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Abstract

A certified reference material (CRM), KRISS CRM 108-02-006, was developed for the accurate analysis of low levels of
acrylamide in infant formula matrices. The CRM is an infant formula fortified with acrylamide at a similar level as that
stipulated by the European Union regulation for baby food. Commercially available infant formulas were processed by
freeze-drying, and the subsequent homogenization of the fortified material to produce 961 bottles of the CRM in one batch.
The CRM bottles containing approximately 15 g of the material in each unit were stored in a storage room at — 70 °C. High-
purity acrylamide was used as the primary reference material, and its purity was assessed using an in-house mass-balance
method to obtain results metrologically traceable to the International System of Units. The acrylamide content of the infant
formula CRM was evaluated using isotope dilution—liquid chromatography/mass spectrometry as a reference method, which
was established by our research group. An acrylamide content of 55.7 +2.1 pg/kg was assigned as the certified value of
the CRM with the expanded uncertainty at a 95% confidence level. The homogeneity study showed good uniformity of the
acrylamide content among units, providing a relative standard deviation of 1.2% of the mean value. A stability study was
also performed by monitoring the CRM under different temperature conditions and periods. The stability results indicated
that the acrylamide content in the CRM under the storage conditions of —70 “C remained stable for up to 10 months.

Keywords Acrylamide - Certified reference material - Isotope dilution—liquid chromatography/mass spectrometry - Infant
formula - Homogeneity and stability of the infant formula CRM

Introduction

Acrylamide is a useful chemical for many industries related
to paper, cosmetics, and petroleum. However, as it is a food
contaminant and a probable carcinogen, it adversely affects
humans [1, 2]. Acrylamide forms in starchy foods during
cooking at high temperatures above 120 “C. Since this food-
related issue was first raised in 2002 by Swedish researchers,
acrylamide levels in food have been monitored worldwide
[3-6]. The Commission of the European Union (EU) estab-
lished regulations to mitigate the presence of acrylamide
in food in 2017, and legislations on benchmark levels are
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expected to be renewed in 2023 [7]. The Korean govern-
ment has implemented regulations to reduce the presence
of acrylamide in food since 2021. Accordingly, there is an
increasing demand for the reliable measurement of acryla-
mide content in foods. Additionally, the accurate analysis of
acrylamide in daily food is required to alleviate the safety
concerns associated with dietary exposure.

We have previously developed a potato chip paste cer-
tified reference material (CRM) for analyzing acrylamide
in representative carbohydrate-rich fried foods [8, 9]. The
European reference material (ERM; crispbread) BD272 is
also available for acrylamide analysis. The mass fractions
of acrylamide in both CRMs are several hundreds of pg/
kg in starchy food matrices. However, no other CRMs are
available for the analysis of low acrylamide contents in
infant food matrices. Infants and young children are vul-
nerable to acrylamide exposure from food. The EU has set
the lowest benchmark level of acrylamide as 40 pg/kg for
infants and young children. Infant formula is a representa-
tive baby food consumed daily by infants under 12 months
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of age. Therefore, we developed a new infant formula CRM
in accordance with the EU regulations for acrylamide in
baby foods.

Isotope dilution—liquid chromatography/mass spectrome-
try (ID-LC/MS) has been widely used to analyze acrylamide
[3, 8-12]. In this study, an optimized analytical procedure
for infant formula sample analysis, based on our previously
established ID-LC/MS method, was applied to characterize
the low levels of acrylamide content. Prior to sample analy-
sis, 13C-labeled acrylamide was added as an internal stand-
ard (IS) to account for recovery during sample treatment
and instrumental sensitivity. Simple sample extraction using
a chloroform—methanol solution and solid-phase extraction
(SPE) clean-up were sequentially conducted for the LC/MS
instrumental analysis. The developed ID-LC/MS method
was validated based on its repeatability and intermediate
precision. Finally, the infant formula CRM was character-
ized using the developed method to obtain metrologically
traceable measurement results. Herein, we describe the com-
plete procedure for the development of the infant formula
CRM and the analysis of its acrylamide content, including
the evaluation of the associated uncertainties. In addition,
the homogeneity was assessed to evaluate the uniformity
of the acrylamide content throughout the CRM batch, and
the stability was monitored to verify the maintenance of the
acrylamide levels under specific storage conditions.

Materials and methods
Materials and chemicals

Acrylamide was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and was used as the primary reference material
for CRM characterization. The purity of the acrylamide was
determined via the following procedures developed in-house
based on a mass-balance approach. The purity was 99.9%
with the standard uncertainty of 0.1%, which was applied to
correct the concentration of the standard solution. The mass-
balance approach using various analytical methods has been
widely used to determine the purity of the reference material
and detailed descriptions of the purity assay are provided
elsewhere [13—15]. Briefly, the structurally related impuri-
ties in the analyte were analyzed using liquid chromatogra-
phy—ultraviolet detection (LC-UV), and the water content
was determined via Karl Fischer coulometry using an oven-
drying method. Nonvolatile inorganic impurities were evalu-
ated using thermogravimetric analysis. The residual solvent
was quantified with headspace—gas chromatography MS.
Isotope-labeled acrylamide (13C3—acrylamide) that was used
as the IS was obtained from Cambridge Isotope Laboratories
Inc. (Andover, USA). Acetic acid, methanol, and chloroform
were purchased from Burdick and Jackson (Muskegon, NJ,
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USA). The infant formula used as the raw material to pro-
duce the CRM was purchased from local markets.

CRM production procedure

Commercial infant formulas were used to produce the CRM
that contained low levels of acrylamide, ranging from 5 to
8 pg/kg. A spiking solution was prepared to produce the
CRM with acrylamide levels based on EU regulations. An
acrylamide solution was prepared in water at a concentra-
tion of 750 pg/kg. Approximately 16 kg of infant formula
as the raw material was fortified with 1 L of the acrylamide
solution. The fortified infant formula paste was mixed for 4 h
and freeze-dried overnight. The dried material was ground
using a rotor mill (Pulverisette 14: Fritsch, Idar-Oberstein,
Germany) at 13,000 rpm and subsequently sifted to prepare
samples with a particle size ranging from 50 to 250 pm. The
final homogenization process was conducted using a three-
dimensional mixer (JT3DM-300; JT, Kyunggido, South
Korea) at 15 rpm for 8 h. Subsequently, 15 g of the homog-
enized sample was bottled and sealed in an argon atmos-
phere. A total of 961 bottles of the infant formula CRM
were produced and maintained at —70 °C in a storage room.

Sample preparation procedure

Four standard solutions (1 mg/kg) containing purity-
assigned acrylamide were gravimetrically prepared in water.
13C;-acrylamide was dissolved in water to obtain an isotope-
labeled standard solution with the same concentration as
that of the aforementioned standard solutions. Each standard
solution was diluted ten times and gravimetrically mixed
with the isotope-labeled standard solution to prepare two
standard solutions at an isotope ratio of 1:1. Acrylamide
and 13C3-acrylamide in standard solutions with eight isotope
ratios were analyzed using LC/MS to select one standard
solution as the calibration standard for the determination of
the acrylamide content in the samples.

Approximately 1 g of the infant formula was placed in
a 50-mL conical flask and spiked with the isotope-labeled
standard solution to obtain a 1:1 isotope ratio. The sam-
ple was then mixed with 10 mL of water for 10 min. Next,
10 mL of a chloroform—methanol (2:1, v:v) solvent mixture
was added and mixed for 10 min to remove lipids. After cen-
trifugation at 5000 rpm for 10 min, the upper aqueous layer
was passed through a polyvinylidene fluoride syringe filter.
The extract was purified using Oasis PRiIME HLB (6 cc,
200 mg) and Oasis PRIME MCX (6 cc, 150 mg) SPE car-
tridges (Waters, Manchester, UK). Each SPE cartridge was
washed with 3 mL of methanol followed by elution of the
loaded extract with 0.5 mL of water. Ten microliters of the
final extract was injected into the LC/MS system.
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ID-LC/MS measurements and quantification
of acrylamide

A QTRAP 6500+ LC/MS system (SCIEX, Framingham,
MA, USA) was used for ID-LC/MS measurements. The
optimized conditions for LC analysis were obtained using
an Acquity HSS C18 column (1.8 pm, 2.1 X 100 mm) from
Waters (Manchester, UK). The mobile phase was a mix-
ture solution with 0.2% acetic acid and 0.5% methanol
in water. The separation was performed at a flow rate of
0.2 mL/min under isocratic conditions. The sample from
the LC system was ionized using a positive electrospray
at 5500 V. Acrylamide and '*C;-acrylamide were moni-
tored in selected reaction monitoring (SRM) modes at m/z
72— 55 and m/z 75 — 58, respectively.

The property value of the infant formula CRM is the
acrylamide concentration measured using the ID-LC/MS
method. The acrylamide content (Cy,ppe), €Xpressed as
a mass fraction (pg/kg), was calculated using Eq. 1 and
the ID-LC/MS measurements. The exact matching of the
isotope ratio with single-point calibration was performed
in this study, and a detailed explanation can be found in
previous reports [8, 9, 16-20].

mis—so],spiked'ARsample * My_sol,std.mix. * Cs—sol
Csample - (1)

Mgample * ARstd.mix. * Mis_sol,std.mix.

where mjg o pikeq 18 the mass of the 13C;-acrylamide solu-
tion added to the sample; AR, indicates the area ratio
of the acrylamide and 13C3-acrylamide peaks in the LC/
MS results of the infant formula sample; m_ | q.mix. and
My g0l std.mix, TEPTEsent the masses of the acrylamide standard
solution and isotope-labeled acrylamide solution, respec-
tively, which are added to the isotope-ratio standard solu-
tion; C,_, corresponds to the concentration of acrylamide in
the standard solution; mg, .. is the mass of the sample used
for the analysis; and AR ix Presents the area ratios of the
acrylamide and 13C3-acrylamide peaks observed in the LC/
MS chromatogram of the isotope-ratio standard solution.
The uncertainty evaluation of the measurement values was
performed in our laboratory according to the Guide to the
Expression of Uncertainty in Measurement [21].

The infant formula CRM contained a certain amount
of water. Therefore, the final content of acrylamide in the
infant formula samples was determined using dry-mass
correction. Three separate aliquots were collected from the
same CRM units, which were also selected for the ID-LC/
MS measurements. The recommended mass of the aliquot
for dry-mass correction is > 1 g. The aliquot was weighed
before and after drying for 2 weeks in a desiccator with an
adequate amount of P,O5 desiccant. The mass difference
between each sample was used to correct the acrylamide
content in the sample.

Homogeneity study and certified value assignment

Ten units of the infant formula CRM were chosen for homo-
geneity tests of the acrylamide content. A single aliquot
taken from each unit was analyzed following the homogene-
ity study described in Sect. 7.5.2 of the ISO Guide 35:2017
[22]. Four subsamples from two units were analyzed to
determine the certified acrylamide content in the infant
formula CRM. The day before the measurement, the units,
which were stored at —70 ‘C, were taken from the storage
room and were subsequently maintained at room tempera-
ture prior to the sample preparation.

The uncertainty of the certified value (ucgy,) was evalu-
ated using Eq. 2. A comprehensive explanation of the asso-
ciated uncertainties can be found in previous reports [8,
16-20].

— /2 2 2
Ucrm = uchar + Mhom + ults (2)
where u,,. is the uncertainty associated with characteriza-

tion, including the purity assay, gravimetric preparation of
the sample and standard solution, and instrumental analysis;
Uyom 18 the uncertainty associated with between-unit homo-
geneity; and u,, is the uncertainty associated with long-term
stability, which is estimated to be zero when the material is
stable.

Stability evaluations

The scheme of the stability studies was designed based on
Sect. 8.2 of the ISO Guide 35:2017 [22]. The long-term
stability of acrylamide in the infant formula CRM was
monitored after storage at —70 °C for 5 and 10 months.
The stability of the CRM stored at — 20 “C for 1 month was
evaluated as that under the storage conditions of a typical
user. Additionally, CRM samples were maintained at room
temperature and 40 °C for 1 month and then analyzed for
their stability under transport conditions. Two units were
randomly selected for each stability test and stored at differ-
ent temperatures for specific periods.

Results and discussion
Acrylamide analysis using ID-LC/MS

The ID-LC/MS method used herein was improved and vali-
dated based on the results of our previous study [8, 9]. The
extraction procedure with the solvent mixture was applied
to reduce the sample size and remove the matrix for the
accurate determination of the acrylamide content in the
infant formula CRM. In our previous study, only water was
used for the extraction. However, in this study, the sample
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treatment with a binary solvent lowered the baseline in the
LC/MS analysis and facilitated the quantification of the low
levels of acrylamide. Figure 1 presents the SRM chromato-
grams of acrylamide and '3C;-acrylamide extracted from
the CRM using ID-LC/MS. The fragment ions at m/z =55
and m/z =158 for the [M + H-NH3]Jr ions of acrylamide and
13C3-acrylamide, respectively, were monitored for quanti-
tative analysis. These product ions were both observed at
a retention time of 3.2 min without any interfering peaks
from the sample matrix. As described above, the acryla-
mide content was determined using the area ratio of the
observed acrylamide and its isotope-labeled peaks in the
LC/MS results of the CRM and standard solutions. The limit
of detection (LOD), indicating a signal-to-noise ratio (S/N)
of 3, was evaluated to be 0.03 pg/kg using the standard solu-
tion. The limit of quantification (S/N = 10) for acrylamide
was estimated to be 0.1 pg/kg.

In this study, the ID-LC/MS method was validated as a
high-order reference method based on its repeatability and
intermediate precision, including the associated uncertain-
ties of acrylamide measurements. The repeatability of the
ID-LC/MS analysis was evaluated using the three subsam-
pling measurements at the same period of time. The interme-
diate precision of the method was assessed using the same
sample set for the repeatability test, employing a newly pre-
pared standard solution at different time points. As listed
in Table 1, the repeatability and the intermediate precision
values were less than 1.1% and 1.4%, respectively. These
repeatability and intermediate precision results indicate
that the ID-LC/MS method is reliable and reproducible as a
high-order reference method for the accurate analysis of the
acrylamide content.

A previously developed potato chip CRM, KRISS 108-
10-003, was analyzed to verify the modified ID-LC/MS
method. The certified value of the potato chip CRM was
estimated as 0.455 +0.012 mg/kg using the previously
designed ID-LC/MS method. The acrylamide content

Fig.1 SRM chromatograms of 100
acrylamide and '*C;-acrylamide
extracted from the infant for-

mula CRM
50

Table 1 Repeatability and intermediate precision of ID-LC/MS
measurement results for homogenized infant formula samples

Periods Subsample No Results obtained by
ID-LC/MS (pg/kg)*
Infant formula
Acrylamide
1 1 56.1+1.3
2 559+1.3
3 55.6+1.4
Mean 55.9
SD® 0.3 (0.47%)
2 1 579+1.5
2 57.5+1.4
3 56.8+1.5
Mean 574
SD® 0.5 (0.92%)
3 1 56.2+1.1
2 574+0.9
3 56.5+0.9
Mean 56.7
SDP 0.6 (1.11%)
Overall mean 56.6
SD among periods® 0.8 (1.36%)

#The number following “+” is the expanded uncertainty with a 95%
confidence level for the measurement result

"The standard deviation (SD) was obtained using three values meas-
ured within a day

“The SD was obtained using three mean values measured at different
time points

in the potato chip CRM was evaluated using the ID-LC/
MS method adopted in this study, employing the newly
optimized sample treatment and instrumental condi-
tions. Additionally, the sample size used for the analy-
sis was reduced from 3 to 1 g. The measurement result,
0.445 +0.012 mg/kg, obtained using the current ID-LC/

Acrylamide
miz 72 — 55

100

Relative abundance (%)

50

2 3 4 5 6 7 8 9 10

13C,-Acrylamide
m/z 75 — 58
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MS method was comparable to the certified value within
the uncertainty.

Homogeneity test and characterization of the infant
formula CRM

The recommended number of units for the homogeneity
study is m (the total number of units produced, N,,4)
according to Sect. 7.4.1 of the ISO Guide 35:2017 [22].
Therefore, ten units from a total of 961 bottles of the infant
formula CRM were randomly chosen for the between-unit
homogeneity test. A single subsample from each unit was
analyzed using ID-LC/MS. As per the homogeneity study
illustrated in Fig. 2, the standard deviation (SD) among
the units is 0.7 pg/kg (1.2% of the mean value), indicating
that the infant formula CRM shows sufficient between-unit
homogeneity.

20%
Acrylamide (Homogeneity 1.2%)
S 10%
5
kS
3 0% } ? } { { {
; by b ¢
3
S 10%
-20%

1 2 3 4 5 6 7 8 9 10
Bottle number

Fig.2 Homogeneity assessment of the infant formula CRM. Error
bars correspond to the expanded measurement uncertainties of each
unit with a confidence level of 95%

To characterize the CRM, the purity assignment of the pri-
mary reference material is an essential step in establishing the
metrological traceability of the certified value. By assigning
purity to high-purity acrylamide in the mass fraction, based on
the mass-balance method, allows the results to be metrologi-
cally traceable to the International System of Units (SI units).
As mentioned above, the concentration of the standard solu-
tion was corrected based on the assigned purity of acrylamide
using in-house protocols. Additionally, the uncertainty of the
assigned purity values contributes to the final measurement
uncertainty of the acrylamide content.

Four subsamples from two units and the standard solutions
were gravimetrically prepared for instrumental analysis, as
described in “Sample preparation procedure.” The ID-LC/
MS results with the associated uncertainties are summarized
in Table 2. The mean of the measured values obtained using
the ID-LC/MS method was 55.7 pg/kg, and the SD was 0.5 pg/
kg (0.8% of the mean value). The final measured values of
acrylamide were calculated by applying the dry-mass correc-
tion. The mean value of the dry-mass correction factor was
1.016, which was multiplied by C,p,e in Eq. 1. The associated
uncertainty of the certified value for the infant formula CRM
(ucrpp) Was a result of both the systematic and random effects.
Table 3 presents the uncertainty budget for the ID-LC/MS
measurement of the acrylamide content in the infant formula
CRM. As described above, the value of ugy; was calculated
using Eq. 2 with the uncertainty components of the measure-
ments. ucgy; presents a combination of the uncertainty related
to characterization (u,,,) and the uncertainty arising from the
between-bottle inhomogeneity (uy,,,,). U, can be calculated
from Eq. 3.

3

Uchar =

Table2 ID-LC/MS

Subsample no Measurement result (pg/kg) Uncertainty Value of uncertainty (pg/kg)

measurement results for the com

P . ponent

certification of the acrylamide

content in the infant formula 1 56.0 w.. A 0.7 (1.2%, v=5)

CRM gt
2 56.2 Uchar 0.7 (1.3%, v=06)
3 55.5 Ug ran” 0.3 (0.5%, v=20)
4 55.2 SD,,¢ 0.7 (1.2%, v=9)
Mean 55.7 Upom 0.6 (1.1%, v=6)
SD 0.5 (0.8%,v=3) Uerm® 091.7%,v=11)

#The combined uncertainty from the systematic effect (i,

«sys) during characterization

The uncertainty associated with characterization

“The combined uncertainty from the random effect (u

- ran) during characterization

dThe standard deviation between the values of bottles (SD,,) from homogeneity study

®The uncertainty associated with between-bottle variability by the subtraction of u,

c,ran from SDbb

The combined uncertainty associated with the certified value of CRM
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Table 3 Uncertainty budget for the characterization of acrylamide in infant formula CRM using the ID-LC/MS method

a

Systematic effects Ugys Degree of Random effects Uy (rel. %) Degree
(rel. %) freedom of free-
dom
Purity assay of the primary reference material 0.08 10 Gravimetric preparation of sampling and spik- <0.02 o0
ing for each unit analysis

Gravimetric preparation of the standard solu- 1.03 3 Dry-mass measurement of subsample from each ~ <0.04 2

tions unit
Gravimetric preparation of the isotope-ratio 0.54 4 Determination of the area ratio of the acryla- <0.9 2

standard solutions mide and '*C;-acrylamide peaks from the

instrumental analysis of each sample extract

Determination of the area ratio of the acryla- 0.34 2

mide and 1*C;-acrylamide peaks from the

instrumental analysis of the isotope-ratio

standard solution
“The standard uncertainty values from the systematic effect that are uniform among units (i)
5The standard uncertainty values from the random effect that are different between units (i)
where u , is the combined uncertainty of the systematic 65
effect obtained through characterization. 3 60

The SD between the bottles from the homogeneity test 2 5
(SDy;,) included uncertainty due to random effects. There- 5 5 L ¢ ® * +
fore, u,,,, was estimated by subtracting the combined 8
uncertainty related to the random effect (u, ,,,) from that of 2 “
SD,,. Finally, the certified value of the acrylamide content = 40 +
for the CRM was assigned to be 55.7 +2.1 pg/kg, where 35 —
. Certified -70 °C, -70 °C, -20 °C, RT, 40 °C,

the expanded uncertainty was at a confidence level of 95% value  5months 10 months 1 month 1 month 1 month

(k=2.2).
Stability monitoring of the infant formula CRM

Four subsamples from two unopened units were assessed
following the same analytical procedure used for the ID-LC/
MS measurement, to monitor the stability of the infant for-
mula CRM. The infant formula CRM bottles were main-
tained in the storage room at — 70 °C for long-term storage.
After storage at —70 °C for 5 and 10 months, the acryla-
mide contents of the infant formula CRM samples were
analyzed for their long-term stability. The CRM units were
stored at—20 °C, room temperature, and 40 °C for 1 month
to ensure stability during the user’s storage and transport
conditions. A graphical representation of the stability results
is shown in Fig. 3. The measured values from the stability
tests except the result obtained after storage at 40 °C are in
good agreement with the certified value, within the meas-
urement uncertainties in accordance with Sect. 8.10.3.2 of
the ISO Guide 35:2017 [22]. Therefore, the stability study
revealed that the infant formula CRM maintained a stable
acrylamide level under storage conditions with a temperature
lower than room temperature. However, the acrylamide level
after storage at 40 C decreased to 39.4 +2.9 pg/kg, which
indicated the instability of the CRM under high-temperature
storage conditions. Microorganisms are known to degrade

@ Springer

Fig. 3 Stability assessment of the infant formula CRM under different
storage conditions. Error bars correspond to the expanded measure-
ment uncertainties of the measured values with a confidence level of
95%

acrylamide [23, 24]. The infant formula CRM was produced
without a sterilization process; therefore, the degradation of
acrylamide occurred under high-temperature storage condi-
tions. Additionally, thermal effects could facilitate reactions
between acrylamide and other ingredients of the infant for-
mula CRM, resulting in a decreased acrylamide content [25].
The infant formula CRM requires low-temperature storage
and refrigerated transport conditions to maintain the stability
of its acrylamide content.

Conclusions

An infant formula, CRM (108-02-006), was developed for
the analysis of the acrylamide content at a level similar to
that stipulated by the EU regulations for baby food. To the
best of our knowledge, no other CRM is currently avail-
able for evaluating low levels of acrylamide in the matri-
ces of baby food. Thus, the infant formula CRM could help
to control the acrylamide levels in food by verifying the
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acrylamide content with CRM. The ID-LC/MS method was
established as a laboratory protocol at the National Metrol-
ogy Institute of Korea to determine low levels of acryla-
mide in infant formula matrices. The infant formula CRM
was characterized using the ID-LC/MS method, obtaining
an acrylamide content of 55.7+2.1 pg/kg as the certified
value of the CRM with the expanded uncertainty at a 95%
confidence level. The CRM exhibited a sufficient homoge-
neity of the acrylamide content at 1.2% of the relative SD
among the units. The stability evaluation of the CRM under
different storage conditions (—70 C, —20 ‘C, room tem-
perature, and 40 °C) was performed to confirm the consist-
ency of the certified value under the studied conditions. The
stability results showed that acrylamide contents were stable
within the associated uncertainties for up to 10 months under
the CRM storage conditions at — 70 °C. The stability of the
acrylamide content in the CRM will be assessed periodically
to check that the certified value remains acceptable for use.
The CRM developed for the accurate analysis of acrylamide
in infant formulas can be used for the calibration and quality
control of the analytical procedure as well as to establish
the metrological traceability of the measurement results to
the ST units.

Funding This study was supported by the Korea Research Institute
of Standard and Science under the projects “Resolution of the Social
Issue with Measurement Standards” and “Establishment of Measure-
ment Standards for Advanced Organic Analysis” with grant numbers
23011006 and 23011072, respectively.

Declarations

Competing interests The authors declare no competing interests.

References

1. Myagchenkov VA, Kurenkov VF. Applications of acrylamide
polymers and copolymers: a review. Polym Plast Technol Eng.
1991;30:109-35. https://doi.org/10.1080/03602559108020132.

2. IARC Monographs on the evaluation of Carcinogen Risks to
Human: Some Industrial Chemicals, 1994;60.

3. AhnJS, Castle L, Clarke DB, Lloyd AS, Philo MR, Speck DR.
Verification of the findings of acrylamide in heated foods. Food
Addit Contam. 2002;19:1116-24. https://doi.org/10.1080/02652
03021000048214.

4. European Food Safety Authority. Update on acrylamide levels in
food from monitoring years 2007 to 2010. EFSA J. 2012;10:2938.
https://doi.org/10.2903/j.efsa.2012.2938.

5. Riboldi BP, Vinhas AM, Moreira JD. Risks of dietary acrylamide
exposure: a systematic review. Food Chem. 2014;157:310-22.
https://doi.org/10.1016/j.foodchem.2014.02.046.

6. Boyaci-Gunduz CP. Acrylamide exposure of infants and toddlers
through baby foods and current progress on regulations. Curr Opi
Food Sci. 2022;46:100849. https://doi.org/10.1016/j.cofs.2022.
100849.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Commission Regulation (EU) 2017/2158 of 20 November 2017
establishing mitigation measures and benchmark levels for the
reduction of the presence of acrylamide in food (Text with EEA
relevance). Official Journal 2017;L 304:4-44. ELI: http://data.
europa.eu/eli/reg/2017/2158/0j

Kim B, Park S, Lee I, Lim Y, Hwang E, So H-Y. Development
of a certified reference material for the determination of acryla-
mide in potato chips. Anal Bioanal Chem. 2010;398:1035-42.
https://doi.org/10.1007/s00216-010-3953-8.

Park S, Kim B, So H-Y, Kim Y-J, Kim J-K. Development of iso-
tope dilution-liquid chromatography/tandem mass spectrometry
as a candidate reference method for the determination of acryla-
mide in potato chips. Bull Korean Chem Soc. 2007;28:737-44.
https://doi.org/10.5012/bkes.2007.28.5.737.

Roach JAG, Andrzejewski D, Gay ML, Nortrup D, Musser SM.
Rugged LC-MS/MS survey analysis for acrylamide in foods. J
Agric Food Chem. 2003;51:7547-54. https://doi.org/10.1021/
jf0346354.

Aguas PC, Fitzhenry MJ, Giannikopoulos G, Varelis P.
Analysis of acrylamide in coffee and cocoa by isotope dilu-
tion liquid chromatography-tandem mass spectrometry. Anal
Bioanal Chem. 2006;385:1526-31. https://doi.org/10.1007/
$00216-006-0560-9.

Bortolomeazzi R, Munari M, Anese M, Verardo G. Rapid mixed
mode solid phase extraction method for the determination of
acrylamide in roasted coffee by HPLC-MS/MS. Food Chem.
2012;135(4):2687-93. https://doi.org/10.1016/j.foodchem.2012.
07.057.

Westwood S, Choteau T, Daireauz A, Josephs RD, Wielosz RI.
Mass balance method for the SI value assignment of the purity of
organic compounds. Anal Chem. 2013;85:3118-26. https://doi.
org/10.1021/ac303329k.

Lee J, Kim B. Mass balance method for purity assessment of
organic reference materials: for thermolabile materials with
LC-UV method. Bull Korean Chem Soc. 2014;35:3275-9. https://
doi.org/10.5012/bkes.2014.35.11.3275.

Lee S, Kwon H. Purity assessment of monosaccharides using mass
balance method. Bull Korean Chem Soc. 2020;41:1002-8. https://
doi.org/10.1002/bkes.12102.

Ahn S, Lee S, Lee S, Kim B. Development of a lyophilized soy-
bean paste certified reference material for the analysis of ochra-
toxin A. J Food Compost Anal. 2016;52:68-73. https://doi.org/
10.1016/j.jfca.2016.08.002.

Hyung SW, Lee CH, Kim B. Development of certified reference
materials for accurate determination of fluoroquinolone antibiotics
in chicken meat. Food Chem. 2017;229:472-8. https://doi.org/10.
1016/j.foodchem.2017.02.112.

Gab-Allah MA, Getachew Lijalem Y, Yu H, Lee S, Baek SY, Han
J, Choi K, Kim B. Development of a certified reference material
for the accurate determination of type B trichothecenes in corn.
Food Chem. 2023;404:134542. https://doi.org/10.1016/j.foodc
hem.2022.134542.

Mackay LG, Taylor CP, Myors RB, Hearn R, King B. High
accuracy analysis by isotope dilution mass spectrometry using
an iterative exact matching technique. Accreditation Qual Assur.
2003;8:191-4. https://doi.org/10.1007/s00769-003-0622-z.
Henrion A, Dube G, Richter W. Evaluation of contribution to
the uncertainty of cholesterol determination in human serum by
means of gas chromatography/(quadrupole-) mass spectrometry.
Fresenius J Anal Chem. 1997;358:506-8. https://doi.org/10.1007/
$002160050455.

ISO/IEC Guide 98-3:2008 Uncertainty of measurement—part 3:
Guide to the expression of uncertainty in measurement (GUM:
1995). 2008.

ISO Guide 35:2017 Reference materials—Guidance for charac-
terization and assessment of homogeneity and stability. 2017.

@ Springer


https://doi.org/10.1080/03602559108020132
https://doi.org/10.1080/0265203021000048214
https://doi.org/10.1080/0265203021000048214
https://doi.org/10.2903/j.efsa.2012.2938
https://doi.org/10.1016/j.foodchem.2014.02.046
https://doi.org/10.1016/j.cofs.2022.100849.
https://doi.org/10.1016/j.cofs.2022.100849.
http://data.europa.eu/eli/reg/2017/2158/oj
http://data.europa.eu/eli/reg/2017/2158/oj
https://doi.org/10.1007/s00216-010-3953-8
https://doi.org/10.5012/bkcs.2007.28.5.737
https://doi.org/10.1021/jf0346354
https://doi.org/10.1021/jf0346354
https://doi.org/10.1007/s00216-006-0560-9
https://doi.org/10.1007/s00216-006-0560-9
https://doi.org/10.1016/j.foodchem.2012.07.057
https://doi.org/10.1016/j.foodchem.2012.07.057
https://doi.org/10.1021/ac303329k
https://doi.org/10.1021/ac303329k
https://doi.org/10.5012/bkcs.2014.35.11.3275
https://doi.org/10.5012/bkcs.2014.35.11.3275
https://doi.org/10.1002/bkcs.12102
https://doi.org/10.1002/bkcs.12102
https://doi.org/10.1016/j.jfca.2016.08.002
https://doi.org/10.1016/j.jfca.2016.08.002
https://doi.org/10.1016/j.foodchem.2017.02.112
https://doi.org/10.1016/j.foodchem.2017.02.112
https://doi.org/10.1016/j.foodchem.2022.134542.
https://doi.org/10.1016/j.foodchem.2022.134542.
https://doi.org/10.1007/s00769-003-0622-z
https://doi.org/10.1007/s002160050455
https://doi.org/10.1007/s002160050455

4812

LeeS.etal.

23. Abdelmagid HM, Tabatabai MA. Decomposition of acrylamide
in soils. J Environ Qual. 1982;11:701-4. https://doi.org/10.2134/
7€q1982.00472425001100040029x.

24. WHO. Acrylamide in drinking-water. World Health Organiza-
tion. WHO/SDE/WSH/03.04/71. 2003. Available at http://www.
who.int/water_sanitation_health/dwg/chemicals/acrylamide.pdf.
Retrieved August 3, 2011.

25. Hoenicke K, Gatermann R. Studies on the stability of acrylamide
in food during storage. ] AOAC Int. 2005;88:268-73. https://doi.
org/10.1093/jaoac/88.1.268.

@ Springer

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.2134/jeq1982.00472425001100040029x
https://doi.org/10.2134/jeq1982.00472425001100040029x
http://www.who.int/water_sanitation_health/dwq/chemicals/acrylamide.pdf
http://www.who.int/water_sanitation_health/dwq/chemicals/acrylamide.pdf
https://doi.org/10.1093/jaoac/88.1.268
https://doi.org/10.1093/jaoac/88.1.268

	Development of a certified reference material for the accurate analysis of the acrylamide content in infant formula
	Abstract
	Introduction
	Materials and methods
	Materials and chemicals
	CRM production procedure
	Sample preparation procedure
	ID-LCMS measurements and quantification of acrylamide
	Homogeneity study and certified value assignment
	Stability evaluations

	Results and discussion
	Acrylamide analysis using ID-LCMS
	Homogeneity test and characterization of the infant formula CRM
	Stability monitoring of the infant formula CRM

	Conclusions
	References


