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Abstract

The aim of this work is to evaluate two quantitative methods, based on the external calibration applied in laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis, known as (i) analytical curve and (ii) one-point cali-
bration, using the concept of matrix matching to quantify three potentially toxic elements (PTEs) in wood samples. These 
can biologically register changes in the abiotic environment and be applied to monitoring climate change or environmental 
toxicity. In this case, standard sample preparation was evaluated to prepare the standard pellets using Pinus taeda species as 
a matrix-matching concept. Six pellets of P. taeda, with different Pb, Cd, and Ba concentrations, were prepared to build the 
analytical curve and one-point calibration strategies. The LA-ICP-MS parameters were optimised for 206Pb, 208Pb, 112Cd, 
114Cd, 137Ba, and 138Ba isotope analysis in wood samples. The two calibration strategies provided 74–110% analytical 
recovery from certified reference materials and similar results to those obtained by ICP-MS through the acid digestion of 
environmental wood samples from São Paulo City (Brazil). This demonstrated the applicability of the one-point calibration 
strategy in quantifying PTEs in wood samples, which could be used with environmental analyses. Differences observed 
between the Ba isotope results obtained via LA-ICP-MS and ICP-MS quantification were related to sampling by LA-ICP-
MS and the ICP-MS sample introduction, as well as to laser matrix and transport effects because of the difference between 
the wood species evaluated.
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Introduction

 Dendrochemistry (dendroanalysis) is an area of science 
devoted to evaluating the variability in essential and non-
essential chemical components in wood samples. Wood can 
biologically register annual changes in the abiotic environ-
ment by the growing rings (known as tree rings), allow-
ing the chronological study of climate and environmental 

changes [1]. In this context, these samples can be used as 
proxies for monitoring climate change or environmental tox-
icity because they can incorporate elements present in the 
air and soil [1, 2].

Sources of chemical compounds in the environment can 
be related to natural events, such as changes in pH, water 
precipitation, and temperature, as well as anthropogenic 
actions, such as automotive fuel and industrial wastes. Both 
contribute to the availability of elements in the soil and, 
consequently, in wood samples [2–4]. Therefore, elemental 
quantification in this type of sample allows the true envi-
ronmental impact in terms of concentration to be assessed.

There are 104 chemical elements in the periodic table, 
some of which are known to be potentially toxic elements 
(PTEs), such as Pb, Cd, and Ba, that require attention 
in environmental analysis and are chemicals frequently 
assessed during water quality analysis in São Paulo (Bra-
zil) [5]. PTEs are metals that are naturally present in the 
environment but, depending on their concentrations, can 
present toxic effects instead of benefits or nutrition to the 
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environment or biological organisms [6, 7]. Lead is one 
of the most common contaminants in the environment 
because of industrial effluents and car fuel [8, 9], whilst 
cadmium is derived from industrial wastes, mining, and 
phosphate fertilisers [10], and barium is related to pesti-
cide wastes, mining, coal, diesel combustion, and waste 
incineration [11]. Thus, the real concentration of these 
PTEs in wood samples can be used for the evaluation of 
environmental pollution.

Among the different techniques for elemental determi-
nation, laser ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) presents advantageous applica-
tions in solid sample analysis and has been shown to enable 
analysis of major and minor chemical elements using high 
LA resolution, high sensitivity, and low background sig-
nal [12]. Briefly, this technique consists of the application 
of a UV laser pulse to a sample surface by lines or spots 
of ablation. Evaporation of a small portion of the sample 
forms a dry aerosol, in which all chemical elements present 
in the aerosol are transported into the ICP-MS, where they 
are atomised and ionised by plasma at high temperatures. 
Each chemical element is then analysed by a mass analyser, 
according to each ion mass-to-charge ratio (m/z) [13]. In 
the literature, different LA-ICP-MS applications have been 
described over the years in biomedical research [14], such as 
single-cell imaging to evaluate breast cancer cells [15], envi-
ronmental analysis for observing nanoparticle distribution 
from particulate matter air exposure [16], and quantitative 
elemental distribution in rock samples [17].

The selection of a suitable calibration method is one of 
the major difficulties in achieving total quantitative analysis 
by LA-ICP-MS, due to the matrix and mass fractionation 
effects caused by laser–sample interaction and transport to 
the ICP-MS, as well as the lack of certified reference mate-
rial (CRM) for the preparation of calibration samples and 
the analytical validation steps [18, 19]. The main sources of 
error in quantitative analysis by LA-ICP-MS were presented 
in Limbeck et al. (2015), who evaluated each step of the 
process, including laser parameters and sample composition, 
particle size, and aerosol transport, as well as the incomplete 
ionisation of chemical elements [20]. An adequate calibra-
tion strategy for each sample type and/or application must 
be carefully evaluated and optimised.

Different calibration strategies developed to minimise 
adverse effects on LA-ICP-MS are reported in the literature. 
These include external calibration, the matrix-matching con-
cept, internal standards, and the use of liquid standard solu-
tions [21, 22]. Matrix-matching calibration consists of using 
the matrix itself, a similar matrix, or a certified reference 
material (CRM) to perform the evaluation of instrumental 
parameters and to prepare the analytical points used in the 
external calibration by analytical curves. This makes the 
sample–laser interactions, both in the matrix of interest and 

in the analytical points, similar for avoiding matrix effects 
[19, 23, 24].

The quantification methods correlate the concentration 
of the analyte with the analytical response obtained through 
instrumental analysis. In LA-ICP-MS, the application of 
linear analytical curves can be considered in order to obtain 
the elemental concentration, for example as proposed by 
Pessôa et al. (2017) for quantifying the translocation and 
accumulation of metals in sunflower seeds using the matrix-
matching concept to build the analytical curve [22]. Moreau 
and Arruda (2022) used filter paper as a solid support for 
the direct calibration of Cu and Zn in tree ring samples [25]. 
Hirata et al. (2016) obtained quantitative multi-elemental 
images of ferromanganese nodules from Japan by applying 
a calibration curve using developed calibration standards, 
which could thus provide information about future paleoen-
vironmental changes [26].

However, for obtaining the analytical curves in LA-ICP-
MS, the more points there are on the calibration curve, the 
more space in the ablation chamber is needed. Additionally, 
this process is time-consuming, requiring long analysis time 
and high costs.

As a way to address this issue, the external calibration 
known as one-point (or single-point), reported by Jochum 
et al. (2007), uses only one analytical point with a known 
concentration of the chemical elements, which can be 
obtained from a CRM pellet or through a matrix-matching 
approach. When considering one-point calibration, this point 
is used to calculate the final concentration of the analytes 
in the sample through mathematical equations [27]. In the 
literature, it is possible to observe methods that use one, two, 
or more analytical points for elemental quantification for 
laser-induced breakdown spectroscopy (LIBS), as presented 
in the recent review by Costa et al. (2020) [21], a technique 
that also uses laser ablation for element excitation, but detec-
tion is done through the energy emission of the ionised ele-
ments in the plasma.

The one-point method proposed shows advantages for 
application in total quantitative analysis. The advantages 
include minimisation of the matrix effects using an internal 
standard and a relative sensitivity factor (RSF) to calculate 
the final analyte concentration. This requires shorter analysis 
time and saves space in the ablation chamber, but different 
mathematical calculations are required. This method can be 
considered semi-quantitative because it may be limited in 
accuracy and precision and, therefore, only used as a quanti-
tative pre-analysis method [27, 28]. In fact, this method was 
presented and validated for quantification of different trace 
elements, such as Pb and Ba, using different geologically 
certified reference materials (CRM), such as NIST 612, for 
RSF calculation [27].

In 2012, Jochum et al. also applied one-point calibra-
tion using CRMs for RSF calculation but in stalagmite and 
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shell analysis, in which they determined concentrations of 
30–50 trace elements (such as Ca, Pb, Mg, Zn, Sr, and Ba), 
with uncertainties ranging from 5 to 10%. In the study, 
the authors reported the need for materials to be com-
patible with the matrix of interest, in addition to CRMs, 
because some elements with low boiling points, such as 
Pb, require calibration points for matrix compatibility, in 
order to decrease the uncertainties in the analysis [29].

The literature reports different applications for this cali-
bration method. For example, using CRM as the analytical 
point and carrier gas as the analytical ‘blank’, Hare et al. 
(2011) quantified Zn, Sr, Pb, and Cd in teeth via quanti-
tative imaging by LA-ICP-MS. The results showed that 
Sr and Zn were quantified in the range of 80–300 μg  g−1 
and Cd and Pb were 30–300 ng  g−1 for different regions 
of the sample [30]. Moradi et al. (2010) used CRM from 
olive leaves to quantify Ni and Fe in Berkheya coddii root 
sections, and to map the dimethylglyoxime (Ni-DMG) 
complex on the root surface. The results showed high Ni 
concentrations inside the root (ca. 500 mg  kg−1 in the cor-
tex and 300 mg  kg−1 in the root centre), with Fe concentra-
tions lower than 100 mg  kg−1, confirmed by decomposition 
and ICP optical emission spectroscopy (OES) [31].

Santos et al. (2009) also applied this method to quantify 
Cu, Zn, Cd, Hg, and Pb in sea snail tissue samples, using 
CRM to calculate the RSF for subsequent imaging in LA-
ICP-MS via analytical curves, and no significant differ-
ences (at a 95% confidence level) were found between the 
values from one-point and ICP-MS methods [28].

Hare et al. (2012) noted that the term ‘semi-quanti-
tative’ should be avoided because calibration methods 
are classified either as being ‘quantitative’, in which the 
figures of merit (i.e. analytical recovery, detection, and 
quantification limits) are present, or as ‘qualitative’ [32]. 
According to the International Union of Pure and Applied 
Chemistry (IUPAC), for methods using a calibration point, 
the limits of detection (LOD) and quantification (LOQ) 
can be obtained based on the standard deviation of the 
blank (σ) of the analysis [33–35]. Therefore, the one-
point calibration strategy can be classified as a quantita-
tive method.

Therefore, this work aims to evaluate two quantitative 
methods based on the external calibration applied in LA-
ICP-MS analysis: (i) the analytical curve and (ii) the one-
point. Both methods use the matrix-matching concept to 
quantify three PTEs (Pb, Cd, and Ba) in CRM and environ-
mental homogeneity in wood samples. The standard sample 
preparation from matrix matching was also evaluated to pro-
vide the highest homogeneity and signal intensity to the LA-
ICP-MS analysis. In the literature, the one-point calibration 
strategy has not been reported for wood samples but could 
be a welcome alternative to the conventional quantitative 
method which is usually applied.

Materials and methods

Chemicals and reagents

For acid digestion of the sample, twice sub-distilled nitric 
acid  (HNO3) (Merck, Darmstadt, Germany), hydrogen per-
oxide  (H2O2) (Merck, Darmstadt, Germany), and deion-
ised water (18 MΩ  cm−1; Millipore, Bedford, MA, USA) 
were used. An analytical standard solution of Pb, Cd, and 
Ba (Tec Lab, 1000 μg  g−1) was used to prepare the in-
house calibration pressed pellets.

Pellet sample preparation

For the preparation of in-house pressed pellets to perform 
the external calibration, a sample of Pinus taeda wood 
was crushed in a ball mill (Gerhard Koch) and sieved to 
obtain particle sizes smaller than 75 µm. A 5-g sample 
was cleaned with 60 mL of 0.2 mol  L−1  HNO3 under mag-
netic agitation in a vacuum filtration system (six times) to 
remove impurities and metals from the composition of the 
wood. It was then washed with deionised water and dried 
at 37 °C, until a constant weight was maintained [36].

LA‑ICP‑MS analysis

A New Wave Research UP-213 laser ablation system with 
a Nd:YAG (213 nm) laser source coupled to a quadru-
pole ICP-MS (PerkinElmer ELAN DRC-e) was used to 
monitor 13C+, 206Pb+, 208Pb+, 112Cd+, 114Cd+, 137Ba+, and 
138Ba+ in tree rings and calibration samples. Initially, a 
daily analysis, using a solution of Mg, In, Be, Ce, and 
U, was applied to evaluate the operational conditions of 
the ICP-MS and check the production of oxide, double-
charge, and mono-charge species, which must be present 
in values below 3%. The data acquisition was carried out 
after 45 min of argon plasma stabilisation and monitoring 
of the 13C signal intensity. The ablated sample mass was 
transported towards the ICP using argon (Ar) as the carrier 
gas. All LA-ICP-MS measurements were performed in a 
class 10,000 cleanroom. The laser ablation acquisition was 
made in line scan mode with a 60 µm  s−1 scan speed. To 
correct and compensate for possible instrumental oscilla-
tion, 13C was used as an internal standard in all analytical 
signal intensity measurements during the ablation process. 
All the instrumental and analytical parameters were opti-
mised and are summarised in Table 1. Is important to high-
light that the analytical signal-to-background signal ratio 
(SBR) and background signal equivalent concentration 
(BEC) parameters were also evaluated in order to obtain 
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higher SBR and lower BEC values and provide less back-
ground signal and not negatively influence the analysis, as 
mentioned and shown in the previously published article 
by Amais et al. (2021) [37].

All mass spectrometer data treatment and analysis were 
performed using Microsoft Office Excel 2010 (Microsoft 
Corporation).

Pellet preparation: evaluation of elemental 
homogeneity

To verify the process for the preparation of pressed pellets 
for calibration, values of relative standard deviation (RSD, 
%) and elemental signal intensity (counts per second, cps) 
were evaluated from the LA-ICP-MS results. In this case, 
two different cellulose pellets (Veteck) were prepared, with 
25 µg  g−1 of Pb, Cd, and Ba, and taking two different prepa-
ration processes into account.

For process A [22], 0.2 g of sample was spiked with 400 
µL of a standard solution containing the element of interest, 
dried for 72 h at 37 °C, and homogenised with a pestle and 
mortar for 10 min.

For process B [38], 0.2 g of sample was placed in a Fal-
con tube, in which 1.2 mL of a 1%  HNO3 solution of known 
analytical concentrations was added. The mixture was then 
vortexed for 2 min, frozen with liquid nitrogen, and freeze-
dried (Virtis) for 72 h.

After drying, the sample from each process A and B was 
homogenised for 4 min with a vortex and pressed in a digital 
hydraulic press (PIKE CrushIR) for 1 min; 7 ton  cm−2 was 
applied to prepare the disc pellets. The LA-ICP-MS analysis 

was performed using three 6-mm scan lines, with a 0.110-
mm spot diameter and 1.6 mm distance between each centre 
of the line, according to the analytical parameters described 
in Table 1.

LA‑ICP‑MS external calibration strategies

The analysis by LA-ICP-MS was performed by applying 
five parallel line scans with a distance of 0.24 mm between 
each centre of the line, line size of 1.5 mm, and laser spot 
diameter of 110 μm. For the analytical validation procedure, 
the certified values of 1575a—Trace Elements in Pine Nee-
dles (Pinus taeda), 1547—Peach leaves, and BCR 414—
Plankton reference materials were used to evaluate the LOD, 
LOQ, recovery (%), and RSD, according to IUPAC [34, 35].

Strategy 1: analytical curve

The analytical curve, based on the matrix-matching (in-
house pellets) concept, was prepared with a P. taeda sample 
after cleaning. In this case, five points with different concen-
trations (0.0, 0.2, 1.0, 5.0, and 25.0 µg  g−1) were prepared 
for Pb, Cd, and Ba, according to process B, as described in 
the “Pellet preparation: evaluation of elemental homogene-
ity” section. The elemental concentrations were determined 
through a linear equation, y (cps) = ax (μg  g−1) + b (where 
‘a’ is the angular coefficient and ‘b’ is the linear coefficient). 
The 13C isotope was used as an internal standard. The LOD 
and LOQ were determined as (3 ×  sblank)/b and (10 ×  sblank)/b, 
respectively, where  sblank is the standard deviation of analyti-
cal blank measurements and b is the slope of the analytical 
curve. The RSD values were obtained from the ratio between 
the standard deviation from the element’s signal intensity (or 
elemental concentration) and the medium values.

Strategy 2: one‑point calibration

In the case of one-point calibration, matrix-matched in-
house pellets were prepared with 1.0, 5.0, and 25.0 μg  g−1 
of Pb, Cd, and Ba in a P. taeda sample, according to pro-
cess B, as described in the “Pellet preparation: evaluation 
of elemental homogeneity” section. Quantification analysis 
via one-point calibration [27, 28] requires the values of the 
internal standard concentration and the relative sensitive fac-
tor (RSF) to be known, which are obtained by Eq. 1:

where  Ctrue,std is the certified elemental concentration, and 
 Cap is the apparent elemental concentration in the CRM/in-
house pellet. The  Cap is given by Eq. 2:

(1)RSF =

Cap

Ctrue,std

Table 1  Optimised instrumental operational conditions and measure-
ment by LA-ICP-MS for wood analysis

ICP-MS (PerkinElmer ELAN DRC-e)

RF power (W) 1300
Nebuliser gas flow (L  min−1) 1.2
Auxiliary gas flow (L  min−1) 1.6
Data acquisition parameters

Reading mode Peak hopping
Detector mode Dual
Sweeps 3
Dwell time (ms) 20
Integration time (ms) 60
LA (New Wave UP-213)

Nd:YAG (nm) 213
Laser ablation intensity (%) 70
Frequency (Hz) 20
Spot size (μm) 110
Scan speed (μm  s−1) 60
Average energy pulse (mJ) 1.21

Average fluence (J  cm−2) 16.69
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where  CIS is the internal standard concentration (μg  g−1),  Ie, 
 Ae, and  Me are the signal intensity, isotopic abundance, and 
relative atomic mass of the element of interest, respectively, 
and  IIS,  AIS, and  MIS are related to the internal standard. In 
this case, the concentration of carbon was considered to be 
5.105 μg  g−1 for all samples analysed, because of the similar-
ity between the signal intensity from each sample [39]. Thus, 
to obtain the final concentration C of the element of interest, 
it was necessary to apply Eq. 3:

Application in a wood sample

For the analysis of elemental concentration in wood, two 
samples of Tipuana tipu (Benth.) Kuntze (Fabaceae) were 
collected in São Paulo City (Brazil), crushed using an IKA T 
10 basic Ultra-Turrax® (Staufeb im Breisgau, Germany) for 
1 min, and milled using a cryogenic mill (Freezer/Mill 6870, 
Spex Sample Prep). Milling was carried out in five cycles, 
with 5 min precooling time, 2 min run time, and 1 min cool-
ing time at a rate of 15 cps. The samples were pressed in a 
digital hydraulic press (PIKE CrushIR) for 1 min at 7 ton 
 cm−2, to prepare the disc pellets for LA-ICP-MS analysis. 
More detailed sampling and environmental information can 
be found in Locosselli et al. (2018) [2].

To validate the LA-ICP-MS analysis, 50 mg of the sam-
ple was subjected to acid digestion with 7 mL of 37.5% 
(v/v) nitric acid  (HNO3), 25% (v/v) of hydrogen peroxide 
 (H2O2), and deionised water solution in a microwave (Berg-
hof,  Speedwave® DIRC, Germany) in a closed  Teflon® tube. 
The mixtures were subjected to the following microwave 
program: 5 min at 400 W; 15 min at 500 W; 4 min at 320 W; 
and 3 min at 0 W. After acid digestion, the solutions were 
analysed using ICP-MS (ICPMS-2030, Shimadzu, Japan), 
with He as the collision cell gas.

Results and discussion

Evaluation of elemental homogeneity for pellet 
preparation

In this work, two types of pellet sample preparation were 
applied in order to determine which process provided the 
highest signal intensity and lowest RSD from each isotope 
measured by LA-ICP-MS. Process A was carried out using 

(2)Cap = CISx
Ie

IIS

x

⎡
⎢⎢⎢⎣

�
AIS

Ae

�
�

Me

MIS

�
⎤
⎥⎥⎥⎦

(3)C
(

μgg−1
)

= Capx
1

RSF

a pestle and mortar to homogenise the sample, which also 
helped to decrease particle size and promote the removal 
of greater amounts of particles during the ablation process, 
thus increasing the signal intensity of the analytes [18, 24]. 
Process B was carried out using the freeze-drying process, 
which consists of sublimation of water, helping to preserve 
the chemical constituents by drying under a partial vacuum 
and contributing to the homogeneity of the solid particles 
[40]. The elemental profile from both sample preparation 
processes is presented in Fig. 1.

When evaluating the sample preparation processes, it can 
be seen that they both enable the linear behaviour of the 
isotopes under analysis, i.e. the elemental homogeneity of 
the pellets through the ablation profile. However, process A 
showed higher RSD values, as seen in Table 2, which indi-
cates higher oscillations in the analytical signals caused by 

Fig. 1  Elemental profile from sample preparation process A (blue 
line) and process B (red lines)
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lower homogeneity. In addition, higher detectability for all 
analytes is observed in process B than in process A, which 
may indicate the highest efficiency in pellet preparation, with 
minimum loss of the analytes and greater assimilation of 
the analytes in the matrix, since the freeze-drying process 
is widely used to preserve components in a sample through 
the sublimation process, especially as applied in the food 
industry [41].

In addition to the increased analytical signal and low RSD 
values, process B offers a shorter sample preparation time, 
making it more feasible for pellet production for analysis by 
LA-ICP-MS. Therefore, it was chosen to prepare the pellets 
to be used in both external curve calibration and one-point 
calibration.

LA‑ICP‑MS calibration strategies

Calibration strategy 1

The analytical curve using matrix matching was constructed 
by preparing six points of known concentration of each ana-
lyte. As can be seen in Table 3, all analytical curves show 
an adequate correlation between elemental concentration 
and analyte/IS (R > 0.999), as well as low LOD and LOQ, 
which are important results, as the analytes are PTEs for 
wood samples.

The analytical recovery results (Table 4) show adequate 
values (> 70%), and precise results were also obtained 
through RSDs (up to 10–15%), ensuring an accurate and 
precise analytical method [42]. However, even with the 
improvement in limits of quantification, the concentrations 
of Pb isotopes and 112Cd in CRM pine needles (a similar 
wood matrix) are below the LOQ. It is worth noting that the 
Pb concentration in this material is not certified, which may 

also influence the results, since this value cannot be taken 
into account for calibration methods. In this case, to ensure 
the accuracy and precision of the quantification method, 
tests were also performed with different certified refer-
ence materials, such as peach leaves and plankton CRMs, 
which presented concentrations obtained above the LOQ of 
the analytical curve. All the results can be seen in Table 4, 
confirming that the quantification method has recoveries 
of > 74.8% and RSD < 15.9% for the analytes of interest. The 
isotope 112Cd in the plankton sample shows 28.7% as the 
RSD value, and this matrix is less similar than those for per-
forming the quantification points via one-point, which could 
be the cause of the matrix effect in the analysis via LA-ICP-
MS, as well as transport effects due to laser oscillations and 
aerosol dispersion into the ICP-MS transport [43]. It is worth 
mentioning that the certified values are correlated with the 
total concentration from each element, and not with the iso-
topic composition, so variations between the responses of 
each isotope can occur according to the natural abundance.

Although the analytical curve by matrix-matching con-
cept can be considered an efficient quantification method by 
LA-ICP-MS determination, an excessive analysis time (ca. 
90 min), taking into account the total ablation process and 
the manual laser focus required, can be a drawback.

Calibration strategy 2

The use of a certified reference material as an analyti-
cal point for calculating the RSF is observed in the lit-
erature [28, 29] when considering the one-point cali-
bration method. However, it is also commonly known 
that the CRM does not match the diversity of matrices, 
which is a serious limitation for quantitative analysis 
via LA-ICP-MS. The present study sought to apply the 

Table 2  Elemental homogeneity 
from different pellet sample 
preparation processes

Average analyte/IS (n = 3 lines)

208Pb/13C 206Pb/13C 112Cd/13C 114Cd/13C 137Ba/13C 138Ba/13C

Process A Average 0.39 0.18 0.05 0.06 0.08 0.51
RSD (%) 5.3 5.9 8.0 7.1 4.7 7.8

Process B Average 0.85 0.40 0.11 0.14 0.18 1.18

RSD (%) 2.8 2.3 1.1 1.4 3.1 2.7

Table 3  Results obtained 
for the analytical curve and 
matrix-matching concept by 
LA-ICP-MS

Isotope y = ax + b LOD (μg  g−1) LOQ (μg  g−1) R

206Pb/13C y = 0.0222x + 0.00005 0.053 0.176 0.9999
208Pb/13C y = 0.04786x—0.0004 0.068 0.227 0.9999
112Cd/13C y = 0.0091x + 0.00021 0.064 0.215 0.9999
114Cd/13C y = 0.01141x—0.0003 0.045 0.151 0.9999
137Ba/13C y = 0.0086x—0.0002 0.084 0.280 0.9999
138Ba/13C y = 0.0557x—0.0008 0.056 0.186 0.9997
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matrix-matching concept (P. taeda) for the preparation of 
three analytical points of known concentrations (1, 5, and 
25 µg  g−1) to perform the RSF calculations (Eq. 1 in the 
“Strategy 2: one-point calibration” section). This should 
correct differences in the formation, transmission, and 
detection of element ions (known as the matrix effect), 
as well as mass fractionation effects [27], once it is con-
sidered as a correction factor. This is calculated by the 
ratio between the apparent concentration (obtained by LA-
ICP-MS, Eq. 2 in the “Strategy 2: one-point calibration” 
section) and the certified concentration (Eq. 1). The RSF 
results are presented in Table 5.

Equation 2 is used to calculate the apparent concentra-
tion because the RSF values are known; the final concentra-
tion values (Eq. 3) are then found for each isotope in the 
CRM of pine needles. The final concentration results, as 
well as the relative recovery (%) and RSD for each analytical 
point evaluated, are presented in Table 6. As for the ana-
lytical curve, quantification was also performed by employ-
ing peach leaves and plankton as the CRMs to ensure the 
precision and accuracy results for the one-point calibration 
method. The certified concentration of each analyte and the 
CRM samples can be seen in Table 4 (“Calibration strategy 
1” section).

In addition to the values obtained by the analytical curve, 
the final concentrations are consistent with the certified val-
ues, in which only the recovery of the 208Pb isotope, at the 
point of 1 μg  g−1, is below the range considered optimal; the 
other isotopes for the three points evaluated present analyti-
cal recovery above 70%. The RSD values are in the expected 
range (below 10–15%), thus ensuring the accuracy of the 
one-point calibration method. In this case, the analytical 
point concentration of 5 μg  g−1 showed the best analytical 
recovery values, as well as RSD below the limit (10–15%), 
ensuring precision and accuracy. The 112Cd isotope showed 
imprecise results for the CRM samples (RSD > 26.7%), 
considering the three analytical points evaluated, similar to 

Table 4  Experimental 
concentration, recovery, and 
RSD obtained from CRM 
pine needles, peach leaves, 
and plankton by LA-ICP-MS 
analytical curve

n = certified concentration not provided

CRM pine needles

Isotope/IS Certified (μg g−1) Experimental (μg g−1) Recovery (%) RSD (%)
206Pb/13C 0.167 0.13 ± 0.02  < LOQ 15.9
208Pb/13C 0.167 0.12 ± 0.01  < LOQ 5.3
112Cd/13C 0.233 0.19 ± 0.01  < LOQ 7.5
114Cd/13C 0.233 0.20 ± 0.01 88.8 6.6
137Ba/13C 6 4.6 ± 0.2 76.8 4.7
138Ba/13C 6 4.5 ± 0.3 74.8 6.4
CRM peach leaves

Isotope/IS Certified (μg g−1) Experimental (μg g−1) Recovery (%) RSD (%)
206Pb/13C 0.869 0.74 ± 0.02 85.2 3.5
208Pb/13C 0.869 0.69 ± 0.04 80.3 5.8
112Cd/13C n n n n
114Cd/13C n n n n
137Ba/13C 123.7 111 ± 2 90.2 2
138Ba/13C 123.7 112 ± 2 90.8 2
CRM plankton

Isotope/IS Certified (μg g−1) Experimental (μg g−1) Recovery (%) RSD (%)
206Pb/13C 3.97 3.1 ± 0.2 77.5 7.2
208Pb/13C 3.97 3.2 ± 0.2 80.0 7.6
112Cd/13C 0.383 0.3 ± 0.1 78.2 28.7
114Cd/13C 0.383 0.35 ± 0.04 92.0 11.3
137Ba/13C n n n n
138Ba/13C n n n n

Table 5  Relative sensitive factor (RSF) values from P. taeda lyoph-
ilised pellets

RSF

Isotope 1 μg  g−1 5 μg  g−1 25 μg  g−1

206Pb 30.4 ± 2.6 28.2 ± 7.1 29.5 ± 1.5
208Pb 29.5 ± 2.7 27.9 ± 7.0 29.2 ± 1.5
112Cd 22.0 ± 2.4 21.9 ± 5.7 22.2 ± 1.2
114Cd 22.8 ± 1.4 17.9 ± 11.1 23.4 ± 1.1
137Ba 36.4 ± 3.2 35.3 ± 9.2 36.8 ± 2.4
138Ba 35.1 ± 1.3 34.4 ± 10.1 37.5 ± 2.7
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analytical curve results (Table 4 in the “Calibration strategy 
1” section).

In considering the one-point calibration method, the LOD 
and LOQ were calculated using the standard deviation of the 
ratio between the intensity of the isotopes and the internal 
standard from blank pellet analysis [34, 35]. The results can 
be seen in Table 7, which shows similar LOD and LOQ 
values to those obtained by the analytical curve (Table 3, 
“Calibration strategy 1” section).

In the literature, one-point calibration is considered a 
semi-quantitative method because it is limited in accuracy 
and precision [28]. However, through the results described 
in this article, this method can be applied for quantita-
tive purposes involving LA-ICP-MS in wood samples. It 
is also worth noting that the analytical points evaluated 
are in the linear range of the analytical curve (R > 0.99), 
corroborating the promising results observed in the total 
quantification of the isotopes evaluated. In addition, such 
a method is less time-consuming once it uses only one 
calibration point; the analysis is performed in less than 
15 min (depending on the LA-ICP-MS parameters).

As already discussed in this work, there are some pros 
and cons in using each strategy, but it should be noted that 
minimisation strategies [21] should always be sought in 
an analytical method, whilst preserving all the analytical 
figures, such as accuracy, precision, and time consump-
tion. We have shown that the one-point calibration method 
presented the best analytical recovery values and lowest 
RSD values for the isotopes under study.

Table 6  Results obtained by one-point calibration and matrix matching by LA-ICP-MS

n = certified concentration not provided

1 μg g−1

CRM Pinus Needles CRM Peach Leaves CRM Plankton

Exp. (μg g−1) Rec. (%) RSD (%) Exp. (μg g−1) Rec. (%) RSD (%) Exp. (μg g−1) Rec. (%) RSD (%)
206Pb 0.12 ± 0.02  < LOQ 15.6 0.72 ± 0.02 82.8 3.5 2.98 ± 0.21 75.1 7.2
208Pb 0.113 ± 0.006  < LOQ 5.7 0.68 ± 0.04 78.4 5.9 3.1 ± 0.2 78.8 7.6
112Cd 0.22 ± 0.01  < LOQ 6.7 n n n 0.33 ± 0.08 85.0 26.7
114Cd 0.18 ± 0.01 79.2 7.6 n n n 0.33 ± 0.04 87.0 12.2
137Ba 4.5 ± 0.3 75.2 7.5 112 ± 2 91.2 2 n n n
138Ba 4.8 ± 0.3 79.5 6.4 119 ± 2 96.7 2 n n n

5 μg g−1

CRM Pinus Needles CRM Peach Leaves CRM Plankton

Exp. (μg g−1) Rec. (%) RSD (%) Exp. (μg g−1) Rec. (%) RSD (%) Exp. (μg g−1) Rec. (%) RSD (%)
206Pb 0.13 ± 0.02  < LOQ 15.6 0.77 ± 0.03 89.2 3.5 3.2 ± 0.2 81.0 7.2
208Pb 0.12 ± 0.01  < LOQ 5.7 0.73 ± 0.04 82.7 6.1 3.3 ± 0.2 83.2 7.6
112Cd 0.22 ± 0.01  < LOQ 6.7 n n n 0.32 ± 0.09 85.2 26.7
114Cd 0.23 ± 0.02 100.8 7.6 n n n 0.42 ± 0.05 110.8 12.2
137Ba 4.8 ± 0.2 79.7 4.7 116 ± 2 94.1 2 n n n
138Ba 4.9 ± 0.2 82.7 5.3 122 ± 2 98.7 2 n n n

25 μg g−1

CRM Pinus Needles CRM Peach Leaves CRM Plankton

Exp. (μg g−1) Rec. (%) RSD (%) Exp. (μg g−1) Rec. (%) RSD (%) Exp. (μg g−1) Rec. (%) RSD (%)
206Pb 0.12 ± 0.01  < LOQ 10.3 0.75 ± 0.04 85.8 5.1 2.99 ± 0.06 75.4 2.2
208Pb 0.115 ± 0.001  < LOQ 1.2 0.68 ± 0.03 78.6 4.6 3.16 ± 0.21 79.7 6.6
112Cd 0.22 ± 0.02  < LOQ 9.7 n n n 0.32 ± 0.07 83.1 22.8
114Cd 0.182 ± 0.009 78.0 5 n n n 0.33 ± 0.03 85.0 10.4
137Ba 4.7 ± 0.3 78.7 5.8 114 ± 3 92.2 2.9 n n n
138Ba 4.713 ± 0.005 78.5 8.8 114 ± 4 92.6 3.9 n n n

Table 7  LOD and LOQ for one-point method using a blank standard 
pellet

Isotope LOD (μg  g−1) LOQ (μg  g−1)

206Pb 0.048 0.145
208Pb 0.074 0.226
112Cd 0.072 0.220
114Cd 0.064 0.193
137Ba 0.078 0.235
138Ba 0.058 0.176
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PTE quantification in environmental wood samples

As mentioned above, tree rings are widely used as proxies 
for monitoring climate change because they can incorporate 
elements present in the air and soil [1, 2, 37]. However, there 
is no environmental law that can be used to verify minimum 
concentrations of PTEs in this type of sample, which directly 
impacts its application in quantitative environmental analy-
sis. In this context, two samples of Tipuana tipu (Benth.) 
Kuntze (Fabaceae) were used to apply the quantitative strate-
gies evaluated in this article. These samples were studied by 
Locosselli et al. (2018), and a qualitative decrease in Cd and 
Pb along the tree rings was observed, which was attributed 
to the reduction in environmental pollution in São Paulo 
City [2].

In the literature, it is mentioned that heterogeneity 
between growth rings can negatively influence the compari-
son between quantitative LA-ICP-MS and ICP-MS results 
[25, 44]. Therefore, in order to evaluate the applicability of 
the quantitative method, the tree ring samples were ground 
and prepared as discussed in the “Application in wood sam-
ple” section, in order to obtain homogeneous samples and 
minimise the effect of sample heterogeneity on the analyses 
performed.

In this case, the analytical curve and the 5 µg  g−1 one-
point calibration were applied to two pellet samples from 
the Tipuana tipu species. Considering the matrix-matching 

concept, the difference between wood species from the 
calibration pellet and the sample pellet does not negatively 
impact the analysis, as they are similar matrices and will 
interact similarly with laser ablation, minimising the matrix 
effect [13, 23]. To validate the results by recovery (%), each 
sample was subjected to acid digestion and analysed by ICP-
MS; the results were considered to be the real concentration. 
Table 8 presents all of the quantitative results by ICP-MS, 
analytical curve, and one-point by LA-ICP-MS for Pb, Cd, 
and Ba, as well as the recovery and t-test values.

It was observed that both calibration strategies provided 
similar results and can be compared to those obtained by 
ICP-MS, thus demonstrating the applicability of the one-
point calibration strategy in quantifying PTEs in wood sam-
ples, which can corroborate environmental analysis without 
involving the loss of the sample in the digestion step. Differ-
ences between the t-test results for Cd and 137Ba isotopes in 
sample 1 and Pb and Ba isotopes in sample 2 were observed, 
compared to the ICP-MS concentrations providing adequate 
accuracy. The differences between Cd results can be corre-
lated with differences between the sampling by LA-ICP-MS 
and the ICP-MS sample introduction because the LA-ICP-
MS analysed micro-regions at the sample surface, which 
could show micro-hotspots in the elemental concentrations 
that are lost during the acid digestion but affect the LA-ICP-
MS accuracy and precision results. The difference between 
the species from the wood sample pellets (Tipuana tipu) 

Table 8  LA-ICP-MS analytical curve and one-point calibration results for wood samples and validation by ICP-MS solution

*t-critical (p > 0.05): 4,303

**t-critical (p > 0.05): 2,776

n = 3

Sample 1

ICP-MS Analytical curve (LA-ICP-MS) One-point (LA-ICP-MS)

Concentration (μg 

g−1)

Concentration (μg 

g−1)

Recovery (%) Student t-test Concentration (μg 

g−1)

Recovery (%) Student t-test

206Pb 0.71 ± 0.02 0.77 ± 0.13 108.5 0.163* 0.77 ± 0.08 108.5 0.60**
208Pb 0.72 ± 0.01 0.73 ± 0.13 101.4 0.79* 0.73 ± 0.04 101.4 1.172**
112Cd 0.337 ± 0.004 0.72 ± 0.10 211.8 6.846* 0.75 ± 0.10 220.6 7.285*
114Cd 0.34 ± 0.01 0.76 ± 0.06 223.5 12.838* 0.77 ± 0.06 226.5 12.75*
137Ba 2.13 ± 0.02 2.44 ± 0.05 114.6 9.845** 2.65 ± 0.05 124.4 15.327**
138Ba 2.62 ± 0.04 2.69 ± 0.04 102.7 2.281** 2.76 ± 0.19 105.3 1.290*

Sample 2

ICP-MS Analytical curve (LA-ICP-MS) One-point (LA-ICP-MS)

Concentration (μg 

g−1)

Concentration (μg 

g−1)

Recovery (%) Student t-test Concentration (μg 

g−1)

Recovery (%) Student t-test

206Pb 0.49 ± 0.01 0.37 ± 0.03 75.5 −6.366** 0.47 ± 0.03 95.9 −0.775**
208Pb 0.50 ± 0.01 0.38 ± 0.02 76.0 −9.098** 0.47 ± 0.02 94.0 −2.25**
112Cd 0.34 ± 0.01 0.33 ± 0.01 97.1 −1.916** 0.34 ± 0.01 100.0 0.051**
114Cd 0.357 ± 0.005 0.361 ± 0.002 101.1 −1.252** 0.359 ± 0.002 100.6 −0.655**
137Ba 1.86 ± 0.06 2.25 ± 0.02 121.0 −9.846** 2.44 ± 0.03 131.2 −14.53**
138Ba 2.18 ± 0.02 2.32 ± 0.05 106.4 4.378** 2.47 ± 0.06 113.3 8.697**
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and the standard pellets (P. taeda) can also influence the 
laser analysis by matrix and transport effects [13]. Similar 
results are observed in the literature by Moreau and Arruda 
(2022) when comparing Zn and Cu concentrations in tomato 
leaves CRM (1573a) [25]. Between 135 and 150% recovery 
was achieved using qualitative filter paper as a solid support 
to calibration points [25]. Loni et al. (2019) also found no 
agreement between Hg concentration in tree ring samples 
from Quercus petraea species, comparing LA-ICP-MS and 
ICP-MS acid digestion results, in which the LA results were 
overestimated [44].

Conclusions

The main objective of this work was successfully attained. 
According to the results obtained in the total quantifica-
tion of Pb, Cd, and Ba in samples of Tipuana tipu, it can 
be concluded that both of the methods studied are efficient 
and amenable to application in quantitative LA-ICP-MS. 
While comparing the methods, it was found that the one-
point method presented the best values of analytical recov-
ery, the lowest RSD values for the isotopes under study, 
and the shortest time taken, when compared with the ana-
lytical curve in LA-ICP-MS quantification. Therefore, the 
one-point method can be considered exact and precise for 
quantitative applications in homogeneous wood samples.
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