-droplet
analysis for a 24Mg, b 39K, c 55Mn, d 56Fe, and e 66Zn standard solutions
of metal salts. Grey area denoted upper and lower calibration range for SN-
ICP-MS confirmation of in-house prepared standards. f Comparison of

nonlinear logistic regression analysis of 63Cu and 65Cu, showing good
linearity (0.9993 and 0.9999, respectively) and no significant difference
in slope (m; p = 0.800; extra-sum-of-squares F test)

Table 4 Correlation coefficient
and dynamic range of n = 8–10
point nonlinear logistic regression
analysis of LA-ICP-MS μ-droplet
external calibration with spiked
standards in a BSA-TBS vehicle

Element Correlation coefficient (r2) Dynamic range (μL−1)

24Mg 0.9964 5 μM–5 mM (122 μg–122 mg)
39K 0.9980 5 μM–5 mM (195 μg–195 mg)
55Mn 0.9999 100 nM–1 mM (5.49 ng–54.9 mg)
56Fe 0.9997 100 nM–1 mM (5.58 ng–55.8 mg)
63/65Cu 0.9993a, 0.9999b 100 nM–1 mM (6.35 ng–63.5 mg)
66Zn 0.9981 100 nM–1 mM (6.54 ng–65.4 mg)

a As 63 Cu. b As 65 Cu
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urea (CO(NH2)2), salts (as NaCl), and glucose (C6H12O6), as
well as anionic (as sodium dodecyl sulfate) and nonionic (as
Triton X-100) surfactants, commonly used in extraction buffers
to permeabilise cell membranes (Fig. 4a–g) were analysed and
mean signal intensities of lithium (m/z 7), copper (m/z 63), and
lead (m/z 208) compared to the lowest tested matrix concentra-
tion (n= 3; one-way ANOVA with Dunnett’s post hoc test for
multiple comparisons). Concentrations were selected based on
typical sample preparation and extraction buffers used in routine
biochemistry protocols, with increasing amounts of organic ma-
trix components showing the expected increase in mean m/z 13
signal intensity (Fig. 4h), while phospholipids reflective of neu-
rological material increased the m/z 31 signal an order of magni-
tude higher than m/z 13, with higher signal-to-noise and equiva-
lent variance over three replicate measurements (Fig. 4i). Carbon
content generally resulted in a systematic suppression of signal
intensity across a broad m/z range, while high sodium levels
suppressed m/z 208 signal only.

When compared to the lowest matrix concentration, all
biochemical matrix simulants induced statistically significant
signal enhancement or suppression effects, depending on the
primary matrix constituent. In contrast to the carbon enhance-
ment effect observed for liquid matrices with a high organic
component [47], which can be attributed to effects on plasma
conditions specific to nebulisation and the substantially

greater carbon load [48], a matrix concentration-dependent
suppression of signal intensity at low (m/z 7), mid (m/z 65),
and high (m/z 208) masses was not observed. While the con-
centrations tested were selected on the basis of common bio-
logical samples and were thus not sufficiently broad to fully
characterise specific matrix effects of differing organic source
material across a wide range, the results taken together suggest
that respective analytes signal enhancement and suppression
caused by carbon at low and high concentrations encountered
in SN-ICP-MS (see Wiltsche et al. [48] and the references
therein) also occurs in the dry plasma and lower carbon load
as in the case of LA-ICP-MS. Mean signal intensities were
generally an order of magnitude higher for each measuredm/z
in the presence of low amounts of carbon: ~ 30 μg for BSA,
60 μg for urea, 72 μg for glucose, and 2.9 μg for Triton X-
100; 7 mg for the representative lipid 1-oleoyl-2-palmitoyl-
phosphatidylcholine; and 5 mg for SDS (ESM Fig. S1).

For NaCl, the specific suppression of m/z 208 signal inten-
sity is likely an effect of an inverse space-charge effect, which
typically occurs due to ion beam defocussing of low-mass
analytes by high-mass matrix components with greater kinetic
energy [49]. In this case, the zone model of ion density [50]
states that 23Na focusing is highest closer to the torch and
diffuses across the surface of the sampling cone, which likely
impedes transmission of higher-mass 208Pb+ ions that

Fig. 4 Mean signal intensity for m/z 7, 63, and 208 (a–g); 13 (h); and 31 (i) in a deposited 1-μL droplet containing 50 pg Li, Cu, and Pb, and increasing
concentrations of simulated biological matrices
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ordinarily reach peak density in the cooler analytical zone of
the plasma closer to the cone orifice. Additionally, the shorter
sampling depth used in LA-ICP-MS in the present study fur-
ther biases transmission against high-mass in favour of mid-
mass elements.

Carbon and phosphorus contents of the matrix have impli-
cations for potential use of either 13C or 31P as an internal
standard. While repeated standard measurements and variable
background subtraction in Biolite give more confidence in
correcting signal drift in LA-ICP-MS imaging applications
as previously observed [28], the homogenous deposition
(Fig. 1(a)) and superior signal-to-noise of 31P could potential-
ly be employed as an alternative to 13C for μ-droplet analysis,
though several of the limitations observed for 13C are likely to
also be encountered [51–53].

Droplet areas were consistently within a 4.5–6-mm2 range
for each tested matrix constituent with the exception of 0.1%
(v/v) Triton X-100, which expanded to > 30 mm2. The in-
creased area covered by μ-droplet residue from extraction
buffers at low concentrations may be attributable to the previ-
ously observed chromatographic-like diffusion expanding ra-
dially from the droplet centre as a result of reduced interac-
tions between the non-polar hydrocarbon and organosilane
coating of Superfrost® Plus slides. For SDS, the anionic
organosulfate electrostatically likely interacts with the proton-
ated amine group of the silanised slide to limit spread of the μ-
droplet residue while drying. Reduced sample throughput due
to the larger scanning areas needed for samples containing
Triton X-100 at 0.1–1% (v/v) may be necessary, however, to
offset the suppression of signal intensity for low-level analytes
by the high carbon content of typical SDS preparations.

Accuracy of μ-droplet quantification

Trueness and precision were assessed using Seronorm™
Trace Element Serum L1 certified human serum standard ref-
erence material (Sero, Billingstad, Norway) according to ISO
5725-1 guidelines for determining method accuracy [54].
Percentage recoveries for certified concentration were also
used to inspect possible matrix-specific effects of the
Seronorm™ standard by quantifying elemental content in

reconstituted lyophilised serum in Milli-Q water, and serum
diluted in 1 μg L−1 BSA-TBS. External calibration was per-
formed using matrix-matched mixed-element standards
(0 ng μL−1, 10 ng μL−1, 20 ng μL−1, and 100 ng μL−1 in
BSA-TBS). Heterogeneous residue deposition deemed undi-
luted Seronorm™ unsuitable for analysis. Total protein con-
centration measured by spectrophotometry (using a
NanoDrop™ UV-Vis spectrophotometer from Thermo-
Fisher Scientific) was 8.3 μg μL−1 (1:10) and 3.2 μg μL−1

(1:40), indicating the total protein content (~ 83 μg) of undi-
luted standard would confer similar signal suppression effects
as those shown in Fig. 4a. All elements were below LOQ in
the 1:40 dilution, while lithium, iron, copper, zinc, and sele-
nium were higher in the 1:10 dilution and were used to calcu-
late percentage recovery, 95% confidence intervals, and intra-
and inter-day variations (σ) over a 3-day period (Table 5).
Recoveries ranged from 90.3% (Fe) to 97.7% (lithium), with
95% confidence intervals falling within the reference analyti-
cal uncertainty. The intra- and inter-day variance was under
10% for all measurements other than inter-day variance of
13.4% for lithium.

Application to a transgenic mouse model of metal
dysregulation

The utility of the optimised and validated method was dem-
onstrated by analysing spinal cord tissue from SOD1-G93A
transgenic mice and non-transgenic controls.Wild-type SOD1
is an important antioxidant enzyme which requires equimolar
binding of one copper and one zinc per protein subunit for
physiological function. Mutations in the protein cause a familial
form of the fatal neurodegenerative disorder amyotrophic lateral
sclerosis (ALS), and transgenic expression of mutant SOD1 in
mice accurately recapitulates the disease. Overexpression of
SOD1-G93A in mice causes the protein to accumulate in the
cytosol in a zinc-containing, copper-deficient form [55].

Zinc and copper, as the two metal ions associated with
SOD1, and magnesium as a representative metal unaffected
by altered SOD1 expression were determined using deposited
μ-droplets of TBS-soluble and TBS-insoluble fractions from
SOD1-G93A and non-transgenic mouse spinal cord tissue.

Table 5 Trueness and precision
measures for Seronorm™ L1
diluted in 1:10 in 1 μg L−1 BSA-
TBS

Element Reference
concentration
(μg L−1)

Reference
95% CI

Measured
concentration
(μg L−1)

Measured
95% CI

%
recovery

Intra-
day σ
(%)

Inter-
day σ
(%)

Li 5261 4202–6320 5139 4667–5611 97.7 1.2 13.4

Fe 1470 1170–1770 1328 1229–1426 90.3 5.1 8.4

Cu 1066 852–1281 1115 1043–1188 104.6 5.0 8.3

Zn 1057 844–1269 1022 978–1067 96.7 3.2 5.3

Se 86 51–120 105.6 99.6–111.8 122.9 9.6 0.9
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Parallel SN-ICP-MS analysis of total metal levels in tissue
homogenates was used as a reference method to assess spec-
ificity and reproducibility in biological samples with a
characterised copper-specific molecular phenotype (Fig. 5).

The SOD1-G93A mice used have 25 copies of the mutant
SOD1 transgene [56], resulting in substantially higher SOD1
protein levels when compared to than non-transgenic litter-
mate controls expressing endogenous SOD1. Accordingly,
zinc levels were elevated relative to controls, measured using
both SN-ICP-MS and μ-droplet LA-ICP-MS quantifications
(Fig. 5a). The increase in copper was less marked in the TBS-
soluble fraction of SOD1-G93A mice (p < 0.05) and not sta-
tistically significant in either TBS-insoluble fractions or the
total copper levels in the homogenates (Fig. 5b). This reflects
the change in zinc:copper stoichiometry previously reported
in transgenic mice expressing mutant SOD1 [33, 57, 58]. No
change in magnesium levels, which are independent of the
SOD1 protein, was detected (Fig. 5c).

Advantages and limitations of a μ-droplet
quantification method

Accurate and precision determination of elemental concentra-
tions in low-volume samples has a range of advantages in
biochemical research and potential clinical use. The primary
driver for developing this μ-droplet quantification method
was the rapidly increasing appreciation for the importance of
measuring bio-elements as part of larger biochemistry
workflows, where each assay contributes to a broad and com-
prehensive assessment of the multifaceted properties of low-
level inorganic species in a biological system. In a clinical

setting, analysing CSF is one of the few accessible means to
examine pathology of neurological disorders within the cen-
tral nervous system [59]. The volume of fluid obtained from
lumbar puncture is measured at the bedside as ‘drops’, deter-
mined to contain 60 μL of CSF using a remarkably similar
‘matrix-matching’ approach to roughly mimic pressure and
fluid consistency, of which three ‘drops’, or 180 μL is the
minimum volume needed for routine clinical biochemistry
assays, such as glucose levels [60]. For high-abundance
metals such as potassium, a dilution factor as low as 10 is
necessary for measurements sufficiently higher than the meth-
od limit of quantification [42]. Elements present at lower
physiological concentrations such as copper, with a reported
mean concentration in undiluted CSF from 42 aged control
subjects of 4.1 ± 0.1 pg μL−1 [61], would require c.a. 100 μL
of CSF for routine SN-ICP-MS to produce a sufficient final
volume for analysis using our previously described method
for multi-element analysis [42, 62]. Using one-hundredth,
the volume of CSF to achieve equivalent analytical perfor-
mance thus has minimal impact on the total CSF sample vol-
ume available for other biochemical assays.

Some analytical limitations are shared between typical SN-
ICP-MS and μ-droplet quantifications, specifically sensitivity
for ultra-trace elements, including toxicants such as lead or
essential metals like cobalt. Though reported lead concentra-
tions in normal CSF vary from 0.32 pg μL−1 (median of n =
56) [63] to 1.3 ± 0.5 fg μL−1 (mean ± SD of n = 42) [61], our
absolute quantification limit in a simulated CSF matrix for
lead of 0.18 pg, at the upper end of this range, would be
insufficient for robust quantification. It is noteworthy, howev-
er, that in the two studies reported, lead levels were either at or

Fig. 5 a–c Specificity of zinc, copper, and magnesium in transgenic mice
overexpressing copper- and zinc-binding SOD1 using SN-ICP-MS of
tissue homogenates and LA-ICP-MS for μ-droplet analysis of TBS-
soluble and TBS-insoluble fractions, as well as the combined total
metal levels. Increased copper and zinc were most marked in the TBS-

soluble fraction of spinal cord tissue homogenates of SOD1-G93A-
overexpressing mice, where the highest concentrations of SOD1 are
found (one-way ANOVA, *p < 0.05, ***p < 0.001). Magnesium levels,
which are not associated with mutation to SOD1, remained unchanged
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below limits of quantification. Maass et al. [61] used a one-in-
four dilution of an undefined volume of CSF aliquoted from a
10-mL original sample, whereas Gerhardsson and colleagues
[63] did not specify the dilution factor used, instead referring
to a method for analysis of blood and plasma [64]. Assuming a
one-in-ten dilution optimised for multi-element quantification
in plasma was used, this approach reported a distribution of
CSF lead levels that fell below the 0.07 pg μL−1 limit of
detection. Thus, the sensitivity of LA-ICP-MS imaging and
this μ-droplet method allows for multi-element analysis in
undiluted, low-volume samples, concentrated in a defined ar-
ea for total consumption analysis.

The proposed μ-droplet quantification method for measur-
ing element concentration in low-volume samples allows
analysis of roughly 200–300 samples in 24 h and is applicable
to virtually any biological sample with minimal sample prep-
aration. This method is immediately transferable to new LA-
ICP-MS technology incorporating fast imaging and high res-
olution [65, 66], providing sample throughput comparable to
routine SN-ICP-MS protocols.

Though sample preparation is less demanding than normal-
ly required for SN-ICP-MS, manual deposition of the droplets
using air-displacement pipettes creates a bottleneck that could
be overcome by automated deposition, similar to those used
for applying matrices to samples for matrix-assisted laser
desorption/ionisation (MALDI). Automation of droplet depo-
sition would also eliminate operator-dependent variation and
ultimately improve precision. Modified thermal inkjet printers
have been used to deposit picolitre volumes with precision <
10% [67, 68], and if used at the conditions of the present
method, they could further decrease the amount of sample
required for analysis.

Conclusions

A method for quantification of elements in μ-droplets by LA-
ICP-MS was developed. This versatile method where sample
matrix can be matched with relative ease can be readily inte-
grated into standard biochemical laboratory practice where
total element concentration is a necessary measured outcome.
The primary advantage is the capacity to accurately and pre-
cisely detect elements in low-volume samples, reducing the
burden on experiments where multiple independent analyses
are required and minimal amounts of biological material are
available.
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