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Abstract
The quantification of harmful elements in cannabis is a relevant analytical task that requires metrological tools to ensure 
the reliability of the measurement results. This work reports the preparation and characterization of a certified reference 
material (CRM) for toxic elements—arsenic (As), cadmium (Cd), and lead (Pb)—in pulverized, lyophilized cannabis leaf 
tissue. To prepare the CRM INM-040-1, a portion of dried ground cannabis vegetal material was spiked with the elements 
at mass fraction values close to the levels of interest in relevant regulations for this kind of matrix: 0.34 mg/kg for arsenic, 
0.34 mg/kg for cadmium, and 0.66 mg/kg for lead. The elements were quantified by inductively coupled plasma mass 
spectrometry (ICP-MS) in combination with graphite furnace atomic absorption spectroscopy (GF-AAS, for cadmium and 
lead) or hydride generation atomic absorption spectroscopy (HG-AAS, for arsenic). The analytical calibration was done by 
gravimetric standard addition for ICP-MS and GF-AAS, while bracketing calibration was used for HG-AAS. Furthermore, 
internal standard correction was used during ICP-MS measurements. The analytical methods were validated to demonstrate 
their fitness for purpose. The preparation variables of the CRM (particle size, drying treatment, and spiking conditions) 
were studied to improve the homogeneity of the CRM. The mass fraction of the toxic elements was certified with relative 
standard uncertainties ranging from 4.2 to 6.9%. The uncertainty contributions considered were the elements’ mass fraction 
measurements, the between-methods bias, the (in)homogeneity of the production batch, and the (in)stability under transport 
and storage conditions. This new CRM constitutes a useful tool for the laboratories assessing the harmlessness of cannabis 
materials, promoting humans’ safety and regulatory compliance within the medicinal cannabis industry.
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Introduction

The acknowledgment of diverse therapeutic benefits of 
cannabis-derived products has fostered the development of 
an industry that contributes from the bioeconomy to create 

innovative healthcare solutions. The cannabis plant has 
positioned as a renowned feedstock in numerous medicinal 
and industrial applications in the framework of reciprocal 
relationships among scientific, cultural, economic, and leg-
islative advances [1, 2]. The growing importance of can-
nabis has prompted regulatory agencies and international 
organizations related to the pharmaceutical and food sectors 
to set guidelines that establish quality parameters for the 
cannabis plant and cannabis-derived products [3–5]. The 
quality parameters consider the content of desirable com-
ponents, namely cannabinoids and terpenes, responsible for 
the beneficial characteristics of the cannabis plant, and the 
absence of significant amounts of undesirable contaminants 
that pose a risk to human health: mycotoxins, pathogenic 
microorganisms, pesticide residues, and toxic elements [5].

The innocuity of cannabis concerning the absence of toxic 
elements is of special interest because the cannabis plant tol-
erates growing media with high concentration of cadmium, 
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chromium, nickel, and lead, among other toxic elements [5, 
6] and has the potential to bioaccumulate them to a signifi-
cant extent [7, 8]. This characteristic makes the cannabis 
plant an attractive phytoremediator for polluted areas [7], 
but also implies that the vegetal material should be tested 
for harmful elements before processing. Ensuring the quality 
of the measurement results from testing laboratories serving 
the cannabis value chain is essential for the safe and effective 
use of cannabis as a pharmaceutical resource.

The world’s National Metrology Institutes (NMI) develop 
tools and strategies to support the quality of the measure-
ments required to improve peoples’ well-being, promote 
the protection of the environment, and overcome potential 
barriers to commerce [9]. An important metrological tool 
in chemistry and biology is the certified reference material 
(CRM). A CRM is a material sufficiently homogeneous and 
stable regarding specified properties which have been deter-
mined using valid procedures [10]. CRMs are used in the 
development and validation of measurement methods and 
to perform quality control during routine analysis. Because 
of the early stage of the cannabis industry, few CRMs have 
been developed to date in this matrix. Notably, the National 
Research Council from Canada (NRC) developed the CRM 
HEMP-1 which is intended for the method development and 
validation and the quality control of the analysis of cannabi-
noids in cannabis and hemp [11]. Additionally, the National 
Institute of Standards and Technology (NIST) from the 
USA developed Reference Material 8210 which provides 
non-certified values for cannabinoids and toxic elements in 
dried ground hemp [12].

In Colombia, the Instituto Nacional de Metrología 
(INM(CO)) is increasing its commitment to support the 
quality of the measurements in the cannabis value chain, 
as the cannabis might transform into the next commodity 
that will help diversify the Colombian export market [13]. 
In this context, the objective of this work was to prepare 
and characterize a CRM for toxic elements in cannabis leaf 
tissue. The CRM INM-040-1 is intended as a metrological 
tool for the development and validation of analytical meth-
ods and the quality control of measurements of toxic ele-
ments in hemp and cannabis. The material was characterized 
according to the requirements set by the ISO Standard 17034 
[14] using the combination of two independent methods of 
demonstrable accuracy to measure the elements’ mass frac-
tion: cadmium and lead were determined by inductively 
coupled plasma mass spectrometry (ICP-MS) and graphite 
furnace atomic absorption spectroscopy (GFAAS). In the 
case of arsenic, it was determined using both ICP-MS and 
hydride generation atomic absorption spectroscopy (HG-
AAS). Additionally, the CRM’s homogeneity and its stabil-
ity under simulated transport conditions and recommended 
storage conditions were assessed with ICP-MS using estab-
lished experimental designs [15]. The fitness for purpose of 

the methods was confirmed by validation of the analytical 
methodologies using CRMs of similar vegetal matrices.

Materials and methods

Chemical reagents and CRMs

The metrological traceability in analytical calibration of 
measurement methods was established using the 3100 
series Standard Reference Materials (SRM®) from NIST 
(USA): SRM 3128 lead (Pb), SRM 3108 cadmium (Cd), and 
SRM 3103a arsenic (As). The method validation was made 
using CRMs with a similar matrix to that of the cannabis 
leaves: SRM 3254 (tea leaves), SRM 1515 (apple leaves), 
SRM 1573a (tomato leaves), SRM 1575a (pine needles), 
and SRM 3232 (powdered algae), all from NIST. The ICP-
MS measurements used internal standard solutions of thal-
lium (TraceCERT, Sigma-Aldrich, USA), rhodium, indium, 
and germanium (Supelco, Merck, USA). Ultrapure water 
with conductivity of 0.058 µS cm−1 was obtained using a 
PURELAB Flex purification system (Elga LabWater, High 
Wycombe, UK). Ethanol (absolute, for analysis, Supelco, 
Merck, USA) was used during spiking experiments of the 
CRM. Nitric acid and hydrogen peroxide (Suprapur, Merck, 
Germany) were used for the microwave-assisted digestion 
of samples. The nitric acid was doubly subdistilled (DST-
1000, Savillex, USA) to further reduce the content of possi-
ble impurities. For arsenic analysis by HG-AAS, magnesium 
nitrate hexahydrate (Panreac, Spain) and magnesium oxide 
(reactive grade, Merck, Germany) were used for sample ash-
ing. Potassium iodide (Panreac, Spain) and l(+)-ascorbic 
acid (EMSURE® Merck, Germany) were employed in the 
pre-reduction step. Finally, sodium hydroxide (EMSURE® 
Merck, Germany) and sodium borohydride (ReagentPlus® 
99% Sigma-Aldrich, USA) were used in the reduction step 
within the hydride generator.

Pilot material processing studies

A pilot batch of cannabis vegetal material was processed to 
preliminarily assess the preparation conditions that enhance 
the homogeneity of the CRM. The drying method (oven dry-
ing and freeze drying) and the particle size after grinding 
were studied. For this stage, 200 g of cannabis leaves was 
collected from an artisanal crop (San Antonio del Tequen-
dama, Cundinamarca, Colombia). For oven drying, the can-
nabis leaves were heated to 80 °C in a convection oven (ED 
115-UL, Binder, Alemania) for 24 h, while for freeze drying, 
the leaves were frozen at −20 °C and then lyophilized at 
approximately 3 kPa (FreeZone, Labconco, USA) for 120 
h. After drying, the leaves were processed in a grinder until 
a fine powder was obtained. Three particle size fractions 
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(<200 µm, 200–315 µm, and 315–500 µm) were obtained 
using stainless steel sieves (FRITSCH, Spain). The com-
bination of two drying procedures and three particle sizes 
yielded six treatments that were evaluated in terms of the 
relative standard deviation (RSD) of the measurement 
results of the element’s mass fraction (five measurements 
of independent subsamples).

Preparation of the CRM, spiking experiments, 
and bottling

After the preliminary preparation studies, 1.6 kg of cannabis 
vegetal material was obtained from a licensed cultivation 
company (Llanos Oil, Fusagasugá, Colombia). The leaves 
were freeze dried, grinded, and sieved, and the size frac-
tion under 200 µm retained. A preliminary quantification of 
arsenic, cadmium, and lead performed via ICP-MS yielded 
no quantifiable amounts of the elements; therefore, spiking 
was necessary to achieve the target mass fraction.

Spiking trials were conducted with 40 g portions of the 
cannabis leaf powder. Water-ethanol was proposed as the 
spiking solvent due to the high content of waxes in the can-
nabis leaves. The mass fraction of ethanol in the water-eth-
anol mixture (10% and 30%) and the influence of an acidic 
medium were evaluated (a total of four treatments). The 
slurry was prepared at a solid-to-spiking solution ratio of 
1:3 and thoroughly stirred for 30 min. The four different 
pastes were freeze-dried, grinded, and sieved. The spiking 
treatments were compared again in terms of the RSD of five 
independent measurements of arsenic, cadmium, and lead in 
separate subsamples. The selected spiking condition (30% 
ethanol in water without acidification) was applied to 380 
g of processed cannabis leaf powder, obtained after drying, 
grinding, and sieving. This portion was incorporated into 
1140.1 g of an aqueous solution of arsenic, cadmium, and 
lead at mass fractions 0.114 mg kg⁻1, 0.115 mg kg⁻1, and 
0.214 mg kg⁻1, respectively, The slurry was shaken for 30 
min, followed by freeze-drying, grinding, and sieving. The 
spiked dry material was thoroughly homogenized for 30 min 
in a gyroscopic mixer (GyroMixer, Fluid Management) and 
aliquoted in amber glass bottles with 5 g of the CRM. A total 
of 48 bottles were obtained and stored at room temperature.

Element quantification

For ICP-MS and GF-AAS analysis, sample portions of 0.5 g 
were weighed directly into modified polytetrafluoroethylene 
(PTFE-TFM) digestion vessels, and 2 mL of hydrogen per-
oxide and 5 mL of sub-distilled nitric acid were added. The 
vessels were tightly closed and microwave-digested under 
constant temperature monitoring (Multiwave 5000, Anton 
Paar, Austria) using the temperature program presented in 
Table 1. After digestion, the samples were cooled to room 

temperature, degassed, and quantitatively transferred to 
polypropylene centrifuge tubes for gravimetric dilution after 
the addition of internal standard. All the gravimetric meas-
urements were performed on a calibrated XPE 504 balance 
(Mettler Toledo, USA).

ICP-MS measurements of arsenic, cadmium, and lead 
were performed using a single-quadrupole instrument (Nex-
ION 300D, PerkinElmer, USA). The plasma was generated 
using argon grade 5.0 with a radiofrequency power of 1300 
W, plasma gas flow of 13.1 L min⁻1, auxiliary gas flow of 
1.35 L min⁻1, and nebulizer gas flow ranging from 0.56 to 
0.85 L min⁻1. A quartz cyclonic spray chamber, Meinhard 
nebulizer, and nickel cone system were employed. The torch 
position, nebulizer gas flow rate, and deflector voltages were 
optimized daily to maximize analyte signals and reduce 
interferences from polyatomic ions, doubly charged ions, 
and oxide species. Calibration was performed using gravi-
metric standard addition calibration with internal standard 
correction.

GF-AAS measurements (PINNACLE 900T equipped 
with an AS 900 autosampler, PerkinElmer, USA) were made 
for cadmium and lead using the temperature programs and 
conditions shown in Table 2. The matrix modifier for cad-
mium was 30 µg of palladium, while lead used a combina-
tion of 30 µg of palladium and 3 µg of magnesium. Cali-
bration was performed using gravimetric standard addition 
calibration.

HG-AAS measurements (PINNACLE 900T coupled with 
FIAS 400, PerkinElmer, USA) were used for arsenic determi-
nation. The sample preparation procedure described in [16] 
was used. In summary, sample portions of 0.5 g were weighed 
in porcelain crucibles and added with 2 mL of an aqueous 
suspension of 20% magnesium nitrate (MgNO₃) and 2% mag-
nesium oxide (MgO) and 5 mL of a 1:1 HNO3:H₂O solution. 
The mixture was homogenized before evaporating the solvent 
avoiding ebullition. A calcination temperature program (150 
°C for 1 h, 200 °C for 30 min, 250 °C for 1 h, 300 °C for 3 
h, 350 °C for 30 min, and 450 °C for 12 h) was performed 
in a muffle furnace (FHX-05, Daihan Scientific, Korea). The 
ashes were resuspended in 5 mL of a 1:1 HNO3:H₂O solu-
tion, evaporated, and calcinated again using a shorter tempera-
ture program (300 °C for 3 h, 350 °C for 30 min, and 450 °C 
for 12 h). After the second calcination, white homogeneous 
ashes were obtained and dissolved in 5 mL of a 1:1 HCl:H₂O 

Table 1   Temperature program for the microwave-assisted digestion 
of the cannabis samples

Step Final temperature, °C Ramp time, min Hold 
time, 
min

1 145 15 20
2 190 10 15
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mixture and brought to the final mass with ultrapure water. 
Before HG-AAS analysis, the extracts were pre-reducted by 
mixing 50% reconstituted sample extract, 10% concentrated 
hydrochloric acid, and 25% of a potassium iodide and ascorbic 
acid solution (10%), with a reaction time of 45 min. The reduc-
tion step involved the use of a 0.2% sodium borohydride solu-
tion in 0.05% sodium hydroxide as the reducing agent and a 
5% hydrochloric acid solution as the carrier. The instrumental 
conditions were as follows: the wavelength was set to 193.7 
nm with deuterium background correction. The argon flow 
rate was maintained between 40 and 50 mL min⁻1, and the 
electrothermal chamber temperature was set to 960 °C. A 500 
µL sample injection loop was used for sample introduction.

All analytical methods were validated in terms of their 
instrumental linear range, accuracy (precision and trueness), 
and selectivity. The instrumental linear range was evaluated 
in ICP-MS in the interval 0.5 to 100 µg kg⁻1 for the three 
elements. In the case of GF-AAS, cadmium was evaluated 
from 0.5 to 10 µg kg⁻1, while lead was evaluated from 3.0 to 
33 µg kg⁻1. For HG-AAS, arsenic was evaluated from 1 to 15 
µg kg⁻1. The lack of fit ANOVA was used to identify devia-
tions from linearity in the assessed ranges [17]. The precision 
of the methods is expressed in terms of the relative standard 
deviation from five independent measurements of each of the 
CRMs. The trueness is assessed in terms of the relative bias 
against the certified values of the CRMs. The statistical signifi-
cance of the bias uses the normalized error (En) as defined in 
Eq. 1 [18]. Normalized error values smaller than 1 imply that 
the measurement bias is not statistically significant. Further-
more, as the CRMs contain several elements other than those 
of interest, a non-statistically significant bias serves also as 
proof of the selectivity of the methods.

(1)En =
||xCRM − x

i
||

2

√(
uCRM

)2
+
(
u
x
i

)2

where xCRM is the value of reference,  x
i
 represents the meas-

ured value, and uCRM and u
xi

 are the uncertainties of the 
CRM and the measured value, respectively.

The CRMs used for the validation of the methods were 
also used as quality controls during the property value meas-
urements of the cannabis CRM.

Results and discussion

Fitness for purpose of the analytical measurement 
methods

The standard addition calibration model selected for the 
ICP-MS method uses a first-degree linear equation that 
requires all measurements of samples and spiked solutions 
to fall in the linear range of the instrumental response. This 
requirement does not hold for standard addition approaches 
that do not rely on first-degree linear models [25]. The lin-
earity was tested by lack of fit ANOVA, and the elements’ 
mass fraction working ranges were trimmed until the lack of 
fit test succeeded. The instrumental response of the ICP-MS 
instrument varied linearly across the evaluated mass fraction 
intervals for most cases. The accepted linear ranges and the 
resulting p-values of the lack of fit ANOVA tests for the 
ICP-MS instrumental responses are presented in Table S1 
of the supplementary information. A p-value of the lack of 
fit ANOVA larger than the significance of the test (typically 
0.05) implies that a higher order polynomial model is not 
significantly better than the simple linear model in describ-
ing the relation between element’s mass fraction and instru-
mental response [17]. Therefore, the analyte mass fraction in 
the standard spiked sample solutions should not exceed the 
upper limit of the linear ranges presented in Table S1. The 
same analysis was made to determine the working range of 
both the GF-AAS and HG-AAS methods. Table S2 of the 
supplementary information presents the linear range results 

Table 2   Temperature programs 
in GF-AAS for the measurement 
of cadmium and lead

Element Step Temp, °C Ramp time, s Hold time, s Flow internal 
gas (mL/min)

Cd
(228.80 nm)
slit width:
0.7 nm

Evaporation 110 1 30 250
Evaporation 130 15 30 250
Calcination 750 10 20 250
Atomization 1500 0 3 0
Cleaning 2400 1 3 250

Pb
(283.31 nm)
slit width:
0.7 nm

Evaporation 110 1 40 250
Evaporation 160 20 35 250
Calcination 700 10 20 250
Atomization 1900 0 5 0
Cleaning 2400 1 5 250
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obtained for the GF-AAS and HG-AAS methods for cad-
mium, lead, and arsenic.

The accuracy of the ICP-MS and GF-AAS methods was 
tested using three vegetal CRMs with varying mass fraction 
of the analytes, while HG-AAS was assessed with two veg-
etable CRMs, as SRM 1575a has an arsenic mass fraction 
lower than the method’s limit of quantification. The results 
are summarized in Table 3. Precision under repeatability 
conditions is expressed as the RSD of the results from five 
independent measurements performed on separate sub-
samples. The larger dispersion (5.3% RSD) was obtained 
for lead using ICP-MS at the mass fraction of 0.167 mg/
kg (SRM 1575a, pine needles). Other repeatability RSDs 
range from 0.8 to 4.4%. The obtained values are significantly 
smaller than the limits stated in the “Standard Method for 
the Determination of Heavy Metals in a Variety of Cannabis 

and Cannabis-Derived Products, 2021.03” [4], which sets a 
maximal RSD value of 11% for elements in a mass fraction 
between 0.1 and 1 mg kg⁻1. Regarding the trueness of the 
methods, the measurement methods used do not have sig-
nificant bias, and the maximal relative error for the measure-
ments was 5.4% [4].

The selectivity of a measurement method refers to its 
ability to unequivocally detect the analyte of interest in the 
presence of the matrix. Issues with selectivity in measure-
ment methods can cause bias in the results [19]. In this 
study, the selectivity of the measurement methods was con-
firmed by the non-statistical significance of the measurement 
bias as assessed through the normalized error. The results 
shown in Table 3 indicate that the bias was not significative 
for any of the analytes in the mass fraction levels for all 
analytical techniques applying Eq. 1. These results confirm 

Table 3   Accuracy testing for arsenic, cadmium, and lead at three mass fraction levels, using ICP-MS and GF-AAS and HG-AAS

a Expanded uncertainties with k = 1.97. bExpanded uncertainties with k = 2. cNon-certified value

Analytical technique Element CRM Mass fractiona, mg kg−1 RSD, % Certified valueb, mg kg−1 Relative error, %

ICP-MS As Pine needles
SRM 1575a

0.041 ± 0.002 2.6 (0.039 ± 0.002)c 5.1

Green tea leaves
SRM 3254

0.153 ± 0.007 4.0 0.150 ± 0.011 2.0

Kelp powder
SRM 3232

37.0 ± 3.5 3.4 38.3 ± 1.3 −3.4

Cd Green tea leaves
SRM 3254

0.039 ± 0.002 2.3 0.037 ± 0.002 5.4

Pine needles
SRM 1575a

0.231 ± 0.006 0.8 0.233 ± 0.004 −0.9

Tomato leaves
1573a

1.483 ± 0.027 0.9 1.517 ± 0.027 −2.2

Pb Pine needles
SRM 1575a

0.168 ± 0.013 5.3 (0.167 ± 0.015)c 0.6

Apple leaves
SRM 1515

0.465 ± 0.030 3.5 0.470 ± 0.024 −1.1

Kelp powder
SRM 3232

1.062 ± 0.026 1.9 1.032 ± 0.039 2.9

GF-AAS Cd Pine needles
SRM 1575a

0.236 ± 0.010 1.9 0.233 ± 0.004 1.3

Kelp powder
SRM 3232

0.441 ± 0.014 3.4 0.426 ± 0.0084 3.5

Tomato leaves
SRM 1573a

1.548 ± 0.109 2.6 1.517 ± 0.027 2.0

Pb Apple leaves
SRM 1515

0.484 ± 0.020 2.1 0.470 ± 0.024 3.0

Kelp powder
SRM 3232

1.029 ± 0.135 2.4 1.032 ± 0.039 −0.3

Green tea leaves
SRM 3254

1.72 ± 0.19 4.4 1.73 ± 0.19 −0.6

HG-AAS As Green tea leaves
SRM 3254

0.149 ± 0.045 1.7 0.150 ± 0.011 −0.6

Kelp powder
SRM 3232

37.3 ± 0.1 2.4 38.3 ± 1.3 −2.6
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that the ICP-MS and GF-AAS methods with microwave-
assisted digestion and HG-AAS with ashing mineralization 
are suitable for characterizing the CRM of toxic elements 
in cannabis.

Pilot material processing studies: particle size 
and drying method

The pilot batch of the artisanal-grown cannabis material was 
processed with accordance to the six possible treatments 
that result from combining the two drying methods with the 
three particle size ranges. The mass fractions measured in 
five independent subsamples of each processed material are 
presented in the boxplots of Fig. 1. In general, greater vari-
ability is observed for the oven-dried material when com-
pared with the freeze-dried cannabis. Furthermore, arsenic 
presents a drastic reduction when the cannabis material is 
dried in the convection oven. This variation can be attrib-
uted to the volatility of arsenic species at temperatures above 
50 °C [20]. The dimethylarsinic acid ((CH₃)₂AsH) and tri-
methylarsine ((CH₃)₃As) are common species found in plants 
[21] and have boiling points of 36 °C and 52 °C, respectively 
[22]. This suggests that the freeze drying method should be 
preferred over the convection oven heating method. On the 
other hand, the mass fraction of elements increases system-
atically as the particle size decreases. This increase in the 
element’s mass fraction is accompanied by a reduction in 
the RSDs of the measurement results. As lower RSD is an 
indicative of a better sample homogeneity, the particle size 
fraction under 200 µm was selected for further preparations 
of the cannabis CRM.

Preparation of the CRM candidate and spiking 
experiments

The cannabis vegetal material obtained from a licensed pro-
ducer was processed according to the method suggested by 
the pilot material processing studies: freeze drying, grinding, 
and particle size selection under 200 µm. After processing, 
the material did not contain any measurable amounts of arse-
nic, cadmium, nor lead. Therefore, it was deemed necessary 
to spike the cannabis material, as described in the “Prepara-
tion of the CRM, spiking experiments, and bottling” section. 
The cannabis leaves are hydrophobic due to a high content of 
waxes. To ensure that the spiking cocktail would intermin-
gle with the vegetal material and wet the ground leaves at a 
considerable extent, ethanol was incorporated as an organic 
solvent in the fortification solutions. Two different volume 
fractions were tested: 10% and 30%. The effect of acidifying 
the spiking solution was also evaluated by incorporating 1% 
nitric acid in some of the solutions. The RSDs of the sub-
sample measurements of the spiked treatments are presented 
in Fig. 2. The element lead presents the higher variation in 
the subsample measurements, with the best homogeneity 
obtained for the non-acidified spiking solution containing 
30% ethanol. This spiking solution, coded EtOH-30, also 
gave the best results for cadmium element. The dispersion of 
arsenic subsample measurements did not vary significantly 
across the evaluated conditions. Accordingly, the remain-
ing cannabis vegetal material was treated with the EtOH-30 
spiking solution. After mixing thoroughly, the slurry was 
lyophilized and ground, and the particle size fraction under 
200 µm retained, according to the conclusions drawn from 
the pilot material processing studies.

Fig. 1   Measurement results for arsenic (a), cadmium (b), and lead (c) of the pilot cannabis material, processed using different drying methods 
and selecting different particle size ranges: smaller than 200 µm (S1), between 200 µm and 315 µm (S2), and between 315 µm and 500 µm (S3)



2697Preparation and characterization of a certified reference material of toxic elements in cannabis…

CRM homogeneity assessment

Six units from the CRM batch were selected using a strati-
fied random sampling design that included intentionally 
the first and the last bottle. The homogeneity was assessed 
using a nested experimental design that allowed to deter-
mine the variation between bottles and within bottles: Six 
subsamples were taken per bottle, and each subsample was 
analyzed ten times under repeatability conditions. The data 

was processed in terms of the ratio of the analyte intensity 
to the internal standard intensity using ICP-MS. The rec-
ommendations of ISO Guide 35 [15] were followed for the 
estimation of uncertainty due to the heterogeneity of the 
CRM. The measurements were performed in random order. 
The absence of significative trends due to instrumental drift 
and the packaging order was verified before analyzing the 
data. Figure 3 presents the isotope ratio measurements for 
the bottles selected for the homogeneity experiment. The 
uncertainty due to homogeneity took into account the con-
tributions from both between- and within-bottle evaluations 
using Eq. 2 [15].

where ubetween and uwithin are between- and within-bottle 
uncertainty in the stability study, respectively.

The decomposition of variances from experimental error, 
between-bottle variation, and within-bottle variations, as 
well as the calculation of each uncertainty, was carried out 
as described by Ellison [23]. The homogeneity uncertain-
ties were 1.80% for arsenic, 4.89% for cadmium, and 2.22% 
for lead.

Stability studies

The short-term stability (STS) was assessed using an isoch-
ronous design. The selected bottles were stored at 19 °C and 
40 °C to simulate possible transport conditions. The reference 
temperature was 4 °C. Two bottles were sampled at regular 
time intervals (15, 28, 42, and 59 days) and placed at the ref-
erence temperature until the end of the study. At the end, all 

(2)uhomo =

√
(u)

2
between + (u)

2
within

Fig. 2   Relative standard deviation for cannabis leaves using different 
spiking solutions: EtOH-10: 10% ethanol solution; EtOH-10H+: 10% 
ethanol solution in acidic medium; EtOH-30: 30% ethanol solution; 
EtOH-30H+: 30% ethanol solution in acidic medium

Fig. 3   Homogeneity study for six randomly selected bottles of the production batch. The error bars indicate standard deviation of six subsamples 
mean results for arsenic (a), cadmium (b), and lead (c). The error bars indicate standard deviations of the subsample measurements per bottle
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samples were measured under repeatability conditions with 
two independent replicates performed for measurement. The 
results are presented in Fig. 4. As the short-term study was 
performed using an isochronous experimental design [15], the 
measurements were performed under repeatability conditions 
and data is evaluated as instrumental responses relative to that 
of time zero. All measurements were performed in randomized 
order to overcome the effects of potential instrumental drifts. 
The changes are studied using a zero-order kinetic model 
where the property values are assumed to change constantly in 
time. The model parameters are drawn from the linear regres-
sion model obtained using ordinary least squares (OLS). The 
calculation of uncertainty for short-term stability uSTSOBJ) was 
performed using Eq. 3, considering that the regression slopes 
were not statistically significant OBJ OBJ. As depicted in Fig. 4, 
the CRM stability at 40 °C and 19 °C does not differ sig-
nificantly for arsenic and cadmium. A small difference in the 
slopes can be observed for lead at the two conditions; however, 
neither of these slopes differs significatively from zero. The 
data at 40 °C was utilized, as they simulate extreme trans-
port conditions for the CRM. The STS assessment period was 
relatively long for a short-term study, but this was intentional, 
considering that the CRM might eventually present longer-
than-usual delays in customs.

where s
(
bSTS

)
 is the standard error for the estimated slope of 

the linear model and 
(
tSTS

)
 is the time interval of the short-

time stability study.

(3)uSTS = s
(
bSTS

)(
tSTS

)

The long-term stability (LTS) study was performed using 
a classical approach, where two bottles were randomly sam-
pled and measured at different time intervals over 6 months 
[15]. The results are presented in Fig. 5. At each point, the 
mass fraction of the elements was measured with traceabil-
ity to the SI. Data treatment was performed using a similar 
approach as in the STS study, where the data was fitted to 
a linear function obtained with OLS. The proposed initial 
validity period of the CRM was 1 year. Equation 4 was used 
to estimate the LTS uncertainty ( uLTS ) of cadmium and lead, 
as the slopes were not statistically different from zero [15]. 
On the other hand, the slope for arsenic was different from 
zero; therefore, the slope instead of the slope error was used 
for LTS uncertainty calculation. Table 5 presents the results 
for estimating uncertainty in both short-term and long-term 
stability studies.

where s
(
bLTS

)
 is the standard error for the estimated slope of 

the linear models, tm1 is the time interval of the monitoring 
study and the initial stability monitoring point, and tcert is 
the estimated lifetime of the CRM after the initial 6-month 
period.

Property measurement and value assignment

For the mass fraction of arsenic, cadmium, and lead, two meth-
ods of demonstrated accuracy were used: ICP-MS and HG-
AAS for arsenic, and ICP-MS and GF-AAS for cadmium and 

(4)uLTS = s
(
bLTS

)(
tm1 + tcert

)

Fig. 4   Isochronous short-term stability study of arsenic (a), cadmium (b), and lead (c) at 40 °C (yellow) and 19 °C (blue). Results are displayed 
as the responses relative to the response at time zero. The dashed lines present ordinary least squares regression fitting results
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lead. Similar matrix CRMs were used as quality controls in 
property measurement for the different techniques. The maxi-
mal relative error acceptance criterion was that obtained dur-
ing method validation (5.1%). The results, shown in Table S3 
of the supplementary information, yielded relative errors 
ranging from −3.9 to 2.6%. The combination of measurement 
results follows the methodology proposed by Levenson [24], 
which uses the arithmetic mean to average the measurement 
results, assigns an uncertainty to the average result ( umeasur. ), 
and combines the uncertainty with the uncertainty for possible 
between-methods bias ( ubias ) to get the characterization uncer-
tainty ( uchar ) of the CRM (Eqs. 5–7). The results of combining 
the measurement results are presented in Table 4.

(5)umeasur. =

√
(
1

2

)2

u2(x1) +

(
1

2

)2

u2(x2)

where x
i
 and u(x

i
) are the mean result and standard meas-

urement uncertainty from measurement method i(i ∈ (1, 2)).
The value assignment of the mass fraction of toxic ele-

ments in the CRM-040-1 is presented in Table 5. The com-
bined uncertainty of the certified and the reference values 
(ucomb) includes all known sources of uncertainty determined 
during the measurement of the property, the between- and 
within-bottle homogeneity, and the short- and long-term sta-
bility. Expanded uncertainties are presented at a confidence 
interval of approximately 95% using a coverage factor (k) 
of 1.97. The combined uncertainty incorporates the uncer-
tainty components from the property values measurements, 

(6)ubias =
��x1 − x2

��

2
√
3

(7)uchar =

√
(umeasur.)

2
+ (ubias)

2

Fig. 5   Classical long-term stability study of arsenic (a), cadmium (b), and lead (c) monitored over 6 months. The dashed lines represent the 
ordinary least square linear fit to model the changes in the property over time and the shaded region represents the 95% confidence interval

Table 4   Determined mass 
fractions of arsenic, cadmium, 
and lead in the CRM INM-
040-1

Element ICP-MS, mg kg−1 GF-AAS -
HG-AAS, mg kg−1

Combined result, mg kg−1

Result uICP-MS Result uGF-AAS, HG-AAS Mean value umeasur. ubias uchar

As 0.347 0.006 0.341 0.013 0.344 0.007 0.002 0.007
Cd 0.332 0.012 0.339 0.009 0.335 0.007 0.002 0.008
Pb 0.661 0.011 0.650 0.017 0.655 0.010 0.003 0.011



2700	 A. Rodriguez et al.

the between-bottle homogeneity, and the short-term and 
long-term stability of the material. The uncertainties were 
combined by the square root of their quadratic sum. We 
consider the short-term and long-term stability components 
independent of each other, since the short-term stability 
incorporates an additional temperature stability that the 
CRM might experience during shipping.

Conclusions

A new CRM of toxic elements in cannabis leaves was pre-
pared and characterized at the INM of Colombia to provide 
metrological support to the laboratories performing quality 
control in the cannabis industry. The CRM INM-040-1 is 
certified for the content of cadmium, lead, and arsenic at 
mass fraction values of (0.335 ± 0.045) mg/kg and (0.655 
± 0.055) mg/kg, and (0.344 ± 0.030) mg/kg, respectively 
(expanded uncertainties with a coverage factor k = 1.97, 
at a confidence level of approximately 95%). The CRM 
is intended to support the development and validation of 
analytical methodologies, and the quality assurance in lab-
oratories serving the cannabis industry. The value assign-
ment of the certified elements was done by two independ-
ent measurement methods of demonstrated accuracy. The 
combination of the measurement results from two methods 
lowered the measurement uncertainty from the characteri-
zation of the CRM. The CRM is sufficiently stable under 
transport conditions and can be stored at room temperature 
for 1 year without suffering significative degradation. The 
preliminary studies of the small batch of cannabis material 
and the spiking tests using ethanolic solutions allowed to 
propose processing conditions that improved the homoge-
neity of the properties of interest in the CRM.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00216-​025-​05809-z.
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