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Abstract
Since many years, acrylamide (AA) is a well-known toxicologically relevant processing contaminant (“food-borne toxicant”). 
However, only during the recent years, high levels of acrylamide have been reported in vegetable chips. In the present study, 
AA was quantitated via a modified derivatization procedure with 2-mercaptobenzoic acid based on stable isotope dilution 
analysis and liquid chromatography–mass spectrometry. Extraction with a modified QuEChERS (quick, easy, cheap, efficient, 
rugged, safe) method, defatting with n-hexane, and a solid phase extraction clean-up with strong cation-exchange material 
were performed prior to the derivatization step. Limits of detection and quantitation (LoD and LoQ) were 12 and 41 µg of 
AA/kg of vegetable chips (estimated via signal-to-noise ratios of 3:1 and 10:1, respectively), and thus below the LoQ of 
50 µg/kg requested by the European Food Safety Authority. Recovery rates between 92 and 101% at four spiking levels with 
a good precision expressed as a relative standard deviation  < 7% were determined. With this method at hand, a survey of 
the current AA amounts in 38 vegetable chips from the worldwide market was performed, showing a remarkable variability 
between the different vegetables, but also between different products of the same vegetable. Thereby, the AA amounts ranged 
between 77.3 and 3090 µg/kg, with an average of 954 µg/kg which was distinctly higher in comparison to commercially 
available potato chips also analyzed in the present study (12 samples, range: 117–832 µg/kg, average: 449 µg/kg). While for 
sweet potato and parsnip relatively low AA amounts were found, beetroot and carrot showed rather high contents.

Keywords  Acrylamide · Processing contaminant · Food-borne toxicant · Vegetable chips · Stable isotope dilution analysis 
(SIDA) · Liquid chromatography–mass spectrometry (LC–MS)

Introduction

The “food-borne toxicant” acrylamide (AA) is a process-
ing contaminant present in several heat-processed foods like 
potato chips, French fries, crispbread, and breakfast cereals 
[1–3]. AA is mainly formed during the Maillard reaction 
at temperatures above 120 °C in thermally processed (e.g., 
baked or fried) potato- and cereal-based products rich in its 
precursor, the free amino acid asparagine, while at the same 
time also the desired aroma-active compounds are formed 
and the color is developed [4–7].

In 1994, the International Agency for Research on Cancer 
(IARC) classified AA as “probably carcinogenic to humans” 
(Group 2A) [8]. AA was found to cause neurotoxic and 
carcinogenic effects in animals [9, 10] and a possible rela-
tion between dietary intake of AA and the risk of colorec-
tal cancer in humans was presumed [11]. On the basis of 
monitoring data from the European Food Safety Authority 
(EFSA) collected during 2007 and 2008, the European Com-
mission (EC) set indicative values for eight food product 
categories known to contain AA, for example, 1000 μg of  
AA/kg for potato chips [12]. In 2015, EFSA published a 
scientific opinion, indicating AA in food may increase the 
risk of cancer for humans [13]. Two years later, the EC set 
benchmark levels for eight food categories in Regulation 
(EC) No. 2017/2158 (enforced April 11th, 2018), for exam-
ple, 500 µg of AA/kg for French fries and 750 µg of AA/kg 
for potato chips [14]. Therein, also measures for the reduc-
tion of AA levels for the food industry and recommendations 
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for consumers were outlined. Further, mitigation efforts and 
the adjustment of the manufacturing processes and control 
steps have to be performed when these benchmark levels are 
exceeded. Manufacturers must analyze the AA levels in their 
products and document the applied mitigation strategies.

It was shown that especially the quantities of free aspara-
gine and reducing sugars and the temperature and time dur-
ing heat processing have major impact on the formation 
of AA [2, 15, 16]. Huge efforts on mitigation strategies, 
performed by the food industry for  > 15 years, resulted 
in lower AA levels in potato- and cereal-based foods. For 
potato chips, for example, modifications in the production 
process and the use of potato varieties with low amounts of 
free asparagine and sugars were implemented [17].

In recent years, vegetable chips were designed as a 
‘healthy’ alternative to potato chips and other salty snacks 
and gained increasing popularity. These chips mainly com-
prise beetroots, parsnips, sweet potatoes, and carrots and 
are fried in the same way as potato chips. Up to now, only a 
few data about the AA amounts in vegetable chips have been 
reported [18–21]. A very recent study showed that 50% of 
the samples exceeded the benchmark level for potato chips 
[22]. Also, Breitling-Utzmann and Hankele [23] reported on 
AA present in nearly all commercial vegetable chips in their 
study with amounts ranging from  <  limit of detection (LoD; 
10 μg of AA/kg) up to 2100 μg of AA/kg and a median 
of 800 μg of AA/kg. Thereby, savoy cabbage or kale chips 
revealed AA amounts  <  100 μg/kg, while beetroot, parsnip, 
carrot, and sweet potato chips contained significantly higher 
amounts (240–2100 μg of AA/kg). However, vegetable chips 
have not been included in the current list of foods for which 
benchmark levels exist [14]. Considering the situation, the 
EC recently recommended also monitoring the presence of 
AA in certain food categories such as vegetable chips by the 
Commission Recommendation (EC) No. 2019/1888 [24], 
why reliable data for AA levels in vegetable chips are of 
great interest.

In literature, numerous methods for the analysis of AA in 
various food categories are available and were fundamen-
tally reviewed [25–28]. Predominantly, gas chromatogra-
phy and liquid chromatography (GC and LC) both coupled 
with mass spectrometry (MS) were used, as methods for the 
underivatized analyte and various derivatized forms were 
accessible [27], and stable isotope dilution analysis (SIDA) 
was often applied [2, 7, 22, 29, 30]. Very recently, some 
highly sophisticated methods based on liquid chromatog-
raphy–tandem mass spectrometry (LC–MS/MS) without 
derivatization were published including some new analytical 
approaches like the chromatographic separation on a hydro-
philic interaction liquid chromatography (HILIC) column 
[31] or the extraction based on supercritical fluid chroma-
tography that offered an eleven times higher sensitivity 
compared to ultrahigh-performance liquid chromatography 

(UHPLC) and an improvement in data acquisition time (60 
samples per 12 h) [32]. A further interesting development 
was the slightly modified method originally published by 
Gökmen et al. [33] based on a single-step extraction fol-
lowed by protein precipitation (Carrez) enabling a simulta-
neous determination of AA and 5-(hydroxymethyl)furfural 
using positive atmospheric pressure chemical ionization 
(APCI+) mode [34]. In 2003, Jezussek and Schieberle [29] 
developed a quantitation method for AA based on a cheaper 
instrumentation setup (LC–MS) after derivatization with 
2-mercaptobenzoic acid leading to a conversion of AA into 
a stable thioether to increase the selectivity and sensitivity. 
Regarding the analysis of AA in vegetable chips, LC–MS 
methods for the determination of the underivatized analyte 
[18, 22, 35] and GC–MS methods for the derivatized analyte 
[19–21] have been published.

The aim of this study was the development of a reli-
able method for the quantitation of AA in vegetable chips 
after derivatization based on SIDA enabling the analy-
sis by a cheap and unsophisticated LC–MS instrument 
setup. Therefore, the method of Jezussek and Schieberle 
[29] was modified to determine the current AA amounts 
in vegetable chips from the global market and compare 
those to the AA contents in potato chips bought in Ger-
man supermarkets.

Materials and methods

Chemicals and materials

The following chemicals were commercially available: 
acrylamide (AA,  ≥ 99%) (Merck, Darmstadt, Germany), 
magnesium sulfate (MgSO4, 99%) (AppliChem, Darmstadt), 
sodium chloride (NaCl,  ≥ 99%) and sodium sulfate (anhy-
drous,  ≥ 99%) (Carl Roth, Karlsruhe, Germany), ethanol 
(≥ 99.5%), lead(II) acetate (≥ 99.5%), and sodium hydrox-
ide solution (NaOH, 1 mol/L, analytical grade) (Th. Geyer, 
Renningen, Germany), and acetonitrile (LC–MS grade), 
dichloromethane (≥ 99.9%), formic acid (LC–MS grade), 
n-hexane (≥ 95%, for pesticide residue analysis), hydrochlo-
ric acid (∼37%, for trace analysis), and 2-mercaptobenzoic 
acid (97%) (Sigma-Aldrich, Steinheim, Germany). Ultrapure 
water (> 18 MΩ·cm) was supplied by a Synergy system 
(Merck Millipore, Darmstadt).

The stable isotopically labeled internal standard (ISTD) 
[13C3]-acrylamide ([13C3]-AA; 99 atom % 13C, 98%) was 
obtained from Sigma-Aldrich.

Solid  phase extraction (SPE) cartridges (OASIS 
MCX; 60 µm, 6  cc, 500 mg) were from Waters (Esch-
born, Germany). A reversed phase (RP) 18 MS col-
umn (100 mm × 3 mm, 2.6 µm) and the corresponding 
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pre-column (10 mm × 3 mm, 2.6 µm) were obtained from 
Thermo Fisher Scientific (Dreieich, Germany).

Vegetable chips (between July and December 2019) and 
potato chips (January 2020) were purchased from local 
supermarkets and from the worldwide market (via online 
suppliers).

Determination of method sensitivity, precision, 
and recovery rate

The AA stock solution (250 µg/mL) was prepared in a mix-
ture of water/ethanol (1/1, v/v) and the stable isotopically 
labeled ISTD [13C3]-AA stock solution (500 µg/mL) was 
prepared in a mixture of water/methanol (1/1, v/v).

The limit of quantitation (LoQ) in the reagent blank was 
determined with an AA working solution [5 µg/mL of water/
ethanol (1/1, v/v)] according to the DIN 32645 calibration 
graph method [36]. Therefore, mixtures consisting of the 
AA working solution (1.5–15 µL) and the ISTD stock solu-
tion (generally 10 µL) were derivatized as described below, 
leading to calibration standards of the resulting AA thioether 
of 15–150 µg of AA/L for LC–MS analysis. For vegetable 
chips, the LoD (3:1) and LoQ (10:1) were estimated via 
signal-to-noise (S/N) ratios of representative samples.

Calibration standards for recovery experiments were pre-
pared as mentioned above using mixtures of the AA stock 
solution (1–48 µL) and the ISTD stock solution (generally 
10 µL), resulting in concentrations of 0.5–24 mg of AA/L 
(corresponding to 83.3–4000 µg of AA/kg of sample) and of 
generally 10 mg of [13C3]-AA/L (both analyzed as thioether).

Sample extraction

Extraction of AA was performed by a slightly modified 
QuEChERS (quick, easy, cheap, efficient, rugged, safe) 
method according to [37]. In brief, crushed chips (3 g) were 
mixed with water (10 mL) in a polypropylene (PP) centri-
fuge tube (50 mL). The ISTD stock solution (10 µL), ace-
tonitrile (10 mL), and n-hexane (5 mL) were added, and the 
sample was homogenized with an Ultra-Turrax (Janke & 
Kunkel; IKA, Staufen im Breisgau, Germany) at a speed of 
9000 rpm for 2 min at room temperature (RT). A mixture 
of MgSO4 (4 g) and NaCl (0.5 g) was added, and the tube 
was immediately shaken vigorously at 2200 rpm for 1 min at 
RT using a small shaking device (VXR basic Vibrax; IKA). 
Then, the mixture was centrifuged at 5000 rpm for 2 min at 
21 °C (Heraeus Mulitfuge X1R; Thermo Fisher Scientific), 
the n-hexane layer was discarded, and an aliquot of the ace-
tonitrile phase (5 mL) was subjected to the SPE clean-up 
procedure.

Spiked samples for recovery experiments were prepared 
by adding the AA stock solution (1.2, 6, 18, and 36 µL) to 

a parsnip chips sample (3 g each), corresponding to 100, 
500, 1500, and 3000 µg of AA/kg, prior to the sample 
extraction described above.

Solid phase extraction (SPE)

For SPE, MCX cartridges were equilibrated with acetoni-
trile (2 mL). For clean-up, an aliquot of the acetonitrile 
phase of the sample extract (5 mL) was transferred onto 
the MCX cartridge and passed through (approx. 1 mL/min; 
without applying vacuum but using nitrogen if needed), 
followed by the addition of acetonitrile (2 mL) for the 
complete elution of AA and [13C3]-AA. The solvent was 
evaporated by means of a gentle stream of nitrogen at RT 
and the residue was subjected to derivatization.

Derivatization

Derivatization was performed according to Jezussek and 
Schieberle [29] with some modifications. Standards and 
sample residues were dissolved in water (40 mL) and 
the pH value was adjusted to 9  ±  0.3 by the addition of 
NaOH (1 mol/L). Then, the derivatization reagent solution 
(1 mL; 15.4 mg of 2-mercaptobenzoic acid/mL of NaOH 
(1 mol/L); freshly prepared before use) was added and the 
reaction mixture was gently stirred in the dark for 3 h at 
RT. The pH value was checked every 30 min and, if nec-
essary, re-adjusted to 9  ±  0.3. An excess of the derivati-
zation reagent was removed by the addition of saturated 
lead(II) acetate solution (1.5 mL) and the mixture was 
centrifuged in a PP tube (50 mL) at 8000 rpm for 15 min 
at 21 °C (Heraeus Mulitfuge X1R). The supernatant was 
adjusted to a pH value of 1.5 ± 0.3 with HCl (5 mol/L) 
before liquid-liquid extraction (LLE) with dichlorometh-
ane (3 × 30 mL) was performed in a PP tube (50 mL) at 
2200 rpm for 10 min at RT using a small shaking device 
(VXR basic Vibrax). The organic phases were combined, 
dried over anhydrous Na2SO4, and the solvent was evapo-
rated (at  ~ 680 mbar and 40 °C) to a volume of  ~ 1 mL 
that was blown down by a stream of nitrogen at RT. The 
residue was dissolved in acetonitrile (300 µL), transferred 
into an amber glass vial (1.5 mL), and the solvent was 
evaporated again with a gentle stream of nitrogen at RT. 
Finally, the standards and sample residues were dissolved 
in a mixture of 0.1% aqueous formic acid/acetonitrile (7/3, 
v/v; 500 µL for the standards and 250 µL for the samples). 
The solutions were centrifuged at 13,000 rpm for 5 min 
at RT (Heraeus Biofuge pico; Thermo Fisher Scientific) 
and aliquots of the supernatants (200 µL) were used for 
LC–MS analysis.
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High‑performance liquid chromatography–mass 
spectrometry (HPLC–MS)

The HPLC–MS equipment consisted of an 1100 HPLC sys-
tem with a quaternary pump, a vacuum solvent degasser, a 
column oven, and an autosampler, coupled with a G6120 
single quadrupole mass spectrometer equipped with an elec-
trospray ionization (ESI) interface (Agilent Technologies, 
Waldbronn, Germany). Chromatography was performed on 
an RP18 MS column with the corresponding pre-column 
at 40 °C and a flow rate of 0.4 mL/min. The injection vol-
ume was generally 5 µL, mobile phase A was 0.1% aqueous 
formic acid, and mobile phase B was acetonitrile. Gradient 
elution started with 10% B (0–0.5 min), linearly increased 
to 95% B (0.5–8 min), kept constant at 95% (8–12 min), 
decreased to 10% B (12–12.2 min), and kept constant at 
10% (12.2–17 min) to equilibrate the column. The mass 
spectrometer was operated with the following parameters in 
ESI+ mode: capillary voltage 4.0 kV, skimmer voltage 35 V, 
lens voltage 2.5 V, quadrupole temperature 100 °C, drying 
gas temperature 350 °C, drying gas flow rate 10 mL/min, 
and nebulizer gas pressure 40 psig. To evaluate co-extracted 
matrix during method development, total ion current chro-
matograms in the scan mode were recorded from m/z 100 
to 400 using the following parameters: fragmentor voltage 
100 V, gain 5, threshold 100, and step size 0.10. Quantita-
tion of AA was performed in selected ion monitoring (SIM) 
mode at m/z 226 for the AA thioether and m/z 229 for the 
[13C3]-AA thioether, using a time window of 4.5–7 min, a 
fragmentor voltage of 100 V, and a gain of 5. The system 
was operated by OpenLAB CDS ChemStation C.01.09 soft-
ware (Agilent Technologies).

Sample analysis

Vegetable chips samples consisted of 4 different packages of 
sweet potatoes, 1 package of beetroots, and 11 packages of 
vegetable mixtures (assorted and measured separately). In 
this way, 10 samples of sweet potatoes, 10 samples of pars-
nips, 11 samples of beetroots, and 7 samples of carrots were 
obtained. For comparison, 12 different packages of potato 
chips were additionally investigated.

Prior to sample workup, the (assorted) vegetable chips 
from one complete package were crushed in PP bags. The 
following sample preparation, derivatization, and LC–MS 
analysis were performed as described above (n  = 2–4) (Fig. 
S1 in Supplementary material). A sample extract without the 
addition of the ISTD was prepared for each sample as a blank 
(n  = 1). For quantitation, the same calibration range that 
has been used for the recovery experiments (83.3–4000 µg 
of AA/kg of vegetable chips) was applied. The concentra-
tion of the ISTD was generally 10 mg/L. Quantitation was 
performed via the peak areas of the AA thioether and the 

[13C3]-AA thioether in combination with the amounts of 
ISTD added and the corresponding response factor. In the 
case that blanks showed an artificial signal for the ISTD, it 
was taken adequately into account and the calculated amount 
was accordingly corrected.

Results and discussion

Approach

The original method according to Jezussek and Schieberle 
[29] based on an AA derivatization with 2-mercaptoben-
zoic acid and SIDA via LC–MS was optimized for a reli-
able quantitation of AA in vegetable chips. Its suitability 
was assessed by means of LoD, LoQ, and recovery rates. 
Vegetable chips samples from the worldwide market were 
analyzed to monitor their current AA amounts and those 
were compared to the current AA levels in potato chips, to 
which successful mitigation strategies have been applied for  
nearly 20 years.

Method development

To have a suitable AA quantitation method for vegetable 
chips at hand, the original approach based on the conver-
sion of AA and the corresponding stable isotopically labeled 
ISTD [13C3]-AA into their respective stable thioethers 
(Fig. 1) was modified due to huge/coeluting matrix effects 
that hindered a reliable AA quantitation based on an S/N 
ratio of 10:1 in the analyzed samples. To identify differences 
in matrix loads during method optimization and to deter-
mine the recovery rate of AA, the extracts were analyzed 
by LC–MS both in the scan mode and the SIM mode, using 
a sweet potato chips sample (with and without the addi-
tion of AA and [13C3]-AA), a standard mixture of AA and 
[13C3]-AA, and a reagent blank.

Fig. 1   Derivatization reaction of AA and [13C3]-AA (13C marked with 
black squares) with 2-mercaptobenzoic acid into a stable thioether 
according to Jezussek and Schieberle [29]
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First, the extract obtained by the original method was 
additionally subjected to protein precipitation (Carrez clari-
fication) commonly reported in literature [25] and dispersive 
solid phase extraction (dSPE) with charcoal as suggested 
by Granvogl and Schieberle [30] for the quantitation of 
AA in cocoa and coffee; however, both approaches did not 
reduce the matrix interferences in the present study. Next, a 
modified QuEChERS method was tested for the extraction 
of AA from the vegetable chips matrices. According to the 
method of Mastovska and Lehotay [37] for the analysis of 
AA in French fries, extraction and defatting was done with a 
mixture of acetonitrile/water/n-hexane (10/10/5, v/v/v), and 
phase separation was obtained by the addition of MgSO4 
and NaCl. An additional clean-up step by dSPE both with 
(i) primary secondary amine (PSA; according to [37]) and 
(ii) graphite carbon black (an additional option within the 
original QuEChERS method) did only marginally reduce the 
matrix effects, the latter even led to worse recovery rates; 
thus, this purification step was omitted.

Therefore, SPE as a more powerful purification technique 
was used to clean-up the sample extract prior to the deri-
vatization step. Several materials discussed in literature [18, 
25–28, 38, 39] were considered, of which a hydrophilic-
lipophilic balanced (HLB) reversed-phase sorbent consisting 
of an N-vinylpyrrolidone-divinylbenzene copolymer and a 
mixed-mode strong cation-exchange (MCX) reversed-phase 
polymer were tested in the present study. HLB cartridges 
should offer the retention of a broad range of polar and 
non-polar compounds and the MCX sorbent the retention 
of polar components and bases. Thereby, the MCX mate-
rial was the most appropriate one concerning a minimum 
of matrix in the eluate and the highest recovery rate of AA. 
The final SPE consisted of a simple pass-through procedure 
of the defatted QuEChERS acetonitrile extract and a rinsing 
step to obtain a complete elution of AA and [13C3]-AA. It is 
noteworthy that the conversion into the stable thioethers was 
negatively affected by the presence of acetonitrile, why the 
solvent had completely to be removed prior to the derivatiza-
tion step with 2-mercaptobenzoic acid.

During optimization of the subsequent LLE, dichlo-
romethane was shown as the more suitable solvent compared 
to ethyl acetate used in the original method enhancing the 
recovery rate of the AA thioether and less matrix interfer-
ences were obtained. After the evaluation of shaking time 
and intensity and the number of repetitions, the final LLE 
was a threefold shaking with dichloromethane on a mechani-
cal shaker for 10 min at RT.

Method sensitivity, precision, and recovery rate

The sensitivity of the procedure was assessed by LoQ in 
the reagent blank, which was determined according to the 
DIN 32645 calibration graph method [36], demanding a 

calibration that is close to the presumed LoD. Therefore, 
calibration curves were performed (n  =  4) in the range of 
15–150 µg of AA/L (analyzed as AA thioether), reveal-
ing good linearity with high correlation coefficients (R2  ≥  
0.9922) and good intraday and interday precisions, and lead-
ing to an LoQ of 33 µg of AA/L in the reagent blank. In 
addition, considering the real matrix effects, LoD (based on 
S/N ratio of 3:1) and LoQ (10:1) were estimated for all types 
of vegetable chips to 12 and 41 µg of AA/kg, which is below 
the EFSA requirement for an LoQ of 50 µg/kg outlined in 
2015 for potato chips, coffee, and other products [13].

In a first trial, AA recovery experiments in vegetable 
chips were performed at levels of 100 and 500 µg/kg (n  =  2) 
using a parsnip chips sample with a low native AA content 
of 100 µg/kg. In the next trial, recovery experiments were 
performed at levels of 1500 and 3000 µg/kg (n  =  3) using 
a parsnip chips sample with a native AA content  <  LoQ. A 
reagent blank and a blank sample (without the addition of 
the ISTD) were additionally analyzed for both approaches 
and considered for calculation. Good recovery rates of 92% 
and 97% for the low AA levels with relative standard devia-
tions (RSD) of 4% and 7% and of 100% and 101% for the 
high AA levels with RSD of 2% and 1% showed no con-
siderable differences between the spiking levels. Thus, well 
repeatable results expressed by low RSD and high recovery 
rates showed the satisfying precision and accuracy of the 
entire method.

Acrylamide levels in vegetable chips 
from the worldwide market

The AA contents in 38 vegetable chips samples from differ-
ent sources were determined. In total, 10 samples of sweet 
potatoes, 10 samples of parsnips, 11 samples of beetroots, 
and 7 samples of carrots were investigated. Figure 2 illus-
trates the mass traces obtained by LC–MS analysis repre-
senting the AA thioether (m/z 226) and the ISTD [13C3]-AA 
thioether (m/z 229), exemplarily shown for a calibration 
standard (A), a sweet potato chips sample containing 
1210 µg of AA/kg (B), and a reagent blank (C). In addition, 
12 samples of potato chips were analyzed for comparison. 
Results were well repeatable with RSD  <  10% (n  =  2 or 4 
for each chips sample) (Table 1). 

The minimum content of 77.3 µg of AA/kg was detected 
in a beetroot sample and the maximum content of 3090 µg 
of AA/kg in a carrot sample. The sweet potato chips and the 
parsnip chips samples showed highest deviations within the 
same type of vegetable with factors of 28 and 27, respec-
tively, between the lowest and the highest contents, and AA 
amounts ranging between 100 and 2780 µg of AA/kg and 
between 108 and 2870 µg of AA/kg, respectively (n  = 10 
for both types of vegetables). The variation within the beet-
root chips samples was slightly lower with a factor of 20 
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Fig. 2   Mass traces obtained by 
LC–MS analysis representing 
the AA thioether (m/z 226) and 
the ISTD [13C3]-AA thioether 
(m/z 229), exemplarily shown 
for a calibration standard 
(corresponding to 5 mg of 
AA/L, equivalent to 833 µg of 
AA/kg sample) (A), a sweet 
potato chips sample containing 
1210 µg of AA/kg (B), and a 
reagent blank (C)
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and amounts between 77.3 and 1560 µg of AA/kg (n = 11), 
while the carrot chips samples showed a factor of only  ~ 4 
in a range between 700 and 3090 µg of AA/kg (n  = 7) but 
the highest average content with 1390 µg of AA/kg among 
the vegetable chips.

Figure 3 visualizes that the relative distribution of AA 
in the different vegetable chips clearly depended on the 

type of vegetable and considerably differed within the four 
investigated types. Parsnip and sweet potato chips revealed 
rather low contents (< 750 µg of AA/kg) for most of the 
samples and showed only for a few samples very high con-
tents (> 1500 µg of AA/kg), while carrot (except for 2 sam-
ples) and beetroot chips samples showed rather medium 
contents (600–1200 µg of AA/kg) for most of the samples. 

Table 1   Acrylamide (AA) 
contents in 38 vegetable chips 
and 12 potato chips samples, 
obtained from the worldwide 
market (in ascending order)

a If not otherwise stated, mean values of duplicates  ±  standard deviations
b Mean value of quadruplicate  ±  standard deviation

AA content (μg/kg of chips)  ±  SDa

Sample Sweet potato Parsnip Beetroot Carrot Potato

1 100 ± 7 108 ± 10 77.3 ± 5 700 ± 3 117 ± 4
2 246 ± 7 145 ± 14 607 ± 15 804 ± 22 229 ± 9
3 412 ± 2 250 ± 21b 623 ± 44 816 ± 20 272 ± 15
4 437 ± 6 334 ± 10 753 ± 43 1040 ± 8 347 ± 9
5 527 ± 48 344 ± 31 939 ± 1 1050 ± 89 358 ± 1
6 608 ± 57b 539 ± 51 1040 ± 1 2220 ± 148b 452 ± 4
7 723 ± 45 551 ± 21 1050 ± 6 3090 ± 201b 458 ± 5
8 1360 ± 83b 854 ± 17 1142 ± 69b 493 ± 1
9 1610 ± 30 1560 ± 92b 1200 ± 53 533 ± 19
10 2780 ± 100 2870 ± 47 1540 ± 46 544 ± 13
11 1560 ± 92b 755 ± 24
12 832 ± 23
Average AA content 880 756 957 1389 449
Range of AA content 100–2780 108–2870 77.3–1560 700–3090 117–832

Fig. 3   Percentage distribution of the acrylamide (AA) contents in 10 sweet potato chips samples (A), 10 parsnip chips samples (B), 11 beetroot 
chips samples (C), and 7 carrot chips samples (D)
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In total, 53% of the samples (20 of the 38 vegetable chips) 
exceeded the benchmark level of 750 µg of AA/kg stated 
by the EC for potato chips [14], which was slightly lower in 
comparison to the data obtained by Elmore et al. [22], who 
found higher contents than the set benchmark level for potato 
chips in 24 of 35 (69%) analyzed vegetable chips, bought in 
2016. While 73% of the beetroot and 86% of the carrot chips 
samples exceeded the EU benchmark level, only 30% of the 
parsnip and of the sweet potato chips samples contained AA 
amounts > 750 µg/kg in the present study.

The low amounts of free asparagine and reducing sug-
ars in parsnips [22, 40–43] correlated well with the quite 
low contents of AA in these chips, and the high contents of 
reducing sugars in carrots [42] might be the reason for the 
quite high AA amounts in the carrot chips with a maximum 
amount of 3090 µg of AA/kg in one sample. However, the 
high contents of free asparagine and reducing sugars [22, 
42] in sweet potatoes are not reflected in the medium aver-
age AA content in these chips (880 µg of AA/kg, n  = 10). 
In detail, it was noticed that single-origin sweet potato chips 
showed rather low AA contents (average: 447 µg of AA/kg, 
n  = 4), while sweet potato chips from chips mixtures con-
tained high AA amounts (average: 1150 µg of AA/kg, n  
= 6). This might indicate successful mitigation strategies 
during the chips production of the single-origin chips. The 
relatively high AA levels in the beetroot chips samples did 
not correlate with the rather low amounts of free asparagine 
and reducing sugars in this vegetable [22, 42, 43]. Inappro-
priate processing parameters applied during the production 
of the mixed samples might be a reason. This assumption is 
supported by the fact that nearly all of the beetroot samples 
with elevated AA amounts (nine out of ten) were from mixed 
vegetable chips and by the already abovementioned finding 
of also rather high AA contents for sweet potato chips stem-
ming from the same mixtures.

In potato chips, the average AA content was 449 µg/kg 
(matching well the data recently published by Powers et al. 
[17]), which was about half of the average amount of veg-
etable chips (963 µg/kg). Within the twelve potato chips 
samples investigated, the contents ranged between 117 and 
832 µg of AA/kg and only two (17%) exceeded (one tightly, 
the other one clearly) the EU benchmark level. These data 
nicely corroborated that mitigation strategies for potato 
chips have clearly reduced their AA contents during the past 
two decades.

All in all, considering the average AA contents in vegeta-
ble chips, a trend for a slight reduction in the AA amounts 
compared to the dataset of the 2016 samples [22] was recog-
nizable. However, 53% of the samples still exceeded the EU 
benchmark level for potato chips, why mitigation strategies 
should urgently be applied to follow the initial idea to be 
“healthy” chips. Furthermore, it is very important to distin-
guish between different vegetables based on the finding that 

the percentage of samples with AA amounts  >  1000 µg/kg 
were clearly higher for beetroot and carrot chips compared 
to parsnip and sweet potato chips.

Conclusions

The derivatization of AA with 2-mercaptobenzoic acid into a 
stable thioether prior to analysis based on SIDA and LC–MS 
was shown as a reliable and sensitive method for AA quanti-
tation in vegetable chips. A modified QuEChERS extraction 
including a defatting with n-hexane was followed by an SPE 
clean-up on strong cation-exchange material prior to deri-
vatization. The application of [13C3]-AA as ISTD guaranteed 
reliable results as confirmed by recovery rates close to 100% 
at four spiking levels. With LoD and LoQ of 12 and 41 µg of 
AA/kg for the analyzed vegetable chips, a sufficient sensitiv-
ity was ensured allowing the determination of AA below the 
required LoQ of 50 µg of AA/kg, recommended by EFSA. 
The AA amounts of 38 vegetable chips samples from the 
worldwide market ranged between 77.3 and 3090 µg/kg. 
In general, carrots and beetroots showed elevated contents, 
while parsnips and sweet potatoes revealed rather low con-
tents, with only few exceptions showing very high contents 
(>  1500 µg AA/kg). The average AA content in vegetable 
chips samples of 963 µg/kg clearly exceeded the benchmark 
level of the EC for potato chips and was twice as high com-
pared to the average level of twelve potato chips samples 
(449 µg/kg). These data clearly demonstrated the successful 
application of mitigation strategies to potato chips during the 
past two decades on the one hand, but also the urgent need 
of such measures for this relatively new category of fried 
vegetable food on the other hand.
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