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A method for quantitative analysis of biological soft tissues by laser ablation-inductively coupled
plasma-mass spectrometry has been developed. Polymer film standards were produced by spin coating
spiked solutions of polymethylmethacrylate onto quartz substrates. Calibration curves throughout the
range of 0400 pg g yielded correlation coefficients better than 0.999 for “Zn and “Cu. Spiked,
homogenised soft tissue standards were quantified by LA-ICP-MS against the thin film standards. The
results agreed with values calculated from solution nebulisation ICP-MS. A procedure for internal

standardisation by employing ruthenium or yttrium in the underlying thin film was also assessed. ’ -

Introduction

Interest in determining elemental and molecular distributions in
biclogical specimens has increased significantly in recent years.!
Trace metals are vital for many organisms and a deficit or excess
may cause disease or toxic reactions. Spatially resolved concen-
tration maps of trace elements in cells or tissue samples can
therefore provide new and useful information.? .

Laser ablation-inductively coupled plasima-mass spectrometry
(LA-ICP-MS) is a suitable technique for the elemental analysis of
biological specimens.*® LA-ICP-MS has multi-element and
isotopic capability, large dynamic range, high sensitivity and
quantitative response.>® Maps can be constructed that reveal
elemental spatial distributions within biological samples at trace
and bulk levels with lateral resolution on the micron scale. A
recent review by Becker et al.! describes some applications of LA-
1CP-MS to bio-imaging and proteomics.

The use of LA-ICP-MS for quantitative biological and medical
research requires suitable quantification procedures."*” Strate-
gies developed for quantification include; preparation of matrix-
matched laboratory standards, solution-based calibration,®!°
calibration using certified reference materials (CRMs),'""* and
direct independent measurement of mass ablated by light scat-
tering'*® or other techniques.’®™ Each of these methods,
however, has drawbacks. Calibration using matrix-matched
standards accounts for variations in the laser/sample interaction
associated with different sample matrices.* Homogenised tissue
standards have been used for the quantification of tissue samples
by LA-ICP-MS®*%2% however preparing the matrix-matched
standards is time consuming and sometimes difficult.®**

Becker et al'® described a solution-based LA-ICP-MS cali-
bration to validate matrix-matched laboratory standards used to
quantify elements in human brain samples. The method uses
easily obtained standard solutions for calibration and matched
the precision of standards® although it does not account for
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variations that may occur during the laser sampling process.®
Additionally, the different forms in which the sample (ablated
particles} and reference material (liquid aerosol) enter the ICP-
MS may exacerbate matrix effects and the dilution of the abla-
tion stream with the nebulised stream of standard material may
decrease sensitivity.?

In the case of CRMs, these are often not available for the
analyte of interest or at the required concentration ranges.

Other approaches have utilised standardless, independent
methods to directly measure ablated mass. These include light
scattering''* and acoustic wave generation™?® fechniques as
well as total sum of signal normalisation®** and piezoelectric
microbalances.® Signal sum normalisation techniques require
the simultaneous acquisition of all elements from the transient
signal and assume that the sum of those elements equals the mass
ablated, giving semi-quantitative information at best. Precision
comparable to that achieved when using an internal standard
(I8) has been reported by some users of the techniques listed
above''* but these methods add complexity, cost and time to an
otherwise straightforward technique.®

This article presents a new method for quantification of bio-
logical soft tissue samples by LA-ICP-MS based on spin coated
calibration standards. Fig. 1 iflustrates the concept of ablation of
the sample together with a film containing ISs.

Spin coating is a process widely employed for fabrication of
thin film coatings with high structural uniformity.® Chi et al®
quantified impurities in semiconductor photoresists by LA-ICP-
MS using calibration standards prepared by spin coating and
guantified after microwave digestion by solution nebulisation
(SN) ICP-MS. Ryu et al®® used a similar technique to fabricate
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Fig. 1 Internal standard scheme for elemental bio-imaging,
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calibration standards to measure metal meuntles in thin layers
on silicon wafers. o -

Importantly, the work presented here includes a normalisation
technique for LA-ICP-MS of bioclogical soft tissues, which is
required to account for variations in ablated mass. The majority
of bio-imaging studies by LA-ICP-MS have normalised analyte
signals to C as an I8. Carbon-13 is often (but not always)
homeogenously distributed within biclogical soft tissues however
it does not- entirely satisfy the conditions usually desired for an
IS, Beveral LA-ICP-MS studies of soft tissue and polymer
samples have found PC to be an vnsatisfactory IS; *C was less
sensitive to instrumental fluctuations than the analytes under
investigation," showed heterogeneous distribution in tumours,™
and plasma behaviour differences between carbon and analy-

* Although using carbon as an internal standard may
improve precision compared to raw counts,'»3313536 ap alter-

native I3 that shows similar plasma and transport behaviour is

- highly desirable.”

Materials and methods
Thin film preparation

The workflow for the preparation of IS and calibration standard
films is shown in Fig. 2. Quartz slides (25 x 25 mm) were washed
successively in acetone, 5% nitric acid solution and water
(distilled and deionised by the Milli-Q system - 18.2 M cm).
Glass vials used for preparation and storage of spin solutions
were acid washed overnight in 30%, then 5% nitric acid before
rinsing with Milli-Q water and baking dry.

Poly(methylmethacrylate) (PMMA) with average molecular
weight ~996000 (Aldrich, Germany), chlorobenzene (99.8%,
Sigma-Aldrich, Germany), m-xylene (+99%, Sigma-Aldrich,
Germany) and 1000 ppm metallo-organic standards (High Purity
Standards, USA) were used as received. The ruthenium phtha-
locyanine dye, [{s-BusPc}Ru{4-Bupy),], was synthesised from
{{-BusPc} Ru(PhCN),) and 4-zert-butylpyridine using the liter-
ature procedure.¥®

For calibration curves, standards were spin coated from
solutions of PMMA (10%), xylene (40%), and chlorobenzene
(50%) and spiked with organometallic Cu and Zn standards at 0,
1,5,10,15, 20 and 30 pg g='. Ruthenium phthalocyanine dye®and
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Fig. 2 Workflow of the quantification process with film standards.

an organometallic yttrium standard were also added (at Imgg™!
and 2-pg g~ respectively) to be used as ISs,

Clean slides were placed on the vacuum chuck of a single wafer
spin processor; model WS-400A-6NPP/LITE (Laurell Techno-
logies” Corporation, USA) and 200 ul of the spin solution
deposited on the slide using a micropipette. The solution was
allowed to sit for 10 s before accelerating to 4000 rpm for 40 s.
Substrates were then baked on a hot plate at 130 + 1 °C for
2 min.

Thin film characterisation

After spin coating, the slide was placed in 2 UV-Vis spectro-
photometer (Agilent 8453, model G1103A) and the spectrum
recorded. Additionally, a section of the substrate was removed
using a diamond tip pen and the film dissolved in chlorobenzene
_for solution UV-Vis analysis. Film thickness was measured by
proﬁlemetry (Alpha-Step 100, Tencor Instruments). Surface
roughness was characterised by atomic force microscopy (AFM)
{Dimension™ 3100 SPM, Digital Instruments).

Preparation of tissue standards

Standardised soft tissue samples were prepared in the same
manner as reported by Hare et /% Briefly, two chicken breast
tissue samples (S1 and S2) were prepared by spiking known
amounts of copper (5 and 10 pg g='") and zinc (8 and 13 pg g™').
The chicken breast was then homogenised and aliquots (ca.
100 mg) quantified by microwave acid digestion and SN-ICP-MS
with Y added as an IS vie a2 T-piece (Table 1).

To prepare samples for LA-ICP-MS analysis, the spiked soft
tissne samples were frozen and slices precisely cut at 20 um
thickness and placed on top of spin coated quartz slides con-
taining yttriom (2 pg g'} and ruthenium phthalocyanine
{1 mg g™"). The prepared soft tissue samples were then quantified
by LA-ICP-MS using the calibration curves from the spin coated
standards. .

LA-ICP-MS

A New Wave (Fremont, CA, USA) UP213 laser ablation unit,
coupledto an-Agilent Techriologies 7500cs Series ICP-MS was
used to analyze the thin films. The laser system was a Nd:YAG
laser operating at the fifth harmonic frequency (213 nm) with
a repetition frequency of 20 Hz and beam area of 65 um®. The
laser was operated at 30% power density giving ~0.1 J em™2 and
scanned across the sample at a speed of 15 pm s7'. The sample
and standard slides were mounted on an x-y-z translation stage,
which could be manipulated using a computer and monitored by
CCD camera. The ablated material was transported to the ICP-
MS by argon carrier gas. Analytes and 1Ss ('*C, ¥Cu, %Zn, Y
and ""'Ru) were monitored by the ICP-MS (Rf Power 1300 W,
carrier gas flow 1.15 Limin, plasma gas flow 15 L/min, dwell time
100 ms, scan mode; peak hopping).

Data analysis

Variations across line scans were assessed using relative standard
deviations (RSD). RSDs were calculated as the ratio of standard
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Table 1 Concentrations (ug g~*) of Cu and Zn in soft tissue samples

Cur

Zn -
Quantification Method  _ St 52 81 52
SN-ICP-MS (Y IS) (n = 69 238+ 0.19 8.09 = L.60 8.80 £ 1.25 11.99 £2.30
LA-ICP-MS (no I8) (n = 3) 1.34 £ 0.17 8.76 & 1.52 713+ 092 1595+ 1.84
LA-ICP-MS (C IS) (n = 3) 1.09 + 0.18 6.19 £ 0.64 5.16 £ 0.86 - 10.98 £ 0.66
LA-TCP-MS (Y IS) (n = 3) 1.49 £ 0.39 11.59 £ 3.13 8.02 & 1.89 ) 20.53 £ 4.48
LA-ICP-MS (RuIS) (n = 3) 1.54 £ 0.33 11.65 + 3.21 7.82 + 1.70 20.40 == 4.80

2For82,n=5.

deviation of raw counts to the mean of raw counts of the line scan
data and then converted to a percentage.
Evaluation of LA-ICP-MS IS methods was facilitated by
comparing mean concentration values with those obtained by
- SN-ICP-MS by an- independent two-tailed t-test at the 95%
" confidence interval, usihg Microsoft Excel. Afi F-test ‘was first
applied to determine the use of variances equal or unequal t-tests.
A p value Jess than .05 was considered statistically significant
and the null hypothesis that the means were the same was
rejected.

Results and discussion

To demonstrate the new method for quantification by LA-ICP-
MS based on spin coated calibration standards we analysed Cu
and Zn concentrations in standardised, homogenised, soft tissue
samples. Cu and Zn were investigated as examples of elements
commonly found in trace amounts in biological soft tissues,
however the method is applicable to any element available in an
organic-soluble medium.

A ten-fold increase in analyte conceptration in the film
compared to the spin coating solution was expected due to
solvent evaporation. This was confirmed by UV-Vis spectros-
copy which was used to determine the change in concentration of
the dye. Thus, the films contained 0, 10, 50, 100, 150, 200 and
300 pg g' Cuand Zn. ] .

The composition of the spin coating sofution and spin rate had
a significant influence on film thickness and uniformity. The
conipasifion described Tere was found to be optimum and yiel-
ded films of ~1 pm thickness with less than 2% variance across

" the film {measured by profilometry}). A surface roughness of
~10 nm was measured by atomic force microscopy. This varia-
tion of the film surface was insignificant. given the micrometer
resolution of LA,

The calibration plots of zinc and copper showed good linearity
over the range 0-300 pg g~! with correlation coefficients better
than 0.999 with ®Y or "Ru normalisation. The ruthenium
phthalocyanine dye was relatively concentrated compared to
trace elements commonly found in soft tissue samples so was
considered a suitable IS for more concentrated elements while the
yitrium was added for internal standardisation at a similar
concentration to that expected for trace elements in biological
soft tissues. ’

The spin coated calibration standards were assessed by
comparison against standardised soft tissue samples. The data in
Table 1 show agreement between the LA-ICP-MS and

SN-ICP-MS quantification for both Cu and Zn. For standard
S1, the amount determined by LLA-ICP-MS was within 2 stan-
dard deviations for Cu and within one standard deviation for Zn
when compared against SN-ICP-MS. For standard S2, the
amount determined for Cu was within one standard deviation

'""Ru would not be a suitable IS for trace elements due to its
much greater concentration. However, there were no significant
differences between '""Ru and *°Y.

The data in Table 1 and 2 show that although I8 *C improves
precision, quantification is Jess acurate than when using Y or Ru
as ISs. Only Zn in 82 was accurately quantified (p = 0.05) with
2C normalisation. Conversely, quantification.of Cu and Zn in §1
and S2 was not found to be significantly different between Y or
Ru normalised LA-ICP-MS and SN-TCP-MS values. °C as an
internal standard improved precision most likely due to the high
background counts which were typically an order of magnitude
higher than copper or zinc. The high background counts would
also have decreased the accuracy of *C as an IS by masking the
fluctuations in the “C signal due to the film and the sample.

When compared with LA-ICP-MS quantification without an
IS, data normalised to Y and Ru are less precise but the guan-
tified values are closer to those determined by SN-ICP-MS.
Therefore, Y and Ru ISs improve the accuracy of quantification
by LA-ICP-MS when compared with no IS or with *C as an IS,

The larger standard deviations associated with LA-ICP-MS
quantification may be attributed to the inherent limitations of
solid sampling by laser ablation. Typical variations of normal-
ised raw counts per second across line scans of the spin coated
standards were less than 10% RSD. Soft tissue hne scans
generally showed variations of 10-20% RSD, The higher varia-
tion across soft tissue line scans was likely due to incomplete
homogenisation of the sample andfor cracking of the surface.

TFable2 t-test results of comparisons of LA-1ICP-MS against SN-1CP-MS
p value
Cu Zn
LA-1CP-MS IS S1 32 Si . 82
no I8 9.1 x 102 0.73 . 0.084 0.046
*C 2.6 x 107 2.0 x 10-¢ 3.0 x 197 0.50
Y 0.063 .19 0.57 0.055
Ru 0.027 0.24 0.45 0.065
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This cracking was a consequence of the removal of water from

drying the frozen tissue sections prior to LA-ICP-MS. The higlrer-

RSDs due to laser sampling and soft tissue standard preparaticn
resulted in a higher degree of variation in the LA-ICP-MS
quantification method when compared with SN-ICP-MS.

Conclusions

Film standards fabricated by spin coating spiked solutions onto
quartz slides were used to quantify copper and zinc in a homo-
genised soft tissue sample. The spin coating parameters and
solution composition were optimised to achieve good film
homogeneity and uniformity. The polymer matrix ablated in
a similar fashion to soft tissue samples as demonstrated by close
agreement in the determined values of homogenised soft lissue
samples, previously quantified by SN-ICP-MS after acid micro-
wave digestion. The spin coating approach to quantification of
soft tissues by LA-ICP-MS offers a much simpler, faster and
more reliable method than homogenised tissue standards.
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