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Abstract
The aim of the industrial trial was to monitor the contents of the glycoalkaloids α-solanine, α-chaconine and their aglycon 
solanidine along the production process from unpeeled raw tubers to potato crisps. This should identify process factors that 
reveal possible process-related reduction or enrichment of these substances. The successful validation of an LC–MS/MS 
method using an external calibration for the determination of the glycoalkaloids α-solanine, α-chaconine and its aglycone 
solanidine met the requirements of the monitoring recommendation EU 2022/561, both, in terms of sensitivity and in view 
of the required enzyme inactivation. For the tested potato variety, none of the 15 industrially produced samples exceeded the 
proposed indicative value of 100 mg total glycoalkaloids/kg product mass (range: 13.2 mg/kg for peeled tuber to 67.6 mg/
kg for potato crisps). Finally, solanidine contents were measured for the first time in-line a potato crisps production, ranging 
from 0.03 to 0.14 mg/kg product mass. The glycoalkaloid contents were additionally calculated as fat-free potato dry mass 
(ffpdm) to enable a standardized comparison of analytical values. With regard to this newly introduced reference value in 
this kind of process control, the ffpdm, a significant change of the glycoalkaloid contents during the production process of 
potato crisps after the peeling process could be excluded. This finding refutes current literature knowledge dealing with 
non-standardized results based on pure product weight ignoring water loss and/or fat intake along the production process. 
Starting from the unpeeled tuber to the final potato crisps, a glycoalkaloid reduction of 62% on average related to ffpdm could 
be achieved during the process, mainly related to the peeling. In contrary, the frying process contributed only insignificantly 
to the glycoalkaloid reduction.
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Introduction

Potatoes are among the world's most important staple foods 
because they contain nutritionally important ingredients 
such as high-quality proteins, are rich in vitamins and con-
tain numerous minerals such as potassium, magnesium 
and manganese [1–3]. It is therefore plausible that in 2021, 
approximately 376 million tons were harvested worldwide 
and approximately 11 million tons in Germany, the largest 
potato producer in the EU [4]. In Germany, an average of 
56 kg of potatoes per capita were consumed in 2021/2022 

[2]. However, it is not only the potato itself that is a popular 
food, but also potato-based products such as potato crisps.

The most commonly grown potato variety is Solanum 
tuberosum, which belongs to the nightshade family (Solan-
aceae). This plant family contains toxicologically relevant 
secondary metabolites, the so-called glycoalkaloids (GA). 
These are steroid glycosides which protect the plant against 
pests and pathogens. GAs belong to the group of nitrogen-
containing steroid glycosides and consist of two compo-
nents, a nitrogen-containing steroidal alkaloid skeleton and 
the trisaccharides of α-solanine solatriose (consisting of the 
monosaccharides: d-glucose, d-galactose and l-rhamnose) 
rsp. the trisaccharide of α-chaconine chacotriose (consisting 
of the monosaccharides d-glucose and two units l-rham-
nose). The steroid alkaloid skeleton of GA is also known 
as the so-called aglycon solanidin. The two quantitatively 
most common glycoalkaloids in potatoes are α-solanine and 
α-chaconine. α-GA are degraded under certain conditions 
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to β- and γ-metabolites, which are also present in small 
amounts in potatoes. In the β-,and γ-forms, one and two of 
the three sugar molecules attached to the aglycone are split 
off [5].

However, in general, the concentrations of these other 
GA in tubers are less than 5% of the total GA content [6, 
5].The aglycone, solanidine, is not counted as a GA due to 
the lack of sugar building blocks, but is also toxicologically 
relevant [5–7]. Furthermore, it has recently been shown that 
solanine and chaconine degrades to their aglycons solanidine 
by the intestinal pig cecal microbiota with a dependence of 
the degradation rate on the linked sugar side chain [8].

To give special expression to their poisonous effect, 
the potato was selected as the “poisonous plant of the year 
2022” by the Botanical Special Garden Wandsbekim. To 
prevent possible toxicological effects of GA, consumption 
of green, sprouting, or damaged potatoes is discouraged [9]. 
Mild intoxications may result in nausea, abdominal pain, 
vomiting, or diarrhea. Severe intoxications may result in dis-
turbances of consciousness up to unconsciousness as well 
as lead to disturbances of respiration or brain function [9].

GA occur in varying concentrations within the potato 
plant. For example, sprouts, berries, flowers, and leaves 
contain significantly (up to 100 times in the case of sprouts) 
higher levels than roots or tubers. GA also vary within the 
tuber. The skin of the tuber contains three to ten times more 
GA than the flesh [10]. In general, GA content in the tuber 
depends on various factors such as storage conditions, culti-
var, tuber size, growing conditions (climate), insect damage, 
fertilization, or ripeness [5, 7, 11].

GA are considered to be thermally very stable [12] and 
are hardly destroyed during cooking, baking, frying, and 
microwave cooking [6, 13, 14]. Solanine breaks down at 
temperatures between 260 and 270 °C [15].

Legal regulations

For many decades, an indicative level of less than 
200 mg total glycoalkaloids (TGA, sum α-solanine and 
α-chaconine)/kg in the fresh weight of unpeeled, uncooked 
potatoes was considered safe. This general statement is often 
found in the scientific literature and can be traced back for 
decades [7]. However, there was one GA intoxication case 
in Germany in 2015, in which potatoes with a GA content 
of 236 mg/kg were consumed. Due to the fact that this value 
is very close to the previous indicative value, the German 
Federal Office for Risk Assessment (BfR) used this case as 
an opportunity to set a new NOAEL (No Observed Adverse 
Effect Level) of 0.5 mg per kg body weight and a LOAEL 
(Lowest Observed Adverse Effect Level) of 1 mg GA per kg 
body weight [9]. To ensure that these health-based guidance 
values, HBGVs, are not exceeded, the BfR recommends 
a new safety/guideline level of 100 mg/kg GA as sum of 

α-solanine and α-chaconine in potatoes and processed potato 
products. The LOAEL of 1 mg GA per kg body weight was 
confirmed by EFSA in 2020 [7].

Subsequently, in 2022, the European Commission called 
for monitoring of glycoalkaloids, their degradation products, 
and the aglycone solanidine in potatoes and potato prod-
ucts in Recommendation (EU) 2022/561 [16]. In addition, 
the factors leading to high GA levels are to be identified, 
especially with regard to processing procedures. The main 
objective is to find measures to reduce GA levels in potatoes 
and potato-based products. Member States, with the active 
participation of food business operators, should identify the 
factors leading to levels exceeding the indicative value of 
100 mg/kg as the sum of solanine and chaconine in potatoes 
and processed potato products [16].

Influence of processing on GA in potato crisps 
production

In the production process of potato crisps, the raw potato 
tubers are first washed and the peels are removed using 
suitable peeling devices. In the next step, the tubers are cut 
into very thin slices (1.2–3 mm). The potato slices are again 
washed to remove starch residues from the surface. Residual 
water is removed and the potato slices are deep fried for 
approx. 1.5–3 min at a maximum temperature of 190 °C, 
whereby the outlet temperature should not exceed 168 °C. 
The outlet temperature is the temperature in the last zone 
of the fryer. Here, the crisps are still in the oil and most of 
the water has already evaporated. The crisps are cooled on 
belts where excess fat is removed. Immediately after frying, 
the moisture content should range between 1 and 3% [17]. 
Finally, the crisps are flavoured in a spice drum. The produc-
tion process of potato crisps is depicted in Fig. 1 [1, 3, 17].

There are numerous, sometimes ambivalent, statements 
in the available literature about the behavior of GA dur-
ing the potato processing. Due to the accumulation of GA 
on the outer layers of the potato tuber, peeling undoubtedly 
leads to a significant reduction in the contents of GA by 
25%–75%, on average 48% of the total GA [18–20]. When 
slicing and washing potato slices, GA reductions of 71% 
have been reported compared to unpeeled potatoes [21]. 
Although it was reported that GA breaks down at rather high 
temperature of 260–270 °C, several literature studies report 
that frying is the most effective method to reduce GA con-
tent, and decreases of GA contents between 20 and 90% in 
the final fried potato product compared to the peeled potato 
are reported [13, 20–22]. It should be noted here, however, 
that all of these literature references relate GA loss to the 
respective dry mass of the product. Corrections for water 
loss and fat intake during the frying process were not made 
in the respective investigations.



1343European Food Research and Technology (2024) 250:1341–1351	

Analytical methods

Many different analytical techniques have been applied over 
the last century for the detection and quantification of GA. 
With older analytical methods (gravimetric, colorimetric), it 
was often not possible to distinguish between the individual 

GA. These non-specific methods are currently no longer 
used for quantitative purposes.

The most common analytical method for the determina-
tion of GA is liquid chromatography (LC) and detection by 
UV–Vis (ultraviolet–visible light) or (tandem) mass spec-
trometry (MS) resp. MS/MS. Quantification is performed 

Fig. 1   Production of potato chips; stars show the sampling points during the industrial trial [1, 3] 
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using external standards where possible, since isotopic 
labelled internal standards do not exist. However, except 
for α-solanine, α-chaconine, and solanidine, there are cur-
rently no commercially available standards for the other 
GA in necessary analytical purity [7, 8, 16].

To prevent enzymatic degradation of the sugar moieties 
of GA, especially when testing raw (unpeeled/peeled) pota-
toes, a solution of 1% formic acid in methanol in a ratio of 
1:2 (volume:weight) should be added to the potatoes dur-
ing mixing and homogenization, according to Monitoring 
Recommendation EU 2022/561, before extraction and puri-
fication. The limit of quantification (LOQ) for the determi-
nation of individual GA should preferably be around 1 mg/
kg and not exceed 5 mg/kg [16].

Aims and procedure of the industrial trial

The aim of the industrial trial was to analyse samples 
along the industrial process for the analytes α-solanine, 
α-chaconine and solanidine and to check how their contents 
change during the processing from unpeeled raw tubers 
to potato crisps. This should identify process factors that 
reveal possible process-related reduction or enrichment of 
these substances.

To identify the possible process factors, the fat-free 
potato dry mass, or ffpdm, was determined for all samples 
to have a uniform, comparable analytical dataset through-
out the trial. For this purpose, in addition to analysing for 
solanine, chaconine, and solanidine, the dry matter con-
tents of all samples and the fat contents of potato crisps 
were determined. For raw potato samples, the fat content 
was neglected, since the average fat content is about 0.1% 
[1].

Furthermore, the main objective of this study was to val-
idate a suitable selective and sensitive routine method by 
means of LC–MS/MS for the analysis of solanine, chaco-
nine and solanidine. This method should also be checked 
for compliance with the criteria of the Monitoring Recom-
mendation [16].

Materials and methods

Solvents and reagents

α-Solanine (CAS No. 20562–02-01) and α-chaconine (CAS 
No. 20562–03-02) were ordered with a purity of ≥ 95% 
each and solanidine (CAS No. 80–78-4) with a purity 
of ≥ 97% from PhytoLab (Vestenbergsgreuth, Germany). 
All other chemicals and solvents had purity for analysis 
grade or HPLC grade and were purchased from Th. Geyer 
(Lohmar, Germany) or Merck (Darmstadt, Germany).

Standard preparation

Stock solutions with a concentration of 1  mg/mL of 
α-solanine, α-chaconine, and solanidine were prepared 
in methanol. Working standard solutions of 5 ng/mL for 
α-solanine and α-chaconine and of 1 ng/mL for solanidine 
were obtained by dilutions using methanol. The stock solu-
tions and the standard mixes were stored at 4 °C.

Sampling

The sample pool is composed of all relevant production steps 
of potato crisps. These were the raw tubers as a raw mate-
rial, the unflavoured potato crisps as a finished product, and 
various intermediate stages along the production process 
(see Fig. 1).

The samples were quickly taken from an industrial pro-
duction line depicting the production process in time at five 
different process points and three subsamples of approx. 1 kg 
each. To avoid batch-to-batch fluctuations, samples were 
taken from one production lot representing the real process 
time and originated from the following process steps:

I. Potato tuber, unpeeled, washed, variety Priska.
II. Tuber, peeled.
III. Sliced potatoes.
IV. Washed and drained potato slices
V. Potato crisps, unflavoured (frying oil: high-oleic sun-

flower oil, HOSO).
In Fig. 1, these five sampling steps are marked with a star. 

Samples II, III and IV were ground and deep-frozen directly 
on site using an electric knife mill (Retsch Grindomix 
GM200™, Haan, Germany). Samples I and V were crushed 
promptly in the laboratory (Retsch Grindomix GM200™, 
Haan, Germany) and the fresh sample material of samples 
I–IV was frozen, whereas samples V were stored dry. After 
samples I–IV were frozen, they were freeze-dried (CHRIST 
alpha 1–2 LSCbasic™, Osterode am Harz, Germany), and 
the freeze-dried samples were finely ground again.

The moisture content as well as the contents of 
α-solanine, α-chaconine, and solanidine were determined in 
all samples. In sample V, the unflavoured potato crisps, the 
fat content was analysed in addition. The moisture content 
was determined using the drying oven method. For this pur-
pose, the sample material was weighed in a glass crucible, 
mixed with sea sand and the weight loss was determined 
after drying in an oven at 103 °C for 4 h [23]. The fat con-
tent of the potato crisps samples was analysed following the 
official method according to Stoldt Weibull [24].

Sample preparation

The raw tuber samples (I) were ground as quickly as possible 
after sampling using a laboratory mill (Retsch Grindomix 



1345European Food Research and Technology (2024) 250:1341–1351	

GM200™, Haan, Germany) and frozen (– 20 °C) for at least 
2 days. This was followed by freeze drying (CHRIST alpha 
1–2 LSCbasic™, Osterode am Harz, Germany) for at least 
48 h at 0.3 bar (main drying), followed by mortaring and 
subsequent drying for 24 h at 0.03 bar. For homogeniza-
tion, the freeze-dried samples were ground again and the 
unpeeled potato samples were crushed in an Ultracentrifugal 
Mill ZM 200 (sieve 0.5 mm, Retsch™, Haan, Germany). 
The samples (I–IV) were then weighed directly into PP cen-
trifuge tubes to the nearest 2 g (± 0.01 g). The unflavoured 
potato crisps (V) were ground using a laboratory mill and 
weighed to 2 g (± 0.01 g). 80 mL of n-hexane was used for 
degreasing.

Sample extraction was done according to Matsuda et al. 
[25]. 10 mL of ethanol (EtOH) and extraction solvent con-
sisting of 5% acetic acid were added to the samples, followed 
by extraction in an ultrasonic bath for 30 min at 50 °C. As 
the next step, another 10 mL of extraction solvent and EtOH 
were added. The sample extracts were centrifuged for 10 min 
at 3000 rpm and 4 °C. The supernatant was membrane fil-
tered directly into a vial (nylon, 0.45 µm, Th.Geyer, Lohmar, 
Germany) and analysed using an LC–MS/MS system.

LC–MS/MS analysis

For the quantification of the described analytes in parallel, 
the HPLC system 1260 Infinity II™ from Agilent (Agi-
lent Technologies, Waldbronn, Germany) was used cou-
pled with a TripleQuad™ 4500 mass spectrometer (Sciex, 
Darmstadt, Germany). The results were evaluated using 
Analyst data system (version 1.7.1; Sciex, Darmstadt, Ger-
many). The HPLC column PerfectSil Target ODS™-3 3 μm 
125 × 4.0 mm (MZ Analysetechnik, Mainz, Germany) was 
applied to separate the analytes. 0.1% acetic acid was used 
as eluent A and acetonitrile was used as eluent B. The flow 
was 0.5 mL/min and the column temperature was 35 °C. 
In MRM mode (multiple reaction monitoring), α-solanine, 
α-chaconine, and solanidine were identified using electron 
spray ionization (ESI) in positive mode.

Two ion transitions were selected to monitor the analytes. 
For α-solanine, m/z 868 → 398 was used as a quantifier and 
m/z 868 → 722 as a qualifier. For α-chaconine, the quanti-
fier m/z 852 → 398 and the qualifier m/z 852 → 706 were 
used, and for solanidine the quantifier m/z 398 → 98 and the 
qualifier m/z 398 → 150 were used. The ion transitions of the 
quantifier were applied to quantify the analytes.

Eluent A was a solution of 0.1% acetic acid in water, 
while acetonitrile was used as eluent B. A multi-step gradi-
ent was optimized to obtain satisfying peak shapes as fol-
lows: during the first minute, the column was kept at 10% 
eluent B, before raising to 50% in 3 min, maintaining this 
condition for 9 min and further going to 10% B until min 13. 
Then, an isocratic column-purging phase at 10% eluent B 

(from 13.1 to 15 min) was appended to restore the initial 
conditions.

To quantify the samples for α-solanine and α-chaconine 
or solanidine, an external calibration curve with a total of 
ten dilutions in the concentration range 0.5—50 ng/mL or 
0.01—1 ng/mL was prepared and these were measured every 
working day.

Method validation

Prior to analysis of α-solanine and α-chaconine and its agly-
con solanidine, the LC–MS/MS method was validated for 
the matrices potato and potato crisps following the guide-
lines laid down by EURAChem to ensure the quality of the 
data [26]. To unambiguously identify the target analytes 
in the LC–MS/MS system, the parameters selectivity and 
specificity had to be validated. This is first done by directly 
injecting a standard of the highest possible purity and rela-
tively high concentration into the mass spectrometer. Then 
the retention times of the analyte and standard mixture 
are compared via the LC–MS/MS system and thus clearly 
assigned. In addition, ratios between the mass transitions 
used per analyte were characterized, and their transferabil-
ity to the samples was determined and used to confirm the 
identity of the respective analyte.

Precision, or the degree of dispersion of independent ana-
lytical results around the mean, can be divided into intra-day 
accuracy and inter-day precision. In both cases, two samples 
were measured 12 times. The first sample was a fresh potato, 
freeze-dried, and the second sample was a potato crisp sam-
ple, which had natural contents of α-solanine, α-chaconine, 
and solanidine. The results obtained were first tested for nor-
mal distribution and outliers according to Grubbs.

For the determination of correctness, both samples were 
sent to an analytical laboratory with experience in GA ana-
lytics. In addition, the recovery rate of a spiked analyte-free 
peanut snack sample was determined in a double determina-
tion. Five different concentrations in the range of 0–100 mg/
kg (α-solanine, α-chaconine) and 0–5 mg/kg (solanidine) 
were considered. The recoveries obtained were between 102 
and 118% for chaconine and solanine, respectively, and for 
solanidine a recovery rate of 112% was established. Accord-
ing to the final draft of the sampling and analysis of plant 
toxins in food, the average recovery should be between 70 
and 120% [27].

To determine the robustness of the method, four different 
method parameters were changed during the analytical pro-
cessing of the samples, fresh potato, freeze-dried, and potato 
crisp. These results were then compared with two regular 
workups carried out at the same time. The relative repeat-
ability limit served as a parameter for the robustness.

To assess the linearity, an analyte-free peanut snack sam-
ple was measured in duplicate and ten further samples were 
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spiked; five different concentrations were spiked in two sam-
ples each. The method showed good linearity in the range of 
LOD—768 μg/kg for α-solanine and LOD—920 μg/kg for 
α-chaconine with correlation coefficients from 0.9998 and 
0.9998 and in the range of LOD – 4.9 mg/kg for solanidine 
with a correlation coefficient from 0.9999 for both fresh 
potatoes and potato crisps. The determination of the limit 
of detection (LOD) and the limit of quantification (LOQ) 
was carried out using a calibration curve approach. For this 
purpose, an analyte-free peanut snack sample was processed 
in duplicate determination for unspiked and with different 
ascending spiked concentrations twice. The results for the 
validation for the three analytes, α-solanine, α-chaconine, 
and solanidine are summarized in Table 1 for the fresh pota-
toes (freeze-dried) and Table 2 for the potato crisps.

The limit of quantification (LOQ) for the individual GA 
was well below 5 mg/kg and therefore meets the require-
ments of the Monitoring Recommendation (EU) 2022/561 
[16].

Sample preparation for enzyme inactivation

According to the Monitoring Recommendation (EU) 
2022/561, a specific solvent is recommended for the pre-
treatment of fresh potato samples. To prevent enzymatic 
degradation of the GA during sample workup, a solution of 
1% formic acid in methanol in a ratio of 1:2 (volume:weight) 
should be added when mixing and homogenizing the fresh 
potato samples before the extraction and purification take 
place [16]. In this study, all fresh potato samples were fro-
zen immediately after crushing and then freeze-dried. To 

check whether these different sample preparations lead to 
the same analytical results, two independent fresh potato 
samples were treated as suggested by the monitoring recom-
mendation. Aliquots of the same fresh samples were freeze-
dried using the method used in this study. The results of 
these analyses are shown in the Fig. 2.

As a result, it was found that both methods ensure enzyme 
inactivation and lead to the same results for α-solanine and 
α-chaconine within the limits of the relative standard devia-
tion of repeatability. For this reason, the method used in 
this work meets the requirements of the Monitoring Recom-
mendation EU 2022/561 with regard to enzyme inactivation.

Results and discussion

To ensure the comparability of the analysed GA levels in 
the different potato products generated in this work with 
literature data, in a first step all values were expressed with 
reference to the fresh/product weight (mg glycoalkaloide/ kg 
fw) in the products (uncorrected). Table 3 shows the ana-
lysed levels of the GA α-solanine and α-chaconine and their 
sum expressed as total GA (TGA) as well as the solanidine 
content in the samples studied, with reference to the fresh 
weight (fw) in the products (uncorrected). In fresh unpeeled 
tubers of the Priska variety, α-solanine and α-chaconine 
levels reached levels of 14.5 and 26.3 mg/kg, respectively, 
and TGA level of 40.8 mg/kg was calculated from these 
results. In the course of the subsequent peeling process, a 
significant reduction of the TGA levels was achieved. The 
resulting industrially peeled tuber samples contained an 

Table 1   Validation results for 
fresh tuber (freeze-dryed) 

Parameter Solanine Chaconine Solanidine

Specificity ✔ ✔ ✔
Intra-day accuracy RSDr [%] 8 15 18
Inter-day precision RSDR [%] 34 28 34
Recovery [%] 118 102 112
Linear operating range LOD—768 µg/kg LOD – 920 µg/kg LOD – 4.9 mg/kg
Limit of detection [µg/kg] 5.6 3.4 16
Limit of quantification [µg/kg] 16.8 10.2 48

Table 2   Validation results for 
potato crisps

Parameter Solanine Chaconine Solanidine

Specificity ✔ ✔ ✔
Intra-day accuracy RSDr [%] 12 13 15
Inter-day precision RSDR [%] 27 16 32
Recovery [%] 118 102 112
Linear operating range LOD—768 µg/kg LOD – 920 µg/kg LOD – 4.9 mg/kg
Limit of detection [µg/kg] 5.6 3.4 16
Limit of quantification [µg/kg] 16.8 10.2 48
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average of 18.8 mg/kg TGA. In the next production process, 
the peeled tubers were sliced and then watered for starch 
removal, which slightly reduced the average TGA content 
to first 16.6 mg/kg and then 14.8 mg/kg. The unflavoured 
potato crisps prepared from these tuber slices contained a 
mean TGA level of 63.6 mg/kg.

None of the samples examined in this study exceeded the 
TGA indicative level of currently 100 mg/kg proposed in the 
Monitoring Recommendation (EU) 2022/561.

According to the literature, the levels of TGA in tubers 
depends mainly on the variety, growing conditions, and post-
harvest conditions (mechanical injury, physiological stress, 
too much light, storage conditions) [28–30]. GA are also not 
equably distributed in the potato tuber. Within a tuber, the 

highest concentrations are found in the skin, below the skin, 
and at the germination areas [9].

As also reported in literature, most commercially avail-
able potato varieties show GA levels below 100 mg/kg fresh 
weight [6, 28, 31]. In 177 potato samples of German origin, 
a mean value of 47.7 mg/kg fw and a maximum of 270.7 mg/
kg fw were found [9].

Numerous studies have also been published on the 
reduction of TGA levels during the peeling process. This 
reduction depends on the potato variety and beyond this 
on the depth and peeling technique used. Decreases of 
30–58% based on fresh weight as part of the peeling pro-
cess are reported [32].

Fig. 2   Comparison of the levels of α-solanine and α-chaconine with different enzyme inactivations: lyophilization versus treatment with 1% for-
mic acid in MeOH related to fresh weight (fw)
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According to Lui 2014, ready-to-eat potato crisps con-
tain between 16 and 61 mg/kg fw TGA [33], and Friedman 
and Dao [10] determined TGA levels of 23.5–109 mg/kg 
fw in potato crisps [10].Thus, the TGA levels found in 
this study with respect to fresh weight compared well with 
literature data.

In the unpeeled, washed tubers, the aglycone solanidine 
was analysed with mean values of 0.06 mg/kg fw in this 
study. The peeled tubers prepared from these tubers con-
tained 0.03 mg/kg solanidine. The subsequent slices and 
the watered slices contained 0.05 and 0.10 mg/kg solani-
dine, respectively.

An explanation for this higher range in solanidine levels 
would be biochemical degradation in the time between cut-
ting and frying. There is more time for the slices for enzy-
matic reactions after the washing and watering process and 
they therefore show increased values compared to the sam-
ples taken directly under the cutting basket. Anyhow, these 
levels are negligible compared to the natural GA levels, 
being orders of magnitudes higher. The biological activity is 
subsequently stopped in the frying process. Mean solanidine 
contents of 0.14 mg/kg were measured in the potato crisps 
produced from this material.

Data on the occurrence of solanidine in samples along 
the potato crisp production process are scarce in the avail-
able literature. However, in accordance with the monitoring 
recommendation, manufacturers are explicitly requested 

to provide content data on solanidine to the European 
Commission.

The main objective of the present work was to investigate 
the potential reduction in TGA as well as solanidine during 
the manufacturing process of potato crisps. For this purpose, 
the next step was to select a uniform reference point—the 
fat-free potato dry mass (ffpdm)—to which all products were 
converted. Table 3 shows the fat-free potato dry masses 
(ffpdm) as mean values of three individual determinations 
examined in this study. These dry masses [g/100 g] were 
used for the conversion of the GA and the solanidine con-
tents to comparable analytical results covering the entire 
production process.

Only by using this standardized approach, it is possible 
to identify absolute variations in the analytes that can be 
assigned to the processing procedure and is not a conse-
quence of concentration-dependent reduction of water or—
simultaneous—intake of fat.

Figure 3 shows the result of this calculation for the sam-
ples described in Table 4.

Corrected for this fat-free potato dry mass, unpeeled, 
washed tubers contain an average of 166.1 mg/kg TGA; 
as expected, the subsequent peeling process resulted in a 
substantial decrease in TGA levels of 48% to a value of 
86.4 mg/kg ffpdm. The subsequent process step of slic-
ing led to a minimal decrease of TGA of 3% to 83.6 mg/kg 
ffpdm. Another clear decrease in TGA levels was observed 

Table 3   α-solanine, 
α-chaconine, TGA and 
solanidine [mg/kg] in potato 
tuber samples during potato 
crisp manufacturing based on 
the fresh weight fw

 ± RSDr according to Table 1/2

Product N [mg/kg] fw

α-Solanine α-Chaconine TGA​ Solanidine

Tuber, washed, unpeeled 3 14.6 ± 1.2 26.3 ± 3.9 40.9 ± 6.1 0.05 ± 0.01
15.8 ± 1.3 28.4 ± 4.3 44.1 ± 6.6 0.09 ± 0.02
14.6 ± 1.2 26.3 ± 3.9 37.4 ± 5.6 0.05 ± 0.01

Mean 14.5 ± 1.2 26.3 ± 3.9 40.8 ± 6.1 0.06 ± 0.01
Tuber, peeled 3 7.8 ± 0.6 13.0 ± 2.0 20.8 ± 3.1 0.03 ± 0.01

7.0 ± 0.6 10.7 ± 1.6 17.7 ± 2.7 0.03 ± 0.01
7.3 ± 0.6 10.6 ± 1.6 17.8 ± 2.7 0.03 ± 0.01

Mean 7.4 ± 0.6 11.4 ± 1.7 18.8 ± 2.8 0.03 ± 0.01
Tuber, peeled, sliced 3 5.5 ± 0.4 10.0 ± 1.5 15.5 ± 2.3 0.04 ± 0.01

5.6 ± 0.4 11.4 ± 1.7 17.0 ± 2.6 0.06 ± 0.01
5.7 ± 0.5 11.6 ± 1.7 17.3 ± 2.6 0.05 ± 0.01

Mean 5.6 ± 0.4 11.0 ± 1.7 16.6 ± 2.5 0.05 ± 0.01
Tuber, peeled, sliced, washed 3 4.6 ± 0.4 8.7 ± 1.3 13.2 ± 2.0 0.10 ± 0.02

5.3 ± 0.4 9.9 ± 1.5 15.1 ± 2.3 0.10 ± 0.02
5.6 ± 0.4 10.2 ± 1.5 15.8 ± 2.4 0.11 ± 0.02

Mean 5.2 ± 0.4 9.6 ± 1.4 14.8 ± 2.2 0.10 ± 0.02
Potato crisps, unflavoured 3 25.3 ± 3.0 42.1 ± 5.5 67.4 ± 8.8 0.15 ± 0.02

21.9 ± 2.6 37.7 ± 4.9 59.6 ± 7.7 0.13 ± 0.02
22.9 ± 2.7 41.1 ± 5.3 63.9 ± 8.3 0.14 ± 0.02

Mean 23.3 ± 2.8 40.3 ± 5.2 63.6 ± 8.3 0.14 ± 0.02



1349European Food Research and Technology (2024) 250:1341–1351	

by the process step of watering, which was quantified to 
19% or 67.7 mg/kg ffpdm. The final frying of the washed 
and drained potato slices had an insignificant influence on 
the contents of TGA. TGA contents of 63.6 mg/kg ffpdm on 
average were determined in the unflavoured potato crisps, 
which corresponds to a decrease of only 6% due to the fry-
ing process.

It can therefore be stated at this point that based on the 
standardized fat-free potato dry mass, the peeling process 
leads to the most significant reduction in TGA content in 
the course of the potato crisp production process, followed 
by the watering. The other process steps do not lead to any 
further significant reduction in TGA. Since the GA are 
thermally very stable compounds, a significant reduction 
is anyhow not to be expected during the frying process.

In summary, a decrease in TGA levels during the potato 
crisp production process of 62% with respect to ffpdm was 
achieved, which is derived from peeling and washing, not 
from the subsequent frying process.

A limitation of the present study is the fact that it was 
only carried out in one production plant and on one potato 
variety. An extension of the investigations is currently 
being considered. Nevertheless, since crisps production 
is a standardized process throughout the snack industry, 
the variation to be expected is limited to the initial load of 
GA in different varieties and by that a proportional issue. 
This will result in different GA levels at the productions 
steps inspected, but the fundamental conclusions of this 
study are not expected to be compromised.

Conclusion

A successful method validation for the quantification of 
the GA α-solanine, α-chaconine, and the aglycone solani-
dine by means of LC–MS/MS with external calibration has 
been proven to meet the requirements of the Monitoring 
Recommendation EU 2022/561, both, in terms of sensitiv-
ity and with respect to the required enzyme inactivation.

This method was used to check the potential reduction 
in the TGA levels during the manufacturing process of 
potato crisps in industrial application. For this purpose, 
the analysed GA levels were first calculated in the samples 
of the industrial trial with reference to the fresh weight 
or product weight and thereafter to the respective fat-free 
potato dry mass (ffpdm). This calculation method leads to 
a standardized basis for the evaluation of the alteration in 
the TGA levels during the processing process, which was 
not the case in literature so far. In contrast to numerous 
literature studies, this reasonable conversion was able to 
show that the TGA levels remain stable in the produc-
tion process of potato crisps after the peeling and washing 

Fig. 3   Change in TGA levels related to ffpdm during the production process of potato crisps. Means of the three single values are given in the 
bar (error bar corresponding to Table 1/2)

Table 4   Fat free potato dry mass ffpdm (g/100 g) in potato products 
during potato crisp manufacturing

Values are given as mean ± SD, n = 3

Product N [g/100 g]

Tuber; washed, unpeeled 3 24.6 ± 1.6
Tuber, peeled 3 21.8 ± 0.8
Tuber, peeled, sliced 3 23.2 ± 0.1
Tuber, peeled, sliced, washed 3 21.8 ± 0.6
Potato crisps, unflavoured 3 62.7 ± 1.4
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processes are completed. Starting from the unpeeled pota-
toes to the final potato crisps, a TGA reduction of an aver-
age of 62% based on ffpdw was achieved over the course 
of the process. However, the frying process led to a pro-
portionate reduction of 6% only, which must be regarded 
as insignificant taking the measurement uncertainty into 
account. The thermal stability of the GA was therefore 
once again proven.

In view of the current discussions at EU Commission 
level regarding the setting of indicative/maximum levels for 
GA, these results are of utmost relevance. As a consequence 
of these data collected for the first time it must be stated, that 
processing factors are no meaningful tool define achievable 
GA levels in the crisps production process.
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