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Review Article

Acrylamide – Still a matter of concern for fried potato food?

Bertrand Matthäus and Norbert U. Haase

Department of Safety and Quality of Cereals, Max Rubner‐Institut, Federal Research Institute of Nutrition and
Food, Detmold, Germany

Acrylamide is a well‐known chemical compound that came into the discussion as food‐borne contaminant
in 2002 when the Swedish National Food Administration (NFA) together with the University of
Stockholm announced the finding of acrylamide in food for the first time. A lot of research has been done
all over the world to elucidate the reaction pathway for the formation of acrylamide during processing, to
findmitigation strategies to reduce acrylamide in food and to evaluate the toxicity of acrylamide to humans
after consumption of acrylamide containing food. Today, it is known that acrylamide is formed under the
conditions of theMaillard reaction with lowmoisture content and temperature>120°C by the amino acid
asparagine in presence of certain a‐dicarbonyl compounds from the Maillard reaction. From this
knowledge several set screws became evident for the development of successful mitigation strategies such
as choice of appropriate raw material low in precursors, pre‐treatment of the raw material before frying or
reducing the frying temperature. Until today no significant correlation between the consumption of
acrylamide with food and the occurrence of cancer has been found. The present paper reviews the recent
research on these topics with special focus on fried potato food.

Practical applications: Formation of acrylamide in fried food is still of concern, and even 12 years after
the first communication of acrylamide in processed food a lot of papers are published. The questions of
formation, mitigation, toxicity, and exposure are partly answered but on the other side important parts are
still open. The paper summarizes the status quo with focus on fried potato products.
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1 Introduction

More than 10 years ago in April 2002, a communication of the
Swedish National Food Administration (NFA) together with
the University of Stockholm regarding findings of acrylamide
in baked, fried, and deep‐fat fried products startled media,
consumers, food industry, and also food safety authorities [1].
Basis for this communication were results from Tareke
et al. [2, 3] whoworked on hemoglobin adducts as biomarkers
for an exposure to acrylamide and who had found unexpected
high marker concentrations in a control group. They
indicated cooked food can contribute to acrylamide exposure
in humans. This finding was of great importance since
acrylamide is known as potential carcinogen [4, 5], and also
mutagenic reactions are reported [6]. The International

Agency for Research on Cancer (IARC) has classified
acrylamide in Class 2A as probable human carcinogen [7].
From the European Scientific Committee on Food (SCF)
acrylamide has been evaluated as “genotoxic carcinogen” in
1991 and this result was confirmed by SCF in 2002 [8].
Before the finding of acrylamide in cooked food the
component was subject of a number of scientific works
especially regarding the toxicity of the compound [4, 5], but
the exposure of acrylamide to humans was not really a
general problem up to that time. With the first reports about
acrylamide findings in food [2, 3], the situation changed
completely, because it became obviously that in contrast to
the general opinion most of consumers were affected by
acrylamide. In this context, especially deep‐fat fried carbo-
hydrate rich products such as French fries or potato crisps
came in the focus of interest.

In the last 12 years, high efforts have been done by the
scientific community but also by the industry to develop
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mitigation strategies to reduce the formation of acrylamide
during processing. This is illustrated by the high number of
publications dealing with acrylamide and food published since
the first notice of acrylamide in foods. In the database Web of
Science since 2000 about 2500 papers on acrylamide AND food
have been collectedwith a linear increase from about 10 each in
2000 and 2001 to about 200 in 2004. The ongoing interest of
the scientific community on acrylamide is demonstrated by the
constant number of publications of nearly 200–250 each year
since 2007 dealing with all the different aspects on acrylamide
including toxicity, exposure, formation pathways, and mitiga-
tion. As a result, acrylamide research is going on, but also
many other compounds generated within the heating of food
may have some adverse effects. Within the research project
HEATOX, approximately 50 substances were identified with a
potential cancer risk for consumers [9].

Acrylamide in food has been shown to be a very complex
problem, and at the beginning of the story three different
questions in particular were needed to be answered: (i) what is
the reaction pathway for the formation of acrylamide in food
during processing and what kind of mitigation strategies can
be developed, (ii) what is the toxicity of acrylamide to
humans, and is there a correlation between the occurrence of
cancer and the consumption of acrylamide containing food,
and (iii) what is the exposure to acrylamide.

2 Reaction pathway

Our present knowledge about acrylamide formation has a
starting point which dates back hundred thousands of years,

when mankind has started to use heat for the preparation of
food. Nowadays, we know acrylamide in foods belongs to
the so‐called “food‐borne” contaminants that are formed
as result of the presence of appropriate precursors and
processing conditions. At present, it seems fairly well
established that about 90 years after the French chemist
Louis Camille Maillard described first the non‐enzymic
reaction between reducing sugars and amino acids, the so‐
called Maillard reaction has to be enriched by a new aspect.
Acrylamide in food is formed within the Maillard reaction by
the amino acid asparagine in presence of certain a‐dicarbonyl
compounds of different origin, e.g. from reducing sugars [10,
11], but also sucrose can act as precursor if it is hydrolyzed by
thermal, enzymatic, or acid treatment [11, 12]. The reaction
of asparagine with reducing sugars as carbonyl source results
at higher temperature to a Schiff base by dehydration [11].
From the Schiff base after decarboxylation either acrylamide
is formed directly, or via different intermediate stages the
intermediate 3‐oxopropionamide results in acrylamide after
reduction to 3‐hydroxypropionamide (Fig. 1). A temperature
of 120°C and limited local humidity are needed at least for
the formation of acrylamide, although in model systems
and special products (e.g. gingerbread) acrylamide was also
found after lower temperature treatment [13–15]. Granvogl
and Schieberle [16] showed that it also possible to form
acrylamide directly from asparagine by decarboxylation via
3‐aminopropionamide after elimination of an amino group,
but the reaction is inefficient in comparison to the main
pathway via the Maillard reaction. Glucoconjugates such as
N‐glucosides and related compounds formed from aspara-
gine were assumed to be key intermediates for the formation

Figure 1. Proposed mechanism for acrylamide formation in heat‐treated foods.



of acrylamide, because only minor amounts of acrylamide
were found from the reaction of N‐glycosides formed from
glutamine and methionine [11]. Becalski et al. [17] demon-
strated the relevance of asparagine for the formation of
acrylamide, and Yaylayan et al. [18] confirmed the formation
of a Schiff base from asparagine which corresponds to the
dehydrated N‐glycosyl compound. Another indication for
asparagine as key compound for the formation of acrylamide
is the high effectiveness of the enzyme asparaginase for
acrylamide mitigation [19, 20].

Additionally, to the main reaction pathway for the
formation of acrylamide with asparagine and reducing sugars
as main precursors the degradation of TAGs may contribute
to the acrylamide yield in foods. At temperatures above
200°C glycerol is released from the decomposition of TAGs,
which can react to acrolein after dehydrogenation [21]. In a
further reaction, acrolein can form acrylic acid by oxidation or
an intermediate acrylic radical. In the presence of a nitrogen
source both species can form acrylamide under appropriate
conditions [22].

The influence of oil type and quality during frying has
been controversially discussed. Gertz and Klostermann [23]
as well as Ehling [24] showed in frying and model experi-
ments, respectively, that the oil type strongly influences
the formation of acrylamide, while Matthäus et al. [25],
Williams [26], and Mestdagh [27] found no indication for
an influence of the oil type. Gertz and Klostermann [23]
supposed the relative high amount of more polar DAG and
MAGs in palm oil could be the reason for an accelerated
acrylamide formation when using palm oil for frying.
Ehling et al. found especially for fish oils like sardine oil
(652mg/g asparagine) and cod liver oil (435mg/g) higher
amounts of acrylamide in a model system consisting of pure
asparagine and oil, while for rapeseed oil (70.6mg/g), olive oil
(73.6mg/g), corn oil (80.7mg/g), and soybean oil (135mg/g)
the contents were remarkable lower and on a same level [24].
On the other hand, Belaski et al. [17] measured higher
acrylamide values of fried samples in olive oils compared to
corn oil, but using paraffin oil as inert frying medium and
ammonium carbonate as source of ammonia during frying
they suggested that acrylamide is not principally formed
from precursors present in the oil itself. Totani et al. [28]
investigated used frying oils from food manufacturing
companies for the content of acrylamide. In none of the
used frying oils acrylamide was found in detectable amounts
(detection limit 0.02mg/kg).

Neither Matthäus et al. [25] nor Williams [26] found a
correlation between oil quality and acrylamide formation
during frying. Also, Mestdagh et al. [29] obtained no
significant influence on acrylamide formation by oil oxidation
in model experiments using closed stainless steel tubular
reactors. On the other hand, Arribas‐Lorenzo et al. [30]
showed in studies carried out with baked cookies that lipid
oxidation products should be taken into account as
components influencing the formation of acrylamide during

baking of fat‐rich products with prolonged heating. Later,
Zamora and Hidalgo [31] showed that oxidized lipids
compete very efficiently with carbohydrates for carbonyl‐
amine reactions in the Maillard reaction. They also found
that a,b,g,d‐diunsaturated carbonyl compounds, derived
from the decomposition of hydroperoxides, were the most
reactive compounds for the acrylamide reaction [32]. Thus
the authors suggested that unoxidized and oxidized lipids are
able to contribute to the conversion of asparagine into
acrylamide, whereby unoxidized lipids have to be oxidized in
a first step. In an investigation with a potato dough containing
10% oil, potato powder, flour, and water baked at 180°C for
different heating times Kotsiou et al. [33] found no influence
of the nature of lipids regarding contents of unsaturated
fatty acids or degree of fat oxidation on the formation of
acrylamide. In total, it can be stated that the type and quality
of oil may have an influence on the formation of acrylamide
but it depends on the type of food prepared. For frying no
significant influence has been described in literature.

While the main pathways for the formation of acrylamide
in food have been disclosed a solution of the problem is still
needed. In general, the acrylamide story is so sensitive as
Maillard reaction products are also highly desirable for food
processing since they contribute to food taste and smell, and
some of them are described to have beneficial nutritional
and antioxidant properties [34, 35]. Hence, the Maillard
reaction is needed for the production of tasty food accepted
by the consumer, but at the same time responsible for the
formation of acrylamide. The challenge of acrylamide
mitigation in food is the balancing act between minimum
formation during processing on the one hand while
maintaining taste, texture, and appearance of the food
accepted by the consumer. It would be very easy to produce
food without acrylamide by temperature regimes below
120°C, but consumers might reject most of it.

3 Mitigation

For the development of mitigation strategies it is important to
know the set screws for the formation of acrylamide. As a
“food‐borne” contaminant, based on the Maillard reaction,
the concentration of the precursors in the rawmaterial have to
be lowered, but also processing conditions have to be changed
by adjusting temperature and time that also have an effect on
the availability of water. The great challenge in the mitigation
of acrylamide is to influence the four main factors of the
Maillard reaction: (i) content of precursors, (ii) temperature,
(iii) water activity, and (iv) pH‐value of the food.

The possibilities to process crops with low amounts of the
precursors are limited because both free asparagine and
reducing sugars are essential compounds in several bio-
chemical pathways. Additionally, the plant species strongly
influences the minimizing effect. While in cereals the molar
concentration of reducing sugars is much higher than



asparagine, in potatoes free asparagine is present in
abundance. That means for the potential to form acrylamide
the asparagine content is the limiting factor in cereals and
rye [36–38], while the content of reducing sugars limits the
formation in potatoes.

In spite of these limitations, it is known that the amount of
precursors varies to some extent between different varieties
of potatoes and cereals, and the specific selection of
varieties with low amounts of precursors can be used in a
comprehensive mitigation system [39, 40]. Martinek
et al. [40] showed that the asparagine content was strongly
influenced by wheat genotype with differences up to 200%.
Also studies in UK, Hungary, France, and Poland showed
that the content of precursors in wheat and rye is significantly
determined by varieties [38, 41]. Claus et al. [42] demon-
strated that a variation in the asparagine content of flour from
0.37 to 1.89mmol/kg resulted in an acrylamide variation in
heated flours from 154 to 624mg/kg. This illustrates the great
potential of the selection of appropriate varieties to reduce the
potential of raw material for the formation of acrylamide
during processing.

Since in potatoes asparagine is the predominant free
amino acid with about one‐third of the total free amino acids
it is expected that the potential of the raw material to form
acrylamide is determined by the concentration of reducing
sugars. On the other hand Amreim et al. [43] and Becalski
et al. [44] showed that also asparagine may influence the
acrylamide formation in potato food.

The great differences in the content of reducing sugars
and asparagine between different varieties indicate a reduction
potential by breeding approaches. However, a genetic
modification of the raw material is time consuming. Although
asparagine is required for protein synthesis, free asparagine is
often used as internal buffer whenever a surplus of nitrogen
exists or stress results in low protein synthesis rates [45].
Rommens et al. [46] could show that genetic engineering by
silencing two asparagine synthetase genes through “all‐native
DNA” transformation reduced the levels of free asparagine in
potato tubers for up to 20 times.While the content of glutamine
was a little higher, no differences in the sensory characteristics
were found, and the content of acrylamide formed during
heating was as little as 5% of the unchanged tubers.

Additionally, it is important to know that some agronomic
means like the use of fertilizers or nitrogen have a strong
influence on free amino acids, sugars, and the resulting
potential for the formation of acrylamide during process-
ing [39, 40]. While the use of nitrogen increases the amount
of asparagine in wheat, rye, and potatoes [39, 40], the
application of sulfur reduce the glucose concentration in
potatoes [39]. A sulfur supply is also recommended to
prevent sulfur deficiencies with a considerable accumulation
of free asparagine in cereals [36, 37, 38]. Thereby, not only
whole meal flours are affected but also light flours.

Storage conditions of the raw material can influence the
acrylamide potential especially in potatoes (Fig. 2). It is

known that storage of the tubers results in starch breakdown
and accumulation of reducing sugars [47]. In a storage
experiment with Japanese potatoes at 2, 6, 8, 10, and 18°C for
18wk Matsuura‐Endo et al. [48] found a significant increase
of reducing sugar and acrylamide levels at temperatures
<8°C, a correlation between acrylamide levels and reducing
sugars for potatoes with fructose/asparagine ratio <2 and a
higher dependence of the acrylamide formation from the
asparagine concentration if fructose/asparagine ratio >2.
Today, potatoes fit for processing are generally stored at 8–
10°C to prevent excessive enrichment of reducing sugars. At
those temperature regimes, tubers will rapidly lose dormancy
and consequently sprout suppressants have to be applied.

With respect to frying, processing temperature and time in
combination with water activity of the product have a strong
influence on acrylamide formation. Additionally, a pre‐
treatment of the raw material before frying and the use of
different antioxidants have an effect on the acrylamide
formation during processing [49].

As a heat‐induced reaction one major point in the
formation of acrylamide during frying is the temperature of
the frying medium with 160–200°C. As a result of water
evaporation the product being fried is cooled leading to
temperatures in the product below 100°C. Nevertheless the
temperature at the surface of the product converges with the
temperature of the frying medium. Different investigations
have shown that the formation of acrylamide increases with
rising temperature, whereby at temperatures between 150
and 170°C the increase is relatively low, while at higher
temperatures a non‐linear progression is given (Fig. 3) [23,
25, 26, 50, 51]. Therefore, in Germany an agreement
between food industry and food authorities was made to limit
the frying temperature to 175°C. Frying time has a linear
effect on acrylamide formation at a given temperature [25].
Consequently, frying time should be as short as possible to
prevent any overcooking. Next to higher acrylamide values,
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also fat uptake increases, as could be shown in a crisps frying
experiment [52]. The alternative concept of temperature load
[temperature� time; (°C s)] reflects to the thermal input of
frying. Principally, high temperature frying will require less
time to get a ready‐to‐eat food compared with a low
temperature frying. Absolutely, temperature load values are
inverse to acrylamide data, also on a non‐linear level [53].

Frying is a drying process which takes place especially near
the surface of the product by a continuously loss of moisture.
Since the conditions for acrylamide formation are improved
during this drying process, the acrylamide content increases
with decreasing moisture content within the food [25]. In a
frying experiment with potato strips at 150, 170, and 190°C
for 9min Gökman et al. [54] found acrylamide mainly in the
surface with 72, 2747, and 6474mg/kg, respectively, while in
the core only 376mg/kg were found after frying at 190°C.

Investigations of Amrein et al. [55] reflected the situation
that the Maillard reaction is necessary for the desired
browning of product and the undesired formation of
acrylamide during processing. They showed that at low
moisture contents (<20%) at the end of processing the
activation energy for the formation of acrylamide was higher
than the activation energy necessary for the browning process.
That means by lowering the temperature at lower moisture
contents at the final stage of frying it is possible to favor the
browning reactions while at the same time acrylamide
formation is limited and the overall level is reduced [25,
53, 56, 57]. However, fat content of the product may increase
requiring an additional de‐oiling step, as an experiment with
potato crisps has shown [25]. A more mathematical approach
has been published by Parker et al. [58] who showed the
contribution of both glucose and fructose but also of moisture
and temperature to the generation of acrylamide by a kinetic
model simulating the generation of acrylamide during finish‐
frying of commercially preprocessed French fries.

As the previous discussion has shown, acrylamide
formation is the result of a complex reaction resulting from
several variables. Within the HEATOX project a mindmap
was designed for French fries production covering all
relevant factors, starting from agronomic ones and ending
at processing itself [9].

To the last point, Arias‐Mendes et al. [59] showed that a
process using a multi‐step approach with different tempera-
ture zones during frying could be a perfect compromise
between product quality regarding appearance and food
safety regarding acrylamide. They suggested a short, high
temperature zone at the beginning of the deep‐fat frying of
potato crisps and then a progressive decrease of the
temperature in the following zones. Another alternative
principle is the use of vacuum frying. At pressure below
6.65 kPa the boiling point of the oil and the moisture are
lowered [60] resulting in a lower acrylamide content of the
fried product, acceptable product quality, and oil stability
over a longer period of time. Unfortunately, fat content of the
product is increased [52], and again an additional de‐oiling
step is necessary. Granda and Moreira [61] were able to
reduce acrylamide formation for about 94% when potatoes
were fried to the same final moisture content (1.5� 0.3%
w.b.) under vacuum frying (118°C! 48mg/kg) in compari-
son to traditional frying (165°C! 847mg/kg). A reduction of
the overall temperature below 160°C in traditional frying
results in poor product quality regarding color, oil content,
and texture [57].

Very high temperature short time frying under increased
air pressure (flash frying) in combination with forced cooling
post‐frying was claimed by some crisps manufacturers [62].
By this technique, elimination reactions of the acrylamide
molecule may be given [63]. Summarizing at this point,
traditional frying has limited opportunities to optimize the
temperature as one important factor for the formation of
acrylamide, but some exceptions could be shown.

The use of carbon dioxide blanketing during frying to
protect oil from thermo‐oxidative degradation has been
described as efficient. Similar to vacuum frying the extent of
changes in oil quality was significantly less in comparison to
traditional frying in terms of total polar compounds and
anisidine value [60]. Since lipid oxidation products are
suspicious to be involved into the formation of acrylamide
frying under carbon dioxide atmosphere seems to be an
option to reduce the formation during frying. Aladedunye
et al. [64] demonstrated that frying under carbon dioxide
blanketing can considerably reduce the formation of
acrylamide in comparison to traditional frying at the
same temperature for about 58% even if the formation
for both methods was small under the experimental
conditions. The authors concluded that the results revealed
a significant correlation between lipid oxidation and
acrylamide formation.

A promising way to remove precursors from the raw
material is an appropriate pre‐treatment of the potatoes
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before processing with the aim to remove asparagine and
reducing sugars. Interesting options are blanching and
soaking [65–68], but the product quality has to be kept
in mind since additionally to precursors also valuable
water‐soluble compounds like vitamins are removed.
The effect of blanching and soaking strongly depends on
the period of application, temperature, pH‐value, and
added compounds.

The Maillard reaction is pH dependent because at
lower pH value the amino groups of the amino acids as
precursor are protonated and therefore unavailable for further
reactions in the initial stage of the reaction. Amaximum value
is reached at about pH 7 or higher [69, 70]. The use of acid
solutions decreases the pH‐value of the rawmaterial resulting
in a significant reduction of the acrylamide formation.
Soaking with citric acid solution of 10 g/L for an hour before
frying at 150, 170, and 190°C, respectively, reduced the
content of acrylamide for 86, 47, and 28%, respectively, in
the final product [71], although it had no effect on the
precursors. During blanching, the content of precursors
decreased drastically with increasing temperature and
blanching time resulting in less acrylamide in the final
product [71]. In general, blanching removed much more low
molecular carbohydrates and asparagine from potato slices
than water immersing treatment.

An interesting possibility to reduce the acrylamide
formation is the use of the enzyme asparaginase, which
forms aspartic acid from asparagine (Fig. 4). Principally,
asparaginase was developed for bakery goods and also
successfully tested in that food [72, 73]. Optimum conditions
for the enzyme are given in a dough. Consequently,
prefabricated potato crisps are principally suitable for that
treatment [74]. On the other hand, asparagine reduction in
French fries and potato crisps production is still to be
optimized with respect to the small time slot [75].

4 Toxicity

Acrylamide is a well‐known industrial chemical and therefore
the toxicological properties have been studied comprehen-
sively. For humans mild and reversible peripheral nervous
system symptoms have been described for Swedish tunnel
workers due to a misuse of an acrylamide based grouting
product to seal tunnel walls [76]. Other symptoms like
cerebellar dysfunction followed by neuropathy have been
found for 71 Chinese factory workers, which produced
acrylamide and polyacrylamide [77].

In animal studies, primarily with rodents, acrylamide has
been shown to be carcinogenic when using doses orders of
magnitude higher than the typical human dietary exposure.
These results led to the classification of acrylamide as
probably carcinogenic to humans by the IARC in 1994.
From animal experiments it was also found that acrylamide
is genotoxic and neurotoxic. Additionally, morphological
changes in nerves [78] and reproductive and developmental
effects on the testes and male fertility in rodents [79–81] have
been described for acrylamide resulting in the definition of no
observed adverse effect levels (NOAEL) of 0.2 and 2.0mg/
kg bw/day, respectively by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) in 2005 [82]. Later,
in 2011 JECFA concluded that adverse neurological effects
are unlikely at the estimated average exposure, but morpho-
logical changes in nerves cannot be excluded for high
acrylamide consumers [83].

Acrylamide is metabolized very fast after ingestion and
then is going into blood and urine from where it is excreted.
Most critical for the genotoxic effect of acrylamide is the
epoxidation of acrylamide to glycidamide by Cytochrome
P450, a hemoprotein with enzyme activity [84, 85].
Glycidamide can react with hemoglobin and enzymes but
also with DNA resulting in point mutations and cancer.
Glycidamide is further metabolized to mercapturic acid and
most of it is rapidly excreted with the urine [86].

From a 2‐years study with male and female B6C3F1 mice
and F344/N rats administered 0, 0.0875, 0.175, 0.35, or
0.70mM acrylamide in the drinking water ad libitum Beland
et al. [87] concluded that the tumors observed in multiple
organs from both sexes and species of rodents exposed
chronically, coupled with previous mechanistic data, strongly
support that acrylamide is a genotoxic carcinogen as a result
of metabolic activation to glycidamide. Since the most
susceptible organ to acrylamide exposure in the mouse
model, Harderian gland, is not present in humans the transfer
of the results to humans is difficult.

However, today biomarker based animal studies exist,
giving an insight on biological effects at doses approaching
those from nutrition [88–91] which can significantly help to
improve risk assessment of dietary acrylamide exposure.
For the calculation of the human health risk, the margin of
exposure (MOE) should be used which is defined as quotient
of the lower limit at which adverse effects were observed over
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the estimated exposure from food. The higher the MOE the
lower the estimated risk to humans health. None of the
present studies showed a MOE for acrylamide from food of
different aged populations higher than 10 000 and especially
for low‐weight humans like babies or consumers of higher
contaminated foods the MOE can be below 200 indicating a
possible health risk. JECFA stated that for a compound that is
both genotoxic and carcinogenic the MOEs indicate a health
concern, which underlines the need for further mitigation
strategies.

As acrylamide has been found in animal studies to have a
neurotoxic and carcinogenic effect resulting to the classifica-
tion as probably carcinogenic to humans by the IARC, no
safety reference values can be established. Mitigation of
acrylamide during food processing is an ongoing process and
every reasonable measure to reduce the content in the final
product has to be taken into consideration. Another point is
that the effectiveness and the result of the measures have to be
shown and monitored.

Since 2002, several studies were conducted to find a
correlation between the uptake of acrylamide by humans and
an increased incidence for different types of cancer. In 1986,
Sobel et al. [92] presented a study on the mortality of 371
employees working with acrylamide or polyacrylamide. They
found no relation between the exposure to acrylamide and the
overall mortality, total malignant neoplasia or any specific
cancers. A study with a cohort of 8854 men, 2293 exposed to
acrylamide by working was examined from 1925 to 1983 for
mortality. The result of the study showed also no increased
risk of mortality by higher exposure to acrylamide [93]. Later,
after the first announcement of acrylamide in food, Rice [94]
showed from available human end experimental data that no
statistically significantly exposure‐related increased risk for
cancer at any organ was consistently associated with exposure
to acrylamide. Only a doubling of the risk for pancreatic
cancer was found for people with highest exposure. In 2007,
Swaen et al. [95] also found little evidence for a cancer risk
from the exposure to acrylamide at production facilities, but
they also reported a higher risk for pancreatic cancer.

In an assessment of 13 epidemiological studies dealing
with the relationship between different types of cancer and the
exposure to acrylamide the German Federal Institute for Risk
Assessment (BfR) found in 2011 no consistent result [96].
Only some studies showed an increased risk of cancer by
the exposure of acrylamide but not very strong. From
this assessment German BfR concluded that a relationship
between exposure to acrylamide and cancer can neither be
expected nor excluded for humans. Possibly a risk for cancer
diseases is if there is any for humans not detectable for the
given exposure.

Recently, Hogervorst et al. [97] showed for the first time
that acrylamide might be associated with colorectal cancer
with specific somatic mutations, differentially in men and
women. They used mutations in KRAS and APC as key
genes in colorectal carcinogenesis and a cohort within the

Netherlands Cohort Study on diet and cancer. In another
study Hogervorst et al. [98] found no conclusive associations
between acrylamide intake and sex hormones that would lend
unequivocal biologic plausibility of the observed increased
risks of endometrial, ovarian, and breast cancer. Scott‐Miller
et al. [99] found an increased risk of prostate cancer after
regular consumption of selected deep‐fried foods, but they
were not able to determine whether this risk is specific
to deep‐fried foods or whether it represents risk associated
with regular intake of foods exposed to high heat and/or
other aspects of the Western lifestyle, such as fast food
consumption.

On the same subject, Chen et al. [100] used a statistical
regression model to estimate the additional contribution of
acrylamide to the overall lifetime cancer risk. They focussed
upon French fries consumption in a Taiwan city calculating
different preparation kinds. A Monte Carlo simulation
showed that if acrylamide in French fries would be higher
than 168mg/kg the estimated cancer risk would be already
higher than the target excess lifetime cancer risk.

More concrete, the European prospective investigation
into cancer and nutrition (EPIC) was used to calculate the
association between dietary acrylamide intake and pancreatic
cancer risk in a cohort of 477 308 men and women aged 35–
75. Acrylamide intake was estimated for each participant by
questionnaire‐based food consumption data with a harmo-
nized acrylamide database from the EUmonitoring database.
No overall association between dietary acrylamide intake and
risk for exocrine pancreatic cancer could be calculated.
Smoking status, sex, diabetes alcohol intake, or geographic
region had no influence. Only obese people, when using the
body mass index (BMI) for classification, showed an inverse
association [101].

5 Exposure

A lot of studies and surveys have been performed in different
countries to assess the exposure to acrylamide for humans
since this is the basis for the calculation of a risk arising from the
consumption of acrylamide containing food [83, 102–108].
German BfR calculated the mean exposure to acrylamide as
0.39mg/kgbw/day for the whole German population while
EFSA published higher values (95. percentile exposure: 0.79–
0.83mg/kgbw/day) for Germany. For adults in different
member states of the European Union the mean exposure
was calculated from 0.43 to 1.36mg/kgbw/day [107].

For the Hong Kong population, an average consumption
of 0.13mg/kg bw/day was found, whereas high consumers take
up 0.69mg/kg bw/day [106].

In a small duplicate diet study in Switzerland [108] it was
found that 8% of the daily intake of acrylamide occurred from
breakfast, 21% from lunch, 22% from dinner, 13% from
snacks, and 36% from coffee. These values were later
corrected for an apparently low consumption of some fried



foods in the study, compared to the normal diet. However, the
contribution from coffee was still 22%.This illustrates the fact
that just because a particular food product contains a high
amount of acrylamide, it may not be a major contributor to
intake if it is not consumed in large quantities. A food or diet
item relatively low in acrylamide content, such as coffee or
bread, can make a significant contribution to the dietary
intake of acrylamide when it is consumed in larger quantities.
Differences in the exposure to acrylamide by the uptake of
food are based on age and home country of the consumer.

From the EPIC study, a multi‐center cohort study over 10
European countries, a subpopulation with 36,994 partic-
ipants (men and women, aged 35–74) was used to describe a
mean dietary acrylamide intake in 27 centers according to
selected lifestyle characteristics. Mean acrylamide intake
across centers ranged between 13 and 47mg/day in men and
between 12 and 39mg/day in women, respectively. No
association between acrylamide intake and physical activity,
BMI, or education was given. Two food categories (bread and
coffee) were responsible for at least 50% of the intake. The
third food group was potato. Absolutely, participants from
Nordic centers took in more acrylamide than from South
centers. Acrylamide intake from bread was between 20 and
50% (Copenhagen the highest), Coffee contributed between
14 and 40% (Malmo the highest), and potato between 4 and
26% (Asturias the highest). Absolutely, dietary acrylamide
intake differed substantially between European geographical
regions [109]. In US, the contribution of coffee is much
smaller (8%), Crackers intake (17%) is comparable, but fried
potato products and crisps intake (38%) is significantly higher
compared with data of the European countries [110].

A sub‐study of the already cited EPIC study points out a
fundamental problem of acrylamide data derived from a
survey of self‐reported diet without any concrete acrylamide
analysis of that food. Those data correlated only weakly with
the biomarker acrylamide hemoglobin. Next to the lack of
concrete acrylamide data, also differences in the absorption
and metabolism of acrylamide could be responsible for that
result [111].

One important aspect, which is not in the focus of
exposure calculations, is the influence of domestic food
preparation on the formation of acrylamide and the resulting
exposure. Data about the content of acrylamide in homemade
food are scarce and only few papers have been published on
this important topic [112, 113]. While in industrial food
processing several measures have been taken to mitigate the
formation of acrylamide, it is unclear to which extent the
knowledge about possible setscrews has reached the consum-
er. Many pre‐processed products such as par‐fried potatoes
already contain acrylamide, but under home cooking
conditions with uncontrolled heating facilities the amounts
may remarkable increase. For potato products Michalak
et al. [113] found an increase of acrylamide from 322mg/kg
before final preparation to 469 and 495mg/kg for pan frying
and deep‐frying, respectively, at 180°C for 3min and 630 and

725mg/kg for roasting and microwave, respectively, at 220°C
for 10min. Therefore, one demand of Michalak et al. [113]
was the need for better temperature controlled domestic
ovens. They showed that especially microwave treatment in
comparison to conventional heating methods favored the
formation of acrylamide in potato products under the
same processing conditions (treatment time and tempera-
ture). Grob et al. [112] also showed that temperature and
time are important for the preparation at home, but the
use of potatoes with low amounts of reducing sugars,
too. Here the possibilities to reduce the formation of
acrylamide at home are limited. Thus, it can be assumed
that additionally to the exposure of acrylamide calculated
from diet studies a considerable part may contribute from
home food processing.

6 Measures

6.1 Acrylamide toolbox

One of the most important approaches from industry to
develop a minimization strategy for acrylamide was initiated
by Food Drink Europe, which is representing the European
food and drink industry. They published the Acrylamide
Toolbox with the aim to describe concrete means for the
reduction of the acrylamide content in specific products.

From the different food categories the most important
ones where chosen and at the end four main product
categories came into focus: (i) potato‐based products, (ii)
cereal/grain based products, (iii) coffee, roasted grain and
substitutes, and (iv) infant foods. From the toolbox, the
manufacturers can select specific aspects of the overall story,
which are relevant for their particular needs. The toolbox
contains 14 different parameters also called as tools. These
parameters were identified to be most important for the
minimization of acrylamide during processing. Examples are
reducing sugars, asparagine, pH, rework, fermentation,
thermal input, pre‐treatment, texture/flavor, etc. The differ-
ent parameters are grouped into four main categories,
agronomy, recipe, processing, final preparation, which are
called as toolbox compartments. The different toolbox
compartments present the different stages of the processing
line where response on the acrylamide content can be given.
The sheet is divided into results from commercial application,
development and research, and describes the effect, which
can be expected from applying the individual tools [62].

Additionally, to different tools usable for the mitigation of
acrylamide during industrial processing the toolbox gives a
guideline for final preparations by consumers or restaurants
for French fries and other cut, (deepfried) potato products.
Here, especially the maximum frying temperature of 175°C
and the recommendation not to overcook the product has
to be mentioned. Products should be cooked to a golden
(yellow) color.



6.2 Indicative values

Shortly, after the announcement of acrylamide findings in
food, in Germany the dynamic minimization concept was
introduced as part of a concerted action between food
industry and government. Aim was to get individual
reductions for acrylamide in different food categories.
Thereby, so‐called signal values were calculated from
acrylamide analyses of the food authorities [114]. When a
concrete food exceeded the signal value, a minimization
dialogue between food authorities and the food manufacturer
was started to lower the acrylamide level. Since 2011, only
three food categories are still under that concept (potato
pancake, gingerbread, coffee substitute). In 2011, all other
food categories came under the umbrella of the European
concept of indicative values, derived from a 2007–2009
monitoring of acrylamide data from the whole European
Union [115]. These indicative values were lowered partly in
2013 [116], because new data from the EU‐monitoring [117]
have shown a principal lowering in some food categories,
e.g. soft bread. Gingerbread and coffee substitutes were
introduced as new food categories. However, ready‐to‐eat
French fries and potato crisps from fresh potatoes and from
potato dough indicated no further decline of acrylamide
concentration despite of the manifold tips of the Acrylamide
Toolbox [62]. The actual indicative values for both food
categories are at 600 and 1000mg/kg food, respectively
(Table 1).

7 Conclusions

Acrylamide findings in fried potato food cannot be excluded
completely with respect to many desired Maillard reaction
products in these food categories necessary for a pleasant
aroma and consumer acceptance. While formation and
metabolization of acrylamide are largely known, toxicity

assessment is still a challenge. With acrylamide the situation
is highly sophisticated. It is a component with a low
carcinogenic potential, but the concern comes from the
significant uptake as compared to other carcinogenic
components. The genotoxic mode of action at very high
doses/concentrations is conclusive, but it is unclear whether
this applies also to the normal dietary uptake. It is impossible
to measure carcinogenicity at these uptake levels.

With respect to the mutagenic potential of acrylamide and
especially acrylamidemetabolites, further mitigation steps are
necessary. Industry has already shown a substantial decline of
values, but these efforts need to be continued over the whole
value chain.

Food industry is aware of that problem andmanufacturers
act accordingly, but home preparation is still an unknown
issue. Therefore, exposure calculations have to use mean data
for surveys and are correspondingly weak until concrete
analyses of consumed food will be the basis of calculation. It
is to be noted that consumers should not change their
nutritional behavior, but they should reduce the temperature
during food processing as low as reasonable possible and they
should follow the rule to cook to a golden (yellow) color
instead of brown.

In summary, it can be concluded that a lot of work has
been done in the last 12 years to mitigate the formation of
acrylamide during processing of potato products, but the
problem is not solved, yet.

The authors have declared no conflict of interest.
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