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Abstract

In this work, an analytical method was developed for the determination of lead and cadmium

in biological samples using graphite furnace atomic absorption spectrometry. Escherichia

coli (E. coli) was chosen as model substance for this purpose as it is readily available in

most laboratories and can be quickly and easily prepared with a high turnaround rate. Four

different sample preparation methods were initially evaluated with respect to percent recov-

ery, limit of detection, and limit of quantification, and the most promising one was developed

further. The final process involving microwave assisted digestion of the sample with nitric

acid and hydrogen peroxide showed high recovery, repeatability, and specificity. The pro-

cess was first applied to lead and then extended for the determination of cadmium in the

same E. coli substrates. Finally, to validate the process, a certified references material was

analyzed, and the results obtained were evaluated with respect to accuracy by comparing

them to the reported ones.

1. Introduction

Metals play an important role in many biological processes ranging from the regulation of

enzyme functions to neural signaling. (1) Only very few metals are toxic in any form to an

organism with lead and cadmium being the most prominent ones [1–4].

Lead is among the earliest elements known to humankind and has been used extensively

throughout history in many applications [5]. Pipes delivering water were often made of lead or

a lead alloy, coins contained certain amounts of lead, and pigments made with lead salts were

commonly used in paintings as well as cosmetics [5–8]. As a result of this ubiquitous use, the

toxicity of lead has been investigated early on with the first observations dating as far back as

the second century B.C. when the Greek physician Nikander noticed that colic and paralysis

followed ingestion of lead [9]. Nevertheless, this did not deter people from using lead pots to

boil grape juice to sweeten wine with the lead acetate present in this way. It was not until the

end of the seventeenth century that the use of lead for the fortification of wine was banned in

some regions of Europe as a result of its detrimental health effects [5,6,10]. The toxicity of lead
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stems from its divalent cation which can form strong bonds to sulfhydryl groups in proteins.

This in turn can lead to distortion of enzymes, loss of protein structure, and development of

endogenous opiate systems [11]. The toxic effects are most pronounced with the central ner-

vous system as lead can mimic or compete with calcium. It has been documented that at even

picomolar concentrations, lead causes interference with neuronal signaling by binding to cere-

bellar photokinase C instead of calcium [12]. This explains the paralysis the Greek physician

first noticed back in the second century.

Today, the use of lead has been severely restricted, and people are exposed to lead mostly

through tinted drinking water from old pipes or industrial mishandling, particularly of lead-

acid batteries. To eliminate these exposures, regulations have been introduced to remove lead

from paints, ceramic products, caulking, and pipe solder as well as battery recycling program.

But even with these measures, lead poisoning is still common and according to the Institute

for Health Metrics and Evaluation (IHME) it is estimated that in 2017, lead exposure

accounted for 1.06 million deaths worldwide [13]. A major demographic that is affected dis-

proportionately are children under the age of six due to the swallowing of dust and chips from

deteriorating lead paint still present on many surfaces [14]. Blood concentrations of greater

than 20 μg /dL of lead [15] are not uncommon and far exceeding the Food and Drug Adminis-

tration’s (FDA) Interim Reference Levels (IRL) of 3 μg per day for children and 12.5 μg per

day for adults, respectively [16].

In contrast to lead, the element cadmium was not known until the early 19th century when

Stromeyer and Hermann discovered it as an impurity of zinc oxide [17]. Cadmium sources are

both natural through volcanic eruptions and erosion processes from rocks and soil and

anthropogenic through industrial and agricultural uses mainly non-ferrous metal production,

fossil fuel combustion, and phosphate fertilizers [18,19]. Cadmium is relatively mobile in the

environment and bioconcentrates within the food chain. The main source of human exposure

is via food predominantly through rice, leafy vegetables, and cereals [18,20,21]. Smokers have

a higher exposure risk to the element as it bioconcentrates in tobacco [20]. With no known

biological function and a very slow excretion rate, cadmium accumulates in organisms over

time [2,20,22]. It gained notoriety through the Itai-Itai disease in Japan, where the local popu-

lation was exposed to elevated cadmium levels in food, mainly rice, and water as a result of

environmental release from an industrial plant [23]. Following this incidence, the toxicity of

cadmium has been studied extensively over the last decades and it was found that cadmium

affects mainly the kidneys and liver and has a high affinity towards metallothionine, a cad-

mium inducible protein that protects the cell by tightly binding to the cadmium ion

[2,20,21,24]. Cadmium also interferes with the calcium metabolism therefore osteoporosis is

not uncommon. Other impacts are on the pulmonary system, especially for people with high

exposure rates [2,20,22].

Many countries, including the European Union, USA, Canada, and Australia introduced

regulations limiting cadmium use to curb the exposure to this element. For instance, the US

regulations specify a daily intake limit of 1x10-3μg/kg/day for food and 5x10-4μg/kg/day for

water. The WHO recommends a threshold of 7μg/kg/body weight per week [18,25,26].

Several analytical methods are in use for the analysis of lead and cadmium in biological

samples with atomic absorption spectrometry being one of the most common ones [27]. Spe-

cifically, graphite furnace absorption spectrometry (GFAAS) offers an attractive means to

measure both elements as it not only has high sensitivity but also permits for analysis of small

sample volumes between 5 and 20μl and has little interferences [27,28]. Other studies involving

biological materials took advantage of these features and used GFAAS for the analysis of lead

[29–31]. Nevertheless each of them was tailored for a specific material and no robust chemical

measurement process currently exists, which can be adapted for a larger set of samples with
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comparable properties. Therefore, the goal of this study was to develop a robust chemical mea-

surement process for lead and cadmium in biological samples which shows high sensitivity,

accuracy, and precision. We selected Escherichia coli (E. coli) as a model substance for this pur-

pose due to its ease of handling, ready availability, and its wide range of use in both the biologi-

cal and life sciences. Several different sample preparation methods were tested and evaluated

for their suitability. The methods tested included simple nitric acid dilution, addition of a

matrix modifier to remove or suppress matrix effects, and acid digestion with or without

microwave assistance. The final optimized process involves microwave assisted acid digestion

and was initially developed for lead and then applied to cadmium. The performance of the pro-

cedure was then validated using certified reference material (BCR 679, white cabbage).

2. Materials and methods

2.1. Materials

All materials in this study were reagent grade or better. Nitric acid 70%, hydrogen peroxide 30

wt. %, lead, and cadmium nitrate were used to prepare digestion, and stock solutions were

acquired from Sigma-Aldrich (St. Louis, MO, USA). A variety of salts used to determine the

selectivity of the method were purchased either from Sigma-Aldrich (St. Louis, MO, USA),

Thermo-Fisher (Waltham, MA, USA), or EMD (Chicago, IL, USA). Ultrapure water was

obtained via a Purelab Flex purification system, >18 MO (ELGA1 Labwater, High Wycombe,

UK).

Digestions were carried out with polytetrafluoroethylene (PTFE) vessels (Anton Parr;

Moline, IL, USA) and a Microwave oven (MW535OW; Samsung Corp, Suwon, Korea). Sam-

ples were analyzed by graphite furnace atomic absorption spectrometry (AA-7000, Shimadzu,

Kyoto, Japan) at 283.3nm (Pb) and 228.8nm (Cd) wavelength, 0.7nm slit width, and 10mA

lamp current. Samples analyzed on GFAA were pipetted in 20 μL increments into the atomiza-

tion chamber and measured in triplicate following the furnace program shown in Table 2.

(Shimadzu, Kyoto, Japan) Graphite pyrolytic coated tubes were purchased from Shimadzu and

were exchanged after 500 firings to ensure high sensitivity. The hollow cathode tubes of 1.5”

standard were purchased from Varsal. (Varsal LLC, Warminster, PA, USA).

All glassware was washed with a H2SO4 and HNO3 solution (1:3 ratio) by filling the glass-

ware completely, soaking for an hour, and rinsing thoroughly with ultrapure water subse-

quently. The digestion vessels were cleaned twice between each digestion with 1 mL of 18 M

HNO3, digested for one minute, and then rinsed excessively with ultrapure water.

2.2. Samples

The E. coli used in this study were grown from a BL21 cell line in Luria broth (LB) for 12–18

hours at 37˚C. The cells were collected as pellets after centrifugation at 5,000 rpm for 5 minutes

to remove the LB followed by two washes of 5 mL of 50 mM HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid, pH = 7.5; Sigma-Aldrich). After the second wash with

HEPES, the E.coli cell pellets (ECP) were re-suspended in 500 μL of BSS (buffered saline solu-

tion, obtained from Loyola University Medical Center), to mimic the conditions used in bio-

logical settings. The ECP’s were then dispensed as 50 μL samples into different 1.5 mL

centrifuge tubes, dried overnight at 95˚C, and stored at room temperature until further use.

The certified reference material BCR 679 –White Cabbage was acquired from Sigma-

Aldrich (St. Louis, MO, USA) and stored at room temperature until further use.
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2.3. Instrumental parameter optimization

The furnace program needed to be adjusted to prevent the loss of lead and cadmium during

the pyrolysis step. The final program is shown in Table 2 and was used for the determination

of lead and cadmium in all samples described here. It was determined by comparing a sample

containing no lead or cadmium (control) to a spiked sample containing 3.0 ng/mL Pb or Cd

while varying the temperature of the pyrolysis stage ranging between 300˚C and 800˚C in

100˚C increments until the recovery rate was close to 100% and reproducible.

2.4. Sample preparation procedures

For all methods, the ECPs were spiked with concentrations of 0, 3, 5, and 7 ng/mL of lead and

cadmium, respectively, and diluted to a final volume of 1mL. These concentrations for lead

and cadmium were chosen based on two criteria: 1) The concentrations should be at least five

times higher than the detection limit of GFAA and 2) the concentration should cover the

range reported for comparable biological matrics [32]. Reported lead concentrations ranged

from 0.12 ± 0.02 μg/g in animal blood, 2.08 ± 0.03 μg/g in mussel tissue, and 13 ± 18 ng/g

within the human lens. Cadmium concentrations were reported at 1.8 ± 0.1 μg/g in spinach

leaves 0.353 ± 0.01 μg/g mussel tissue, & 20 ± 18 ng/g within the human lens [33–35]. The sam-

ples were treated in four different ways: 1) Addition of 500 μL of 10:1 HNO3 and H2O2 and

500 μL ultrapure water. Ultrasonication for 30 minutes, followed by centrifugation for five

minutes at 5,000 rpm and collection of the supernatant for analysis. 2) Addition of 500 μL of

10:1 HNO3 and H2O2, plus 100 μL of 100 ng/mL of NH4H2PO4 and Mg(NO3)2 as matrix mod-

ifier, and 400 μL ultrapure water to obtain the final volume. The resulting solution was ultraso-

nicated for 30 minutes, followed by centrifugation for five minutes at 5,000 rpm and the

supernatant was collected. 3) Addition of 500 μL of 10:1 HNO3 and H2O2 and 500 μL ultrapure

water and digestion for 1 hour at 100˚C using a digestion block and subsequent re-compensa-

tion to 1mL total volume with 50% v/v solution of 10:1 HNO3 to H2O2 and 4) Addition of

500 μL of 10:1 HNO3 to H2O2 and 500 μL ultrapure water and microwave assisted acid diges-

tion in 23 mL PTFE sample cups at 600W power for 40 seconds. The four different sample

preparation techniques are summarized in Fig 1.

2.5. Sample preparation procedure optimization

The microwave assisted acid digestion procedure was optimized further with respect to diges-

tion time, power settings, and nitric acid to hydrogen peroxide ratio. This was done consecu-

tively starting with the digestion time. For this, the samples with predetermined lead

concentrations as described in section 2.4. were microwaved for 30, 40, 50, 60, 70, 80, and 90

seconds, respectively, and the percent recoveries were calculated.

Next, the microwave power setting was optimized. The spiked samples were digested start-

ing with the lowest setting of 600W, the power increased in 120W increments until maximum

power of 1200W, and the percent recoveries were calculated.

In the last step, the ratio between hydrogen peroxide and nitric acid in the digestion solu-

tion was optimized. The ratios 10:1, 6:1, 5:1, 4:1, and 2:1 HNO3 to H2O2 were tested using the

spiked samples and for each the recoveries were calculated.

To determine the repeatability of the optimized method 12 ECP samples spiked with 4ng/

ml of lead or cadmium and 3 controls containing only BSS were prepared using both the initial

and optimized sample preparation process. The recoveries were calculated after subtractions

of the blanks (controls).

The specificity of the optimized method was tested by adding known amounts of elements

commonly found in biological materials. The elements and their concentrations are listed in
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Table 1. The elements were added first as single elements and then as a mixture containing

all of them. The ECPs were then treated similarly than before, and the recoveries were

calculated.

Fig 1. Flowchart of the four different sample preparation methodologies explored for the optimization of chemical process for the lead detection in

biological materials A) Acidic dilution B) Addition of a matrix modifier C) Open-vessel acid digestion and D) Microwave assisted acid digestion.

https://doi.org/10.1371/journal.pone.0267775.g001

Table 1. Concentrations of metals used for the selectivity study.

Element Amount Spiked

Na 380 ng/mL

Mg 380 ng/mL

K 380 ng/mL

Ca 380 ng/mL

Mn 60 ng/mL

Fe 120 ng/mL

Ni 75 ng/mL

Cu 120 ng/mL

Zn 60 ng/mL

https://doi.org/10.1371/journal.pone.0267775.t001
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2.6. Analysis of certified reference material

Lead and cadmium were analyzed in certified reference material. For this, a 0.1000g amount of

the certified material BCR 679 –White Cabbage was weighed, and the optimized chemical

measurement process followed. This was done for 15 subsamples for cadmium as required in

the analysis certificate and 10 times for lead, which was not certified. In addition, 2 controls

for each element were also measured.

3. Results and discussion

3.1. Instrumental parameter optimization

The graphite furnace program is important to ensure that the entire sample is atomized, and

quantitative analysis occurs. The furnace program can be described as four different stages: the

drying, pyrolysis, atomization, and the cleaning stage. Each of these plays a crucial role in the

detection of the analyte. The first step or drying stage removes water from the sample; the

pyrolysis stage combusts organic material; the next stage atomizes the analyte, and the last

stage reconditions the furnace by removing any residual sample at high temperatures. Since

this study involved a new chemical measurement process, it was necessary to optimize the fur-

nace program. For this, several different settings were tested, and the percent recoveries were

calculated. During the optimization of the furnace program, the pyrolysis stage was identified

as the critical phase where a large amount of analyte was being lost, hence major focus was

placed on the optimization of this stage. By lowering the temperature for this stage from 800˚C

to 400˚C for lead and to 300˚C for cadmium, the recovery rates improved to close to 100% for

both elements. Fig 2 summarizes the optimization of the pyrolysis stage showing how the

Fig 2. Optimization of the graphite furnace atomic absorption pyrolysis stage.

https://doi.org/10.1371/journal.pone.0267775.g002
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percent recovery for both elements is changing with temperature. Using a too high pyrolysis

temperature most likely causes interaction between the element and the organic matrix of the

sample reducing the element’s ability to become pyrolized3.

The furnace program having the best recovery rates for both elements is shown in Table 2.

It comprises eight steps and reaches a maximum temperature of 2500˚ C.

3.2. Sample preparation method optimization

Four different sample preparation methods were evaluated for the determination of lead in

biological samples using E. coli as model substance. The highest performing method was then

optimized and subsequently applied to the determination of cadmium. The performance of

each of these methods is summarized in Table 3 with respect to percent recovery, limit of

detection, and limit of quantification. The methods evaluated were acid dilution, acid dilution

with matrix modification, heat assisted open vessel acid digestion, and microwave assisted acid

digestion.

Dilution of the samples with nitric acid and hydrogen peroxide (10:1) was explored because

it is simple, fast, and inexpensive. Not surprisingly, however, the E. coli samples had a low per-

cent recovery with a large standard deviation and was not considered further.

The addition of a matrix modifier is often used to eliminate unwanted matrix mostly con-

sisting of organic material without the loss of analyte [36]. In this case a combination of

ammonium dihydrogen phosphate and magnesium nitrate was chosen as the matrix modifiers

since this had success in determining both lead and cadmium in animal tissue, milk, eggs, and

feedstuff [37,38]. In our application, the addition of a matrix modifiers performed had a decent

percent recovery however it had a large standard deviation and was not considered a viable

option for sample preparation. The next procedure investigated was heat assisted open vessel

acid digestion, which is sometimes applied to more complex materials where dilution with

acid and hydrogen peroxide is not sufficient to digest the analyte of interest. In case of the E.

coli cell pellets, heat assisted open digestion showed a recovery rate well above 100% indicating

Table 3. Performance of the four sample preparation methods for lead detection in E. Coli.

Method Percent Recovery (%) LOD (ng/mL) LOQ (ng/mL)

Acidic dilution 59.2 ± 46.7 1.30 ± 0.124 4.34 ± 0.394

Acid dilution and matrix modifier 77.1 ± 35.3 1.04 ± 0.320 3.45 ± 1.06

Heat assisted open vessel digestion 162 ± 151 1.03 ± 0.236 3.44 ± 0.789

Microwave assisted acid digestion 74.4 ± 1.33 1.43 ± 0.232 4.75 ± 0.737

https://doi.org/10.1371/journal.pone.0267775.t003

Table 2. Optimal graphite furnace temperature program for the detection of lead and cadmium in E. coli used for microwave assisted acid digestion (optimal

method).

Step Time (sec) Lead Cadmium

Temperature (C˚) Temperature (C˚)

1 Drying 3 60 60

2 20 150 150

3 10 250 250

4 Pyrolysis 10 400 300

5 10 400 300

6 3 400 300

7 Atomization 3 2000 2250

8 Cleaning 2 2500 2500

https://doi.org/10.1371/journal.pone.0267775.t002
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contamination. This is in line with other experiments, which found open digestion to be not

reliable for biological samples due to the high risk of contamination or losses as well as sub-

stantial standard deviations [39]. Hence this method was also rejected. The final approach

involved microwave assisted acid digestion. This process has been reported to be performing

well for biological samples as it allowed for complete digestion with only small amounts of

reagents, minimum risk of contamination, and also showed high reproducibility [39,40]. For

the E. coli samples investigated in this study, microwave assisted acid digestion provided the

best initial performance and was therefore optimized further.

3.3. Optimization of microwave assisted acid digestion

In the previous section, it was found that microwave assisted acid digestion yielded the best

results for the determination of lead in E. coli cell pellets. The method was optimized further

by assessing digestion time, power applied, and the ratio of nitric acid to hydrogen peroxide.

Eight different digestion times were tested ranging from 30–90 seconds and the percent

recovery calculated for each of them. Fig 3A summarizes the applied power settings indicating

that the highest recovery rate was obtained for a 60 second digestion time and this time was

used for all subsequent experiments.

The next parameter investigated was the power setting of the microwave. Six different

power settings were applied and as before, the percent recovery was used to assess the optimal

one. No significant difference was observed between the different power settings, and it was

decided to use the maximum power setting of 1200W going forward.

Finally, the ratio between hydrogen peroxide and nitric acid was assessed. As before the

percent recovery was applied as a determinant of the highest performance and it was found

that a 4:1 ratio between nitric acid and hydrogen peroxide yielded the best percent recovery

with higher than 95%. Fig 3 displays the microwave times (3a, left) and nitric acid to hydrogen

peroxide ratios (3b, right) tested highlighting the optimized settings by a box, and Table 4 con-

trasts the optimized microwave assisted acid digestion procedure for the determination of lead

in E. coli with the initial one.

The repeatability of the optimized process expressed as relative standard deviation between

the measurements was determined by analyzing 12 samples containing the same amount of

lead and 3 controls having no lead present. The repeatability of the optimized method was

Fig 3. Optimization of microwave assisted acid digestion. a) time of digestion; b) hydrogen peroxide to nitric acid ratio. The optimal

settings are boxed.

https://doi.org/10.1371/journal.pone.0267775.g003
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18.4%, which is substantially better than the 37.6% repeatability obtained for the initial

method. The somewhat higher relative standard deviation can most likely be attributed to the

variable blank value of lead measured in the E. coli samples alone. The samples were stored in

buffered saline solution (BSS) solution to simulate the chemical environment of biological

samples and an average blank value of 1.27ng/mL ± 14.0% was found.

The finalized chemical measurement process is depicted in Fig 4 and can be summarized as

follows: suspension of the biological sample (E. coli) in 500μL 4:1 HNO3:H2O2 and 500μL

ultrapure water. Microwave digestion of this solution at 1200W for one minute. Transfer of

the sample into a pre-cleaned and heat prove container and dry at 100˚C for 48 hours. The

drying and subsequent resuspension of the sample in half the volume pre-concentrates the

sample in cases when elements of interest are close to or below limit of detection such as for E.

coli. Final resuspension of the sample in 500 μL of 50% v/v 4:1 HNO3:H2O2 solution and subse-

quent analysis by GFAAS.

3.4. Application of the sample preparation method for cadmium and

specificity of the method

Besides lead, cadmium is detrimental to organisms thus it was important to be able to deter-

mine cadmium with the same sensitivity in biological samples as lead. To do so the now opti-

mized sample preparation method was applied for the measurement of cadmium in ECPs and

Table 4. Comparison between the optimized and initial microwave assisted acid digestion procedure with respect to recovery rates, limits of detection (LOD), limits

of quantification (LOQ), and repeatability expressed as relative standard deviation between measurements.

Method Percent Recovery (%) LOD (ng/mL) LOQ (ng/mL) Repeatability [%]

Microwave assisted acid digestion: initial 7’6.7 ± 4.92 1.43 ± 0.233 4.753 ± 0.743 37.6%

Microwave assisted acid digestion: optimized 99.0 ± 9.46 0.393 ± 0.0462 1.31 ± 0.154 18.4%

https://doi.org/10.1371/journal.pone.0267775.t004

Fig 4. Optimized microwave assisted acid digestion for determination of lead in E. coli.

https://doi.org/10.1371/journal.pone.0267775.g004
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the same parameter was determined for lead. Table 5 summarizes the results obtained and as

can be seen, the method performed equally well for the determination of cadmium showing a

high recovery rate of the element as well as low detection limits, quantification limits, and

good repeatability.

Biological samples often contain large amounts of metabolic elements like sodium, potas-

sium, chlorine, and iron, which potentially can interfere with the analysis of the desired ana-

lyte. Hence, it was important to determine how specific the developed chemical measurement

process is with respect to determine elements of interest, in this case, lead and cadmium. A

previous study was used to identify the potentially interfering elements and their concentra-

tions are listed in Table 1 [41]. To evaluate the specificity of the method, the listed amounts of

the potentially interfering elements were first added individually and then as a mixture. The

recovery rates of lead and cadmium were measured. Fig 5 shows the results obtained in the

form of recovery rates. It can be concluded that the developed chemical measurement process

is robust and was not influenced by other elements present in the sample.

Table 5. Performance of the developed and optimized sample preparation method for cadmium.

Element Percent Recovery [%] LOD [ng/mL] LOQ [ng/ml] Repeatability [%]

Cadmium 110 ± 11.6 0.646 ± 0.868 2.14 ± 0.283 10.9%

https://doi.org/10.1371/journal.pone.0267775.t005

Fig 5. Average recovery rates for lead and cadmium in presence of potentially interfering elements. The

concentration of those elements is shown in Table 1. Each element was investigated first individually and then a

mixture of all elements combined.

https://doi.org/10.1371/journal.pone.0267775.g005

PLOS ONE Method development of Lead and Cadmium in biological samples by GFAAS

PLOS ONE | https://doi.org/10.1371/journal.pone.0267775 May 3, 2022 10 / 13

https://doi.org/10.1371/journal.pone.0267775.t005
https://doi.org/10.1371/journal.pone.0267775.g005
https://doi.org/10.1371/journal.pone.0267775


3.5. Analysis of certified reference material

The developed sample preparation method was validated by analyzing certified reference

material. Unfortunately, biological certified reference materials reporting both cadmium and

lead are not available, thus it was decided to select BCR 679 –white cabbage, which reported

cadmium as one of the elements certified and matched closely enough the chemical consis-

tency and composition of E. coli as well as other biological materials. Table 6 displays the

results obtained with the required 15 subsamples from BCR 679 being analyzed for cadmium

and an additional 10 subsamples analyzed for lead. As can be seen from the table, the cadmium

amount determined is in good agreement with the certified one, thus showing a high accuracy

of the developed chemical measurement process.

4. Conclusion

An analytical method for determination of lead and cadmium in biological materials was

developed using E. coli as model substance. The method involved the exploration of four dif-

ferent sample preparation techniques, its subsequent optimization for lead detection and

finally its application for cadmium determination. The final method consisted of microwave

assisted digestion with a 4:1 mixture of HNO3:H2O2, 60 seconds digestion time at the highest

power setting of 1200W, and subsequent analysis by GFAAS using a specifically tailored fur-

nace program for lead and a separate one for cadmium. It had a high recovery rate and good

repeatability for both elements and was not impacted by the presence of other elements in the

sample. In a final step, the analytical method was validated by analyzing cadmium in certified

reference material and proved to be suitable for this material as well.
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