
Introduction

Commercial baby foods are the 
main source of nutrients and energy 

for many children around the globe, and therefore, the quality and safety of 
baby foods are extremely important during these crucial developmental stages. 
Arsenic (As), cadmium (Cd), mercury (Hg), and lead (Pb) are toxic elements. 
The United States Food and Drug Administration (U.S. FDA) and the World Health 
Organization (WHO) have declared them harmful to human health, particularly 
for babies and children who are undergoing neurological development. These 
elements can be taken up by the ingredient crops (such as rice, fruits, vegetables) 
or by animals from the air, water, and soil during growth, and/or introduced as 
contaminants during processing and storage.

In March of 2021, the U.S. House of Representatives introduced the bill “Baby Food 
Safety Act of 2021”1 to regulate the presence of toxic elements in infant and toddler 
food products. The maximum levels of the toxic elements are: inorganic arsenic 
(10 ppb, 15 ppb for cereal), lead (5 ppb, 10 ppb for cereal), cadmium (5 ppb, 10 ppb 
for cereal), and mercury (2 ppb)1. Following this act, the U.S. FDA announced a 
‘Closer to Zero’ action plan, which outlines the rollout plan that the agency will use 
over the next three years (and beyond) to reduce the toxic elements in foods eaten 
by babies and young children to as low levels as possible 2.
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The U.S. FDA has published an elemental analytical method by 
ICP-MS: Elemental Analysis Manual (EAM) 4.7, which includes 
the analysis of the aforementioned toxic elements and other 
trace elements that are commonly treated as nutrients, such as 
selenium (Se), zinc (Zn), copper (Cu) and manganese (Mn)3.

ICP-MS is a powerful elemental analysis technique with 
multi-element detection capabilities, low detection limits, high 
speed of analysis, and wide linear dynamic range, among 
other benefits. However, as with any analytical technique, 
it is affected by interferences, here in the form of plasma,  
matrix-based polyatomic and doubly-charged ion interferences.

Polyatomic interferences are generated by the reaction of 
matrix ions and the plasma-based ions, such as Ar, C, N, O, 
and H, which can overlap target ions, where examples of such 
polyatomic interferences are 40Ar35Cl+ on 75As+, 40Ar12C+ on 
52Cr+, 40Ar15N+ on 55Mn+, 40Ar38Ar+ on 78Se+, etc. Doubly-charged 
ions are formed by the secondary ionization of elements with 
low second ionization potentials, such as rare earth elements 
(REEs). For example, the doubly-charged ions from 150Nd++ 
and 150Sm++ may interfere with 75As+, and the doubly-charged 
ions from 156Gd++ and 156Dy++ can interfere with 78Se+. With 
globalization, the ingredients of food products (including baby 
foods) can be originated from vastly diverse geological regions, 
so the presence of rare earth elements in some food products 
should not be neglected for accurate elemental analysis.

PerkinElmer’s NexION® ICP-MS series is equipped with 
Universal Cell Technology (UCT) that can operate in Collision 
mode with kinetic energy discrimination (KED) and Reaction 
mode with dynamic bandpass tuning (DBT). In Collision mode, 
a chemically inert gas, usually helium, collides with both the 
analytes and interferences. Since polyatomic interferences 
have a larger cross-sectional diameter than elemental ions at 
the same mass (e.g., 40Ar35Cl+ is larger than 75Cl+), they undergo 
more collisions and lose more energy and therefore cannot 
make it past the energy barrier at the exit of the collision/
reaction cell. Doubly-charged ions, however, cannot be resolved 
via Collision mode. A few techniques have been developed 
to correct for interferences from doubly-charged ions, which 
either involve tedious post-analysis mathematical corrections 
or sacrificing the sensitivities using half-mass corrections. 

In this work, Reaction mode using oxygen as reaction gas 
was used for the analysis of As and Se, in which As and Se 
react with oxygen to form 75As16O+ at mass 91 and 78Se16O+ at 
mass 94, respectively, and move away by +16 amu from the 
respective doubly-charged interferents. Apart from resolving 
the doubly-charged ion interferents, Reaction mode has the 
added benefit of offering the lowest detection limits on As and 
Se without compromising on their sensitivities. Additionally, 
Reaction mode can also be used to tackle polyatomic 
interferences with improved sensitivities and detection limits in 
some cases. For example, Reaction mode with ammonia gas 
can be used to remove the polyatomic interferences on 52Cr, in 
which the interferents 40Ar12C+, 35Cl16OH+, 35Cl17O+, 37Cl14N1H+, etc., 
react with NH3 via a charge-transfer reaction, losing their charge 
to NH3, whereafter they are rejected in the analyzer quadrupole. 
In this work, Reaction mode with ammonia gas, along with 
Collision mode with helium, were used for the analysis of Cr 
and Mn to demonstrate the versatility of the NexION ICP-MS 
series in addressing spectral interferences. 

This work describes a procedure for the analysis of toxic 
elements (Cd, Hg, Pb, and As) and other trace elements (Cr, Mn, 
Se, Ni, Cu, Zn, Mo, and Tl) in baby foods (pureed and cereal) 
following U.S. FDA EAM 4.7 using the Titan™ MPS microwave 
digestion system for sample digestion and the NexION 2000 
ICP-MS equipped with a High Throughput System (HTS) for 
sample analysis. 

Experimental
Instrumentation

Sample digestion was performed using a Titan MPS  
microwave digestion system (PerkinElmer Inc., Shelton, 
Connecticut, USA). All analyses were performed with a NexION 
2000 ICP-MS (PerkinElmer Inc.) equipped with HTS and an 
S20 series autosampler. HTS uses flow injection technology to 
deliver the sample to the plasma during the data acquisition 
stage and diverts the sample to the waste for the rest of the 
time, minimizing both the residence time of the sample in 
the plasma as well as wash times, where it can perform the 
wash procedure more efficiently than conventional sample 
introduction. The instrument components and operating 
conditions used for the analysis are shown in Table 1. 
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Table 1. NexION ICP-MS Instrument Components and Operating Conditions. Table 2. Elements, Isotopes, and Modes of Analysis for Different Elements.

* Elements measured in Reaction mode with ammonia. 
+ Sum of three isotopes to address the natural abundance variation.

Instrument Component Type/Value

Nebulizer ST-PFA MicroFlow

Spray chamber Quartz cyclonic

Torch One-piece quartz torch, 2 mm injector

Cones Nickel sampler and skimmer cones
Aluminum hyper-skimmer cone

Peristaltic pump tubing

Carrier/Internal standard: orange/green 
(0.38 mm i.d.)
Waste: gray/gray Santoprene  
(1.30 mm i.d.)

Sample uptake rate 0.2 mL/min

Operating Conditions Type/Value

RF power 1600 W

Plasma gas flow 15 L/min

Auxiliary gas flow 1.2 L/min

Nebulizer gas flow Optimized for <2.5% oxides; 
double charge < 2.5%

Cell gas O2, He, NH3

Instrument Optimization and Method Development

Before sample analysis, the instrument was tuned for optimal 
sensitivity and oxide as well as doubly-charged ion ratios. It 
should be noted that new or newly cleaned cones need to be 
conditioned before optimization. In this method, the cones were 
conditioned by aspirating the digested food sample solution 
and monitoring the internal standards until the signals were 
stabilized. The analyzed elements, their respective isotopes, 
and the mode of analysis used for each element in this method 
are listed in Table 2. Three isotopes of Pb were measured 
and their intensities were summed to address the Pb natural 
abundance variation. 

Reagents and Calibration Standards

Ultrapure water (UPW) (Resistivity ≥ 18.2 MΩ.cm) and high 
purity acids (Tama Chemicals, USA) were used throughout this 
work. The calibration standards were prepared by the dilution 
of ICP-MS grade single-element standards (see Consumables 
Used table) in a diluent made of 5% HNO3 and 0.5% HCl and 
spiked with 200 ppb of gold to aid the mobility of Hg. This 
diluent was also used as the calibration blank and carrier 
solution. The concentrations of the calibration standards are 
shown in Table 3. Standard 4 was also used as a continuing 
calibration verification (CCV) standard. A second multi-element 
standard with certified concentrations of 10 ppm for the 
target elements (except Hg) was used as the initial calibration 
verification (ICV) stock source and was diluted to 10 ppb using 
the same diluent. 

Element Mass Mode

Cr 52 Helium Collision

Mn 55 Helium Collision

Cr* 52 Ammonia Reaction

Mn* 52 Ammonia Reaction

Ni 60 Helium Collision

Cu 63 Helium Collision

Zn 66 Helium Collision

As 91 Oxygen Reaction

Se 94 Oxygen Reaction

Mo 95 Helium Collision

Cd 111 Helium Collision

Hg 202 Helium Collision

Tl 205 Helium Collision

Pb+ 206+207+208 Helium Collision
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Table 3. Concentrations of the Calibration Standards.

Element Standard 
1 (ppb)

Standard 
2 (ppb)

Standard 
3 (ppb)

Standard 
4 (ppb)

Standard 
5 (ppb)

Mn, Zn, Cu 1 10 50 100 250

Cr, Ni, As, Se, 
Mo, Cd, Hg, 
Tl, Pb

0.1 1 5 10 25

Hg 0.01 0.1 0.5 1 2.5

The internal standard solution was comprised of 400 ppb 
Sc, 20 ppb Rh and Ir in a solution of 1% HNO3 and 0.5% 
HCl and 2% isopropanol (IPA). Isopropanol was added to 
compensate for the difference in the carbon content in the 
standards and the samples and among samples to address the 
carbon-induced signal enhancement effects on elements with 
high ionization potential, like As and Se4,5. The internal standard 
was introduced into the designated port of the HTS valve and 
mixed online with the sample.

The wash solution consisted of 1.5% HCl (v/v) and 1.5% HNO3 
(v/v) spiked with 200 ppb gold and 5% IPA, where IPA was used 
to facilitate the washout of organic materials.

Sample Preparation

A baby food composite standard reference material (SRM) 
2838a and a rice flour SRM 1568b, both purchased from 
the National Institute of Science and Technology (NIST) 
(Gaithersburg, Maryland, USA) were used to validate the 
accuracy of the method for pureed baby foods and the dry 
cereal products, respectively. One pureed baby food sample 
made of fruits and vegetables, namely Fruit Meal, and one dry 
baby cereal, namely Rice Cereal, were used to test duplicity 
and prepared for fortified analytical portions (FAPs) in which 
the samples were spiked with multi-element standards at two 
concentration levels before digestion, as shown in Table 4, to 
verify the accuracy and recoveries of the analytical method.

Element Low Spike Level (L1)
 (ppb)

High Spike Level (L2) 
(ppb)

Cr 1 10

Ni 1 10

As 1 10

Se 1 10

Mo 1 10

Cd 1 10

Pb 1 10

Tl 1 10

Hg 0.1 1

Mn 10 100

Cu 10 100

Zn 10 100

The digestion vessel was pre-wet by adding a few drops of 
ultrapure water (UPW). Baby food samples and the SRMs (ca. 
2 g of the pureed sample and ca. 0.5 g of the dry sample) were 
accurately weighed into 75 mL microwave digestion vessels, and 
1 mL of UPW added, followed by 8 mL HNO3, 2 mL H2O2 and 
24 µL of gold single-element standard (1000 ppm). Gold was 
added as a Hg stabilizer. The method blanks, SRMs, baby food 
samples, and FAPs were digested in the same batch using the 
built-in method for rice flour. Microwave digestion parameters 
are shown in Table 5.

Following digestion, the digests were quantitatively transferred into 
pre-weighed 50 mL centrifuge tubes by decanting the samples 
into pre-weighed centrifuge tubes, rinsing the vessels twice with 
10 mL of UPW, and adding these rinsings to their respective 
centrifuge tubes. High-purity concentrated HCl (0.5 mL) was added 
into the centrifuge tube, followed by UPW to the 40 mL mark to 
get the second sample stock solution and the weight recorded. 
The second stock sample solution (16 mL) was pipetted into a 
pre-weighed 50 mL centrifuge tube and UPW added to the 40 mL 
mark, the weight recorded, and the sample analyzed by ICP-MS. 

Table 4. Concentrations of Spikes in the Analytical Solutions of the FAPs.
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Table 5. Microwave Digestion Parameters.

Step
Target 

Temperature 
(°C)

Pressure 
(Bar)

Ramp 
Time 
(min)

Hold 
Time 
(min)

Power 
(%)

1 160 30 5 5 90

2 190 30 3 20 100

3 50 30 1 15 0

Results and Discussion
As and Se Analysis using Reaction Mode with Oxygen

To evaluate the potential isobaric interference of 91Zr+ and 94Mo+ 
on 75As16O+ and 78Se16O+, respectively, tests were performed on 
standard solutions made of 5 ppb As and Se in 3% HNO3 and 
0.5% HCl and spiked with Zr and Mo at various concentrations 
up to 1000 ppb. As shown in Figure 1, accurate recoveries of 
As and Se were obtained for the entire range tested, which 
is higher than the concentration of Zr and Mo that can be 
expected in normal food materials, verifying that Zr and Mo 
do not interfere with the analysis of As and Se using Reaction 
mode under the experimental conditions evaluated. 

Figure 1. Recoveries of As and Se in the presence of Zr and Mo measured in 
Reaction mode with oxygen.

Detection Limits

As defined in EAM 4.7 and EAM 3.26, the analytical solution 
detection limit (ASDL) and analytical solution quantification limit 
(ASQL) were calculated as 3.8 times and 30 times the standard 
deviation of 10 replicated measurements of the method blank, 
respectively. For all the 12 elements required in EAM 4.7, the 
ASDLs and ASQLs obtained in this method were much lower 
than those provided in EAM 4.7, often by more than an order 
of magnitude (Figure 2). The ASDLs and ASQLs for Cr and Mn 
analyzed in Reaction mode with NH3 were 10 and 5 times lower 
than in Collision mode with KED, respectively. 

Figure 2. The analytical solution limits of this method and that provided in EAM 4.7. 
*Measured in ammonia Reaction mode.

The limit of detection (LOD) and limit of quantification (LOQ) 
were calculated by multiplying ASDL and ASQL with the 
dilution factor. The dilution factor was approximately 50 for 
the pureed baby food samples and 200 for the cereal samples. 
Comparisons of the detection limits obtained in the method 
and that specified in EAM 4.7 in each category are shown in 
Figures 3 and 4, as well as the action levels for each of the toxic 
elements. For all the 12 elements required in EAM 4.7, the LODs 
and LOQs obtained in the method were lower than the nominal 
limits provided in EAM 4.7.

Figure 3. Comparison of limits of detection (LODs) achieved in this work compared 
with those captured in EAM 4.7. Dilution factors of 50 and 200 were applied for the 
pureed (non-cereal) baby food and the baby cereal, respectively. The action levels 
proposed in the “Baby Food Act 2021” are also plotted for comparison. *Measured 
in ammonia Reaction mode.

Figure 4. Comparison of limits of quantification (LOQs) achieved in this 
work compared with those captured in EAM 4.7. Dilution factors of 50 and 
200 were applied for the pureed (non-cereal) baby food and the baby cereal, 
respectively.*Measured in ammonia Reaction mode.
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Accuracy

The accuracy of the method was verified by evaluating the 
recoveries of various analytes achieved in SRM 2383a (Baby 
Food Composite), SRM 1568b (Rice Flour), and FAPs. 

The SRM was prepared in triplicates and each preparation was 
measured three times. The mean recoveries of the triplicates 
are shown in Figure 5. Recoveries between 90% and 110% were 
obtained for the certified elements (Figure 5), falling well within 
the QC criteria of 80-120%, as specified in EAM 4.7. Elements Cr, 
Ni, and Tl were not certified for the tested SRMs and therefore 
are not shown in Figure 5.

Figure 5. Recoveries for the certified values in SRM 2383a (Baby Food Composite) 
and SRM 1568b. *Measured in ammonia Reaction mode.

FAP tests were performed on the pureed baby food ‘Fruit Meal’ 
and the baby cereal ‘Rice Cereal’ at two spike levels, L1 and L2, as 
listed in Table 4. Duplicates were prepared for each spiked sample. 
The mean recoveries are shown in Figure 6. Recoveries between 
87% and 110% were obtained for all target elements, falling well 
within the QC criteria of 80-120% as specified in EAM 4.7. 

Figure 6. FAP test results on the pureed baby food (Fruit Meal) and the dry baby 
cereal (Rice Cereal) samples. *Measured in ammonia Reaction mode.

Precision

The precision was evaluated by the relative percent difference 
(RPD) of duplicated sample analysis. RPD tests were performed 
on two purchased baby food samples and the results were 
shown in Table 6. For both samples, the RPDs were within the QC 
criteria of <20%, as specified in EAM 4.7 for all target elements.

Fruit Meal Rice Cereal

Element

Measured 
Concentration (µg/

Kg)
Portion A

Measured 
Concentration (µg/

Kg)
Portion B

RPD (%)

Measured 
Concentration (µg/

Kg)
Portion A

Measured 
Concentration (µg/

Kg)
Portion B

RPD (%)

Cr* 31.31 37.05 17% 131.07 131.31 0.2%

Cr 31.33 36.46 15% 128.77 128.36 0.3%

Mn* 3311.56 3378.80 2% 10450.53 10789.83 3%

Mn 3579.49 3649.23 2% 10825.25 11044.67 2%

Ni 137.02 137.86 1% 239.76 249.15 4%

Cu 1482.91 1537.65 4% 2032.26 2100.86 3%

Zn 1250.67 1279.91 2% 19334.79 19434.17 1%

As 0.68 0.67 1% 11.76 11.72 0.4%

Se 2.50 2.53 1% 84.30 84.27 0.04%

Mo 10.72 10.91 2% 154.14 151.63 2%

Cd 1.95 1.85 5% 3.84 4.19 9%

Hg 0.24 0.23 5% <LOD <LOD --

Tl 0.12 0.12 7% 0.85 0.90 6%

Pb 1.37 1.39 1% <LOD <LOD --

Table 6. RPD Test Results on the Pureed Baby Food (Fruit Meal) and Baby Cereal Samples. 

*Measured in ammonia Reaction mode
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Stability Check

To validate the stability of the method, baby food samples were 
measured repeatedly over 8 hours and the CCV recoveries 
were monitored over this period. All the CCV recoveries were 
normalized to Standard 3 (Table 3) and were well within ± 10% 
of the original reading as shown in Figure 7, meeting the QC 
criteria of 100 ± 10% as specified in EAM 4.7. 

 

Figure 7. CCV recoveries over an 8-hour run of baby foods samples. *Measured in 
ammonia Reaction mode.

Conclusions
The U.S. FDA’s EAM 4.7 method was used to prepare and 
analyze baby food samples of two categories, namely pureed 
and cereal, for the accurate quantification of toxic elements 
like As, Cd, Hg, and Pb, as well as eight other trace elements 
(Cr, Mn, Ni, Cu, Zn, Se, Mo, and Tl) required in EAM 4.7 using 
the NexION ICP-MS. 

• The Titan MPS microwave system was used to digest 
the baby food samples using a built-in method for this 
sample type.

• Flow injection with HTS was used for sample introduction 
to increase the sample throughput and reduce the total 
sample residence time in the plasma.

• Versatile gas modes were used to remove/mitigate 
spectral interferences.

• Improved sensitivity and detection limits were achieved 
for Cr and Mn using Reaction mode with ammonia, 
resulting in superior performance compared to Collision 
mode with KED where method development was simple.

The method was evaluated in terms of its detection limits, 
accuracy, precision, and stability following the EAM 4.7 
method, and was found to meet and exceed the QC criteria 
in each category, where the LODs were less than the action 
levels proposed in the "Baby Food Safety Act of 2021", 
making the method and instrumentation used suitable for the 
routine analysis of baby foods and other related food and raw 
material samples.
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Component Description Part Number

Peripump Tubing Carrier/internal Standard: Orange/Yellow (0.38 mm i.d.)
Waste: Gray/Gray Santoprene (1.30 mm i.d.)

N8152403
N8152415

Internal Standard Mix 200 ppm Sc, 10 mg/L of Rh and Ir N9307738

Multi-element Standard (used for 
preparing calibration standard)

100 µg/mL of Cr, Mn, Ni, Cu, Zn, As, Se, Mo, Cd, Pb, and Tl in 5% HNO3/Trace 
Tartaric Acid/Trace HF N9301721

Multi-element Standard (used 
for preparing initial calibration 
verification standard)

10 µg/mL of Cr, Mn, Ni, Cu, Zn, As, Se, Mo, Cd, Pb, and Tl in 5% HNO3/Trace 
Tartaric Acid/Trace HF N9303825

Single-element Standard

1000 µg/mL of Hg in 10% HNO3 N9303740

1000 µg/mL of Mn in 2% HNO3 N9303744

1000 µg/mL of Cu in 2% HNO3 N9303737

1000 µg/mL of Zn in 2% HNO3 N9303758

1000 µg/mL of Au in 10% HCl N9303759

Consumables Used




