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HIGHLIGHTS 

• Asparaginases were used to reduce acrylamide in oat and wheat flakes 

• Asparaginases reduced acrylamide by up to 77% in oat flakes and 58% in wheat flakes 

• Minimal effect on color and texture after asparaginase treatment 

• Up to 9% reduction in wheat bran flakes produced on pilot-scale  

• Process optimization is necessary for asparaginase application on pilot-scale 
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Abstract 

Acrylamide is a contaminant in food that is produced during high-temperature processing. 

There is a growing need for mitigation strategies due to health concerns and regulatory 

guidelines. This study aims to evaluate the effectiveness of four commercial asparaginases in 

the reduction of acrylamide in wheat and oat flakes, as well as their impact on product quality. 

Additionally, scale-up experiments were conducted with one of the asparaginases to evaluate 

the transferability of laboratory-scale results into pilot-scale production for bran flakes. On a 

laboratory-scale, asparaginase treatment resulted in a higher reduction of acrylamide in oat 

flakes by 928 µg/kg using PreventASe XR, compared to the wheat flakes, which reduced 

acrylamide by 360 µg/kg using PreventASe L. These represent a reduction of up to 77% and 

58%, for oat and wheat flakes, respectively, compared to the control. This is the first study to 

compare multiple commercial asparaginases across two whole grain matrices in flakes, 

providing a direct side-by-side evaluation of their performance. Moreover, we demonstrate 

the challenges of translating enzymatic mitigation from lab to pilot-scale, where acrylamide 

dropped by only 76 µg/kg, underlining key practical barriers in industrial applications. Minimal 

impacts on color and texture were observed. Our results contribute new insights into enzyme-

based acrylamide reduction and point to the importance of optimizing processing conditions 

for the application of asparaginases on an industrial scale, benefiting both producers and 

consumers.  
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1. Introduction 

The demand for whole grain foods and breakfast cereals has grown substantially in recent 

years, which is associated with the increasing trend for consuming healthy food among 

consumers. Whole grains are recognized for their nutritional benefits, including a high dietary 

fiber content and their association with a reduced risk of chronic diseases such as diabetes 

and cardiovascular conditions (Williams, 2014). This aligns with public health 

recommendations that advocate using whole grains as an integral part of a balanced diet. 

Despite these benefits, a recent study on whole grain consumption found a significant gap 

between awareness and actual intake of whole grain foods. The most frequently consumed 

whole grain foods were bread and breakfast cereals (Foster et al., 2020). The global breakfast 

cereal market valued at 76.9 billion USD in 2023, is projected to grow significantly in the future 

due to the increasing consumer preferences for healthier and more nutritious food options 

(Pangarkar, 2024).  Although whole grain breakfast cereals present a healthier alternative 

compared to refined grains, they are prone to higher formation of acrylamide due to the 

higher free asparagine content present in whole grains compared to white flours (Žilić et al., 

2020). Acrylamide is a processing contaminant that is formed primarily through the Maillard 

reaction, which involves reducing sugars and free asparagine (Mottram et al., 2002). Although 

the Maillard reaction is desirable as it is responsible for the formation of flavor and color, one 

of the by-products is acrylamide, which poses a potential health risk due to its classification as 

“probably carcinogenic”  to humans by the International Agency for Research on Cancer (IARC, 

1994). Therefore, the European Union (EU) has established a regulatory benchmark to 

mitigate the presence of acrylamide in different food products. These benchmarks are not 

strict maximum levels yet, as they only operate as reference levels that encourage food 
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manufacturers to implement measures that minimize acrylamide formation as outlined in 

Commission Regulation (EU) 2017/2158 (European Union, 2017).  

The concentration of free asparagine as acrylamide precursor has been identified as a key 

factor influencing acrylamide formation in cereal products (Mottram et al., 2002). The 

correlation between asparagine and acrylamide content after baking is significant, but other 

amino acids can also influence acrylamide formation and elimination (Ciesarová et al., 2021; 

Yaylayan et al., 2005). The highest content of free asparagine is typical for rye and oats 

compared to corn, barley, and wheat grains.  

One of the proposed acrylamide mitigation strategies is the use of asparaginases, which 

reduce acrylamide formation by hydrolyzing asparagine into aspartic acid and ammonia; 

therefore, contributing to lower acrylamide formation in the Maillard reaction without 

affecting any of the desirable sensory qualities of food, such as flavor and browning. First 

described by Zyzak et al. (2003), asparaginases have gained significant attention due to their 

efficacy and minimal adverse effect on product quality. There have been many studies on the 

use of asparaginases in different cereal-based products, including asparaginase application in 

wheat-based products (Anese et al., 2011; Kumar et al., 2014), rye- and oat-based 

formulations (Ciesarová et al., 2023), and wheat cookies and rye crispbread (Hendriksen et al., 

2009; Musa et al., 2024a). Recent studies have further refined the process, optimizing 

asparaginase use for whole-grain products to address their higher asparagine content (Musa 

et al., 2024a, 2024b). In a scientific opinion published by the European Food Safety Authority, 

the distribution of acrylamide in bran products and whole grain cereals was 211 µg/kg 

(average) and 716 µg/kg (95th percentile). An average of 161 µg/kg of acrylamide in breakfast 

cereals was reported and 552 µg/kg at the 95th percentile (EFSA, 2015). The benchmark level 

set by the EU Commission Regulation is 300 µg/kg for breakfast cereals (European Union, 
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2017). Unlike previous studies that focused on dough-based systems such as cookies (Musa et 

al., 2024b, 2024a), this work investigates the effectiveness of different asparaginases in low-

moisture, flake-type breakfast cereals, which differ substantially in processing, formulation, 

and enzyme-substrate interaction. 

The aim of this study was to investigate the potential of four asparaginase variants to reduce 

acrylamide formation in whole grain wheat and oat flakes, a product category with limited 

prior research. Enzyme performance was evaluated across varying concentrations and 

incubation temperatures. The study further assessed the scalability of optimized conditions 

by producing wheat bran flakes at pilot-scale (1000 kg) and evaluated key quality parameters, 

including color and texture, to ensure product acceptability.  

2. Materials and Methods 

2.1 Reagents and Ingredients 

The chemicals and reagents used in this study were of analytical grade or higher. Wheat groats 

were purchased from Harries Schälmühlenwerk GmbH & Co. KG (Gross Ippener, Germany) 

and oat flakes were purchased at dm-Drogerie Markt (Karlsruhe, Germany). The asparaginases 

used in this study were donated by Novonesis (Bagsvaerd, Denmark) which included 

asparaginases R (Acrylaway L) and H (Acrylaway HighT), and two from DSM (Heerlen, The 

Netherlands), A (PreventASe L) and X (PreventASe XR), respectively. An Acrylamide ELISA kit 

together with the derivatization kit was bought from Eurofins (Eurofins Scientific SE, 

Luxembourg). ISOLUTE Multimode 500 mg/3 mL and ISOLUTE ENV+ 200 mg/3 mL were 

purchased from Biotage (Uppsala, Sweden). Chemicals for the analysis of free asparagine were 

L-asparagine ≥ 98% (Sigma-Aldrich, Steinheim, Germany), 2,4,4-D3-glutamic acid 97-98% 

(Cambridge Isotope Laboratories, Andover, MA, USA), glacial acetic acid HPLC reagent grade 
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(Fischer Scientific, Loughborough, UK), perfluorooctanoic acid 96%, acetonitrile and methanol 

HPLC gradient grade (Sigma-Aldrich, Steinheim, Germany). Deionised water of HPLC purity 

grade was prepared by PUR1TE Select system (Oxon, UK). 

2.2 Asparaginases 

Four commercial asparaginases were evaluated: R, T, A, and X. Each enzyme was dissolved in 

water before application with dosages following the manufacturers' recommendations. For 

enzymes R and T, two concentrations were tested (100 mg/kg and 200 mg/kg), while A and X 

were tested at 200 mg/kg and 300 mg/kg. Asparaginase preparations were used as is with 

activities specified by the manufacturers as reported before (Musa et al., 2024b, 2024a). 

2.3 Preparation of wheat and oat flakes on laboratory-scale  

Wheat and oat flakes were prepared in a laboratory setting. Wheat and oat groats were flaked 

twice using a flaking mill Herculez (Waldner biotech GmbH, Lienz, Austria). For each 

treatment, 300 ± 1 g of sample was used. The sample was placed on a tray and a total of 45 mL 

of water only (control) or water containing asparaginase was sprayed and mixed well for even 

distribution. The samples were then incubated at 60 °C in a proofer (EKA, Padova, Italy) for 10 

min for treatments R and A, while for treatments with asparaginase H and X the samples were 

incubated at 70 °C for 10 min (Table 1). The incubation time and temperatures were 

established as optimal in our earlier study (Musa et al., 2024a). After incubation, samples were 

baked in an oven (UNOX ROSSELL XFT197, Padova, Italy) at 220 °C for 15 min. After baking, 

samples were cooled at 22 °C for 30 min before color and texture were measured.  

2.4 Preparation of wheat bran flakes on pilot-scale  

The process of making wheat bran flakes on a scale of 1000 kg was done by mixing the 

ingredients (wheat kernels, wheat bran, sugar, malt extract, salt, vitamin mix) with 

                  



8 
 

asparaginase H in warm water to create a premix using two dosages of H: low dosage (H-L) 

0.5 g/kg and high-dosage (H-H) 1.0 g/kg. This premix was then added directly into the 

pressurized rotary cooker with a capacity of 1000 kg after the dry ingredients were dosed, 

ensuring that the enzyme is evenly distributed throughout the mixture. The ingredients were 

cooked for 95 min under steam at a pressure of 130 kPa using saturated steam. After cooking, 

the product was dried at 80 °C to reduce the moisture content. The dried mixture was then 

extruded at temperatures below 100 °C, shaping it into the desired form. For extrusion, an 

intermeshing twin-screw extruder (diameter 125 mm, model MPF 125, APV Baker, Grand 

Rapids, MI, USA) was used. Next, the extruded material was passed through rollers to create 

thin flakes, and finally, the bran flakes were roasted for less than 1 min at temperatures 

ranging from 200 °C to 270 °C. Wheat flakes were selected for pilot-scale testing due to 

practical considerations, as the industrial partner supporting the scale-up experiments already 

had wheat flake production established in their processing line, allowing direct integration of 

the enzymatic treatment without major process adjustments. 

2.5 Acrylamide analysis  

Acrylamide content was quantified using an Acrylamide ES ELISA kit, combined with a 

derivatization kit as described by Musa et al. (2024a) according to the instructions provided in 

the ELISA kit manual (Gold Standard Diagnostics, 2021). For extraction, 2 g of the sample was 

mixed with 40 mL of distilled water and agitated for 30 min. After allowing the mixture to 

settle for 5 min, the extract was filtered and centrifuged for 5 min at 13,000 x g. Sample clean-

up was performed using Multimode SPE and ENV+ SPE columns. Acrylamide was eluted using 

methanol/water (60:40 v/v). The resulting eluent was derivatized and analyzed following the 

assay protocol. Acrylamide levels were determined by measuring absorbance at 450 nm using 

a photometer (Tecan, i-control infinite 200Pro, Männedorf, Switzerland). 
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2.6 Color analysis 

To evaluate the effect of different treatments, the color of the flakes produced in the 

laboratory was analyzed using CCell (Calibre Control, Warrington, UK) and Color Muse 

(Variable Inc, Chattanooga, TN, USA). Both devices measure L* (lightness), a* (green-red), and 

b* (blue-yellow) values and were calibrated prior to use. CCell was calibrated using a 

calibration card (CC006, Calibre Control, Warrington, UK), and Color Muse used a lid with a 

white background, which is part of the device. Bran flakes produced on pilot-scale were 

analyzed only using CCell. A total of six measurements for each treatment was performed. 

2.7 Texture properties  

The samples were analyzed using a texture analyzer (TA.XTplus, Stable Micro Systems, 

Godalming, UK) with the Kramer shear cell fitted with five blades (A/KS5, Batch No. 17009). 

The "Cereal bar shearing" method (CER1_KS5) was applied. For each test, the sample 

container was filled with 30.0 ± 0.1 g of the sample, and the blades were positioned 15 mm 

above the bottom plate. Each batch was tested in duplicate, providing a total of six 

measurements. 

2.8 Weight loss of samples 

To monitor the weight loss of samples, the sample weight was measured before and after the 

incubation step, as well as after baking for all three batches.  

2.9 Analysis of free asparagine, aspartic acid, glutamine, and glutamic acid 

Free asparagine, aspartic acid, glutamine, and glutamic acid were analysed according to the 

method by Ciesarová et al. (2021, 2023) in the pilot-scale samples, including control and 

asparaginase-treated H-L (0.5 g/kg) and H-H (1.0 g/kg) samples. The sample (2 g), with internal 
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standard addition (2,4,4-D3-glutamic acid), was extracted using 0.2 mmol/L acetic acid (20 mL) 

in centrifugation tubes with a vortex mixer (1 min) and a shaker (30 min). The clear 

supernatant after centrifugation (10 min at 8720 x g at -5 °C) was diluted (10 or 100 times) 

and filtered through a 0.45 µm nylon syringe filter (Q-Max RR Syringe Filters, Frisenette ApS, 

Knebel, Denmark) prior to LC-MS/MS analysis. An Agilent 1260 Infinity II system (Agilent 

Technologies, Santa Clara, CA, USA) coupled to an Agilent 6475 Triple Quadrupole detector 

equipped with the electrospray ionization (ESI) interface was applied. The analytical 

separation was performed on a Purospher STAR RP-Sec column (150 x 4.6 mm, 2.7 µm; Merck, 

Darmstadt, Germany). The mobile phase consisted of 100 mL of acetonitrile, 500 mL of an 

aqueous solution of perfluorooctanoic acid (0.05 mmol/L) and 1 mL of glacial acetic acid using 

isocratic elution at a flow rate of 0.5 mL/min at an ambient temperature of 25 °C. The ESI 

detection was performed in positive mode with the following optimized parameters: drying 

gas temperature 320 °C, drying gas flow (N2) 8 L/min, nebulizer pressure 50 psi, capillary 

voltage 3 kV. For data acquisition, the multiple reaction monitoring (MRM) mode was used 

for specific mass transitions. The quantification was based on a calibration curve of the 

standard compound in the range from 0.02 to 4.00 µg/mL using the internal standard at a 

concentration of 0.5 µg/mL. The time of analysis was 7 min. The LOD of the applied procedure 

was 6 µg/L and the LOQ was 20 µg/L. 

2.10 Statistical analysis 

Data analysis was performed using multiple software tools. Microsoft Excel was employed to 

compute means and standard deviations. Statistical analysis was conducted with Origin 2023 

(OriginLab Corporation, Northampton, MA, USA), while IBM SPSS Statistics (Version 29.0, IBM 

Corp., Armonk, NY, USA) was used to perform Dunnett’s t-tests (p ≤ 0.05) to assess significant 

differences between the control and asparaginase-treated samples. The average acrylamide 
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concentrations in the samples were calculated using the online ELISA calculator available on 

the Arigo website (Arigo Biolaboratories). Pearson’s correlation coefficients (r) were also 

determined using Origin 2023, with significance set at p ≤ 0.05. 
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3. Results and Discussion  

3.1 Acrylamide content in wheat and oat flakes on laboratory-scale 

Figure 1 presents the percentage of acrylamide reduction for each of the four asparaginases 

in wheat (A) and oat (B) flakes produced in the laboratory compared to the respective control 

(set to 100%). The acrylamide content in the oat and wheat control samples was 1204 µg/kg 

and 627 µg/kg, respectively.  At the incubation temperature of 60 °C, an acrylamide reduction 

of 58% at most compared to the control was achieved in wheat flakes using the A2 treatment. 

Although increasing the concentration of asparaginase from 200 mg/kg (A2) to 300 mg/kg (A3) 

is expected to further increase acrylamide reduction, this was not the case for wheat flakes. 

In contrast, the higher concentration of asparaginase R decreased acrylamide slightly more 

than the lower concentration from 40% to 45% for R1 and R2, respectively. Wheat flakes 

incubated at 70 °C showed the highest acrylamide reduction using the H1 treatment with up 

to 52% in comparison to the control. The other treatments also caused a significant reduction 

of acrylamide with up to 44%, 48%, and 43% for the H2, X2, and X3 treatments, respectively. 

Asparaginases behaved differently when they were applied to a different cereal matrix such 

as oat (Figure 1B). Even though the asparaginase dosage and the incubation and baking 

conditions were the same for both cereals, acrylamide reduction was higher in oat flakes 

compared to wheat. All asparaginases efficiently reduced acrylamide in oat flakes irrespective 

of the dosage and the incubation temperature by 71% (A3) to 77% (A2 and X3). The different 

efficacy of asparaginases in different cereal matrices was also observed in our previous studies 

in cookies made of wheat, rye, oat, corn, and rice flour (Musa et al., 2024a, 2024b). In cookies 

made with oat flour, asparaginases had the highest efficacy, while they were least effective in 

wheat flour cookies.  This may be related to the food matrix, as oats typically contains higher  
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levels of the precursor asparagine to wheat. The higher the asparagine content in the raw 

material, the higher the formation of acrylamide is, unless asparaginases are added. The 

correlation between these two factors has been shown also in other studies (Claus et al., 2006; 

Musa et al., 2024b; Oddy et al., 2023; Szafrańska et al., 2024). Asparaginases were already 

investigated in a few other studies (Anese et al., 2011; Ciesarová et al., 2023; Gazi et al., 2023; 

Hendriksen et al., 2009; Kumar et al., 2014; Musa et al., 2024b, 2024a) and reductions of up 

to 92% of acrylamide were reported in rye crispbread (Hendriksen et al., 2009). Anese et al. 

(2011) also report variations in acrylamide concentrations between different batches resulting 

in high standard deviations.  The variability of acrylamide content in three different batches 

belonging to the same treatment was evident in our study. This could be due to manual 

processing conditions, such as temperature and time which may differ even when the same 

protocol is followed. Additionally, sample heterogeneity after baking is a key factor. It was 

observed that after baking the surface of the batch was slightly darker in color compared to 

the middle or bottom of the batch. Musa et al. (2024a) discussed that these variabilities may 

also come due to the higher formation of acrylamide on the surface of cookies, which can 

result in higher standard deviations in acrylamide within the same samples, especially when 

samples are milled all together (crust and crumb). A reduction of acrylamide by up to 96% was 

achieved in oat cookies (Musa et al., 2024b), whereas the highest reduction in oat flakes was 

77%. Similarly, wheat cookies showed a reduction of up to 79% (Musa et al., 2024a), while 

wheat flakes achieved a lower maximum reduction of 58%. The lower moisture content in 

breakfast cereals makes it challenging for the asparaginases to act as efficiently as in the 

cookie dough matrix where it is easier to control time, temperature, and moisture content 

(Pesce et al., 2024). A further fundamental difference lies in how the enzyme is applied: in 

cookies, asparaginases act throughout the entire dough, allowing uniform interaction with the 
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substrate. In contrast, for flakes, the enzyme is sprayed onto the surface, restricting its action 

to the outer layer and leaving much of the asparagine within the matrix untouched. This is 

why the application of asparaginases needs to be optimized for each cereal matrix and 

product.  

3.2 Acrylamide, free asparagine, aspartic acid, glutamine and glutamic acid in wheat bran 

flakes on pilot-scale 

To further evaluate the impact of asparaginases in pilot-scale production, asparaginase H was 

added to wheat bran flakes using two different concentrations H-L (0.5 g/kg) and H-H (1 g/kg), 

and compared to a control sample without asparaginase addition (Table 2). The lower 

asparaginase concentration resulted in a reduction of acrylamide by 3%. The higher 

concentration of asparaginase H decreased acrylamide by 9%. To better understand this 

effect, the free asparagine content was measured in control and asparaginase-treated bran 

flakes. The asparagine concentrations in the control (96 mg/kg), low-dose treatment (H-L, 112 

mg/kg), and high-dose treatment (H-H, 94 mg/kg) were similar, with only minor variations. 

Interestingly, despite the enzymatic activity of asparaginase, which converts asparagine into 

aspartic acid to reduce the precursor available for acrylamide formation, the asparagine 

content in the treated samples was not significantly lower than in the control. In fact, the H-L 

sample exhibited a slightly higher asparagine level compared to the control. This may suggest 

incomplete conversion of asparagine at lower enzyme concentrations. Furthermore, the 

difference in asparagine concentration between the control and H-H samples aligns with the 

observed reduction in acrylamide. This indicates that while asparaginase activity effectively 

reduces acrylamide formation, the residual asparagine levels might not fully reflect the action 

of the enzyme, possibly due to asparagine stabilization within the bran or competing 

interactions in the food matrix. In addition to monitoring the conversion of asparagine to 
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aspartic acid, changes in the content of glutamine and glutamic acid were evaluated, because 

these amino acids may directly influence acrylamide formation in the process of the Maillard 

reaction. The sample H-L exhibited the highest levels of both asparagine and aspartic acid. In 

the H-H sample, a negligible 2% decrease in asparagine content was observed, from 

95.5 mg/kg to 94.4 mg/kg, which was not statistically significant. In contrast, aspartic acid 

content increased by 8%, from 46.1 mg/kg to 49.9 mg/kg, and glutamic acid content showed 

a slight increase, from 42.1 mg/kg to 43.1 mg/kg. The observed statistically significant 

variations in the content of products resulting from the action of asparaginase, without a 

decrease in asparagine, indicate that additional enzymatic processes may occur that could be 

responsible for the accumulation of asparagine e.g. by aspartate transaminase and asparagine 

synthetase (Ciesarová et al., 2021). Aspartate transaminase catalyzes the reversible transfer 

of an α-amino group by converting oxaloacetate and glutamate to aspartate and α-

ketoglutarate. Asparagine synthase uses aspartate, glutamine and adenosinetriphosphate to 

produce asparagine, glutamate, adenosinemonophosphate and diphosphate, increasing the 

amount of asparagine (Yoo et al., 2020). This finding indicates that the elevated aspartic acid 

content was not predominantly caused by asparagine hydrolysis through the action of 

asparaginase, suggesting that the effect of the enzyme was not significant. Furthermore, 

glutamine content in all samples was below the detection limit, indicating its negligible 

contribution to the reaction pathways associated with acrylamide generation. The application 

of asparaginase in pilot-scale production demonstrated a much lower percentage of 

acrylamide reduction compared to laboratory-scale experiments, highlighting the critical need 

for optimization of processing conditions. While laboratory-scale production allows for precise 

control of variables such as incubation temperature, enzyme concentration, reaction time, 

and substrate homogeneity, scaling up introduces several challenges that can influence the 
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efficacy of the enzyme. In pilot-scale production, achieving uniform distribution of the enzyme 

within the product matrix can be more difficult due to larger batch sizes and differences in 

equipment design. The enzyme activity is highly sensitive to temperature and pH value, and 

maintaining optimal conditions across the entire production process may be inconsistent. In 

general, an optimum pH values of 6 to 9 is needed, depending on the asparaginase used. For 

example, the optimal activity of Aspergillus oryzae asparaginase has been reported at neutral 

pH and temperatures of up to 60 °C, with stability maintained between pH 4 and 8 at 37 °C for 

up to 2 hours in buffer, making it suitable for use in food processing applications (Hendriksen 

et al., 2009). Variations in heat transfer, mixing efficiency, and reaction times can lead to 

localized differences in enzyme activity, resulting in less effective asparagine conversion and, 

consequently, lower acrylamide reduction. The differences between laboratory and industrial-

scale results underscore the importance of conducting pilot-scale studies to bridge the gap 

between controlled experimental conditions and real-world manufacturing. Such studies can 

provide critical insights into the adjustments needed for processing parameters, ensuring the 

consistent efficacy of asparaginase for acrylamide mitigation on a commercial scale, in order 

to meet the benchmark levels set by the EU commission regulation (European Union, 2017). 

3.3 Color analysis  

To evaluate the impact of the different asparaginases applied in wheat and oat flakes on 

laboratory-scale, as well as the bran flakes produced in the scale-up experiments, CCell and 

Color Muse were used to obtain L*a*b* color values. Figure 2 presents the color values 

obtained from both devices for wheat (A, B, C) and oat (D, E, F) flakes. The L*-value represents 

the lightness of the product with a low value indicating a dark product (0 = black) and a high 

value indicating a light or bright color (100 = white) (Ly et al., 2020). There were no significant 

differences in L*-, a*-, or b*-values for CCell measurements of wheat flakes, except for a 
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decrease compared to the control in the a*-value for the R1 and A3 treatments (Figure 2A-C). 

Similar results were obtained using Color Muse with no significant changes except for the R2 

treatment which showed a slightly darker color compared to the control.  For oat flakes (Figure 

2D-F) there were no significant changes in L*- and a*-values for either of the treatments 

applied. For the b*-value, the observations done using C-Cell showed no significant changes, 

while for Color Muse, only the A3 treatment showed a small, but significant decrease in the 

b*-value. Similar to our study, Gazi et al. (2023) also reported minimal effects of asparaginase 

addition on the color of different baked products such as rotary molded and cut biscuit dough, 

wire cut cookie dough, and rotary cut cracker dough.  Kukurová et al. (2013) also showed that 

cookies prepared with asparaginase showed no significant differences in the color of the 

baked product. Our previous studies on cookies also showed that asparaginases do not have 

any adverse effects on color with only minimal changes (Musa et al., 2024b, 2024a). A study 

by Calabrese et al. (2024) further confirmed that the L*a*b*-values of asparaginase-treated 

bread showed no significant changes in color.  

For the bran flakes produced on a pilot-scale, color was measured only using C-Cell. Similar to 

laboratory-processed flakes, the color of the bran flakes was not affected by asparaginase 

application (Table 2). Only the a*-value for the H-L treatment showed a slight, but significant 

decrease compared to the control. The results demonstrate that the use of asparaginases does 

not influence the color of the products, regardless of the production scale. This indicates that 

asparaginase treatment is a reliable process with minimal impact on the visual attributes of 

the product. Such findings are crucial for industrial applications, where consumer acceptance 

heavily relies on visual appearance.  

Furthermore, the goal of testing two different color scanning devices to obtain L*a*b*-values 

was to establish a new method for color measurements, which is a cheaper alternative to C-
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Cell. This was also studied in our previous publications (Musa et al., 2024b, 2024a), and the 

data in the current paper further confirms that Color Muse is suitable for color analysis of 

flakes. However, CCell provides further quality-related parameters of baked goods, something 

that Color Muse does not offer. Color evaluations alone are often used in studies related to 

acrylamide, due to the link between color and acrylamide formation (Gökmen et al., 2008; 

Mustafa et al., 2005; Serpen & Gökmen, 2009), but also to evaluate any color changes that 

different acrylamide mitigation strategies might have, as in the current study.  

3.4 Texture properties and weight loss 

Table 3 presents the hardness and weight loss of flakes produced on laboratory-scale. While 

some small deviations within the same treatment group were observed, none of the changes 

were statistically significant, for either oat or wheat flakes, respectively. The deviations may 

be due to the differences in batches which are inevitable in the baking process. Therefore, the 

weight loss was monitored after incubation and baking (Table 3). Measuring the weight loss 

of flakes during the process is essential to ensure the desired texture and crispiness by 

controlling moisture content. It also serves as a quality control measure to maintain 

consistency in the production process by identifying potential variations in baking conditions.  

The weight loss was low during the 10 min incubation period, due to the low temperature and 

short time. The weight loss in wheat and oat flakes had an overall difference of 1.9% at most 

between the samples. This presents a small deviation between different groups. These results 

are in agreement with our previous investigation on the effect of asparaginases in cookies 

(Musa et al., 2024b, 2024a). Both studies evaluated the impact of asparaginase treatment 

using different raw materials (flour) and several asparaginases in different concentrations. The 

effect of asparaginases on hardness or fracturablity of cookies was minimal. Asparaginases 

were also tested in potato products. A study by Dourando et al. (2020) on raw potato sticks 
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showed that the application of asparaginases using a time of 0, 5, 10, or 20 min and different 

pressures showed no substantial difference in firmness or stiffness of the product. A study by 

Ciesarová et al. (2023) investigated the replacement of whole grain flour with sea buckthorn 

pomaces powder. This powder was treated enzymatically using Acrylaway L before 

application, and it showed a significant effect on the textural properties of cookies. However, 

this study assumes that the changes in texture might be attributed due to the adjusted pH 

value, rather than the application of enzyme. Similar to our study, Kumar et al. (2014) showed 

no significant changes using asparaginase treatment in sweet bread. However, recipe 

formulation often has more impact not only in the formation of acrylamide itself but also on 

the textural properties of the final product. In the current study, flakes were prepared with 

asparaginase application after the flaking process, while in the industry often additives and 

sweeteners are added which influence acrylamide formation and/or asparaginase activity, but 

also have a higher impact due to different processing conditions. The texture of the bran flakes 

was not measured, since the samples could not be tested on the same day they were 

prepared, as the texture can be influenced by the storage conditions as well. Therefore, the 

evaluation of textural properties for larger-scale production should be further investigated in 

future studies.  

4. Conclusion 

This study demonstrates the effectiveness of asparaginases in reducing acrylamide levels in 

cereal-based products, particularly in wheat and oat flakes. Wheat and oat matrices 

responded differently to asparaginase treatment; with wheat flakes showing a lower 

acrylamide reduction than oat flakes, up to 58% and 77%, respectively. The evaluation of color 

and texture properties showed minimal or no impact at all when asparaginases were applied. 

The study also investigated scaling up the production of flakes and the asparaginase effects. 

                  



20 
 

Compared to the laboratory-scale, the reduction was significantly lower. Due to different 

processing conditions and products as well, the differences are expected. Therefore, further 

research is needed to optimize methods for the application of asparaginases in pilot- or 

industrial-scale production to maximize the effectiveness of the enzyme. Application of 

asparaginases in pilot-scale production showed minimal impact on color, however, sensory 

analysis and textural properties should also be further evaluated. With further optimization 

and scale-up measures, the results show promise for broad industrial application, benefiting 

both producers and consumers. 
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Tables 

Table 1. Samples of wheat and oat flakes prepared on laboratory-scale and incubation time and 
temperature for samples baked at 220 °C for 15 minutes. 

Sample 

name1 

Asparaginase Asparaginase 

concentration (mg/kg) 

Incubation time 

(min) 

Incubation 

temperature (°C)  

C-60°C None (control) 0 10 60 

R1 Acrylaway L 100 10 60 

R2 Acrylaway L 200 10 60 

A2 PreventASe L 200 10 60 

A3 PreventASe L 300 10 60 

C-70°C None (control) 0 10 70 

H1 Acrylaway HighT 100 10 70 

H2 Acrylaway HighT 200 10 70 

X2 PreventASe XR 200 10 70 

X3 PreventASe XR 300 10 70 

1 The same sample ID system is used for both wheat and oat flake samples.  
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Table 2. Characteristics of wheat bran flakes produced on pilot-scale, including the control and samples with Acrylaway HighT low dosage (0.5 g 

asparaginase/kg, H-L) and Acrylaway HighT high dosage (1.0 g asparaginase/kg, H-H). The parameters analyzed include acrylamide reduction, 

content of free asparagine, aspartic acid, glutamine and glutamic acid, as well as color parameters expressed as L* (lightness), a* (green-red), and 

b* (blue-yellow).  

Sample  Acrylamide 

reduction (%) 

Asparagine 

(mg/kg) 

Aspartic acid 

(mg/kg) 

Glutamine 

(mg/kg)1 

Glutamic 

acid (mg/kg) 

L* a* b* 

Control N/A 95.9 ± 0.9 46.0 ± 1.9 < 20 42.1 ± 0.7 13.0 ± 0.9 5.6 ± 0.3 16.3 ± 1.0 

H-L 3 112.6 ± 1.2* 57.2 ± 0.9** < 20 49.6 ± 0.4** 13.5 ± 0.7 4.9 ± 0.6* 17.0 ± 0.6 

H-H 9 94.3 ± 0.5 49.9 ± 0.7* < 20 43.1 ± 0.0* 13.5 ± 0.8 5.3 ± 0.2 16.5 ± 1.0 

Values are given as means ± standard deviation and asterisks denote significant differences compared to the control (ANOVA with Dunnett's t-

test, p ≤ 0.05, n = 6). N/A: no addition of asparaginase; 1 20 mg/kg is the limit of quantitation
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Table 3. Hardness and weight loss of wheat and oat flakes prepared on laboratory-scale and 
baked at 220 °C for 15 min. 

Sample 

ID1 

Hardness (N) Weight loss after incubation 

(%) 

Weight loss after 

baking (%) 

 Wheat 

Flakes 

Oat 

Flakes 

Wheat 

Flakes 

Oat Flakes Wheat 

Flakes 

Oat Flakes 

C-60°C 58.3 ± 

5.5 

56.0 ± 

5.1  0.1 0.2 16.3 16.0 

R1 57.2 ± 

5.1  

52.2 ± 

6.9 0.1 0.1 16.1 16.3 

R2 60.4 ± 

5.7 

53.1 ± 

5.8 0.2 0.1 17.6 15.7 

A2 54.3 ± 

3.9 

55.8 ± 

5.3 0.2 0.1 17.0  15.8 

A3 53.1 ± 

6.0 

56.6 ± 

6.8 0.1  0.1 15.9 15.3 

C-70°C 57.7 ± 

4.2 

55.1 ± 

4.6 0.3 0.2 16.6 16.1 

H1 57.9 ± 

3.9 

55.3 ± 

6.3 0.1 0.2  16.9 16.8 

H2 55.6 ± 

6.1 

56.5 ± 

6.1 0.1  0.5 17.9 16.3 

X2 57.0 ± 

6.5 

52.2 ± 

6.3 0.1 0.2 17.3 16.7 

X3 56.9 ± 

5.4 

55.4 ± 

7.0 0.1 0.1 16.7 17.2 

1 Please refer to Table 1 for detailed sample information. Values are given as means ± standard 

deviation for hardness. There were no statistically significant differences (ANOVA with 

Dunnett's t-test, p > 0.05) in these parameters of wheat or oat flakes compared to the control. 
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Figure legends 

 

Figure 1. Reduction of acrylamide in wheat (A) and oat (B) flakes produced on laboratory-

scale. Values are given as means ± standard deviation (error bars) and asterisks indicate a 

significant difference compared to the respective control (ANOVA with Dunnett’s t-test, 

p ≤ 0.05). The numbers show the percentage of acrylamide reduction based on the respective 

mean values and compared to the respective control set to 100%. 

C-60°C: control without asparaginase incubated at 60 °C, C-70°C: control without asparaginase 

incubated at 70 °C, R1: sample with asparaginase R at 100 mg/kg, R2: sample with 

asparaginase R at 200 mg/kg, A2: sample with asparaginase A at 200 mg/kg, A3: sample with 

asparaginase A at 300 mg/kg, H1: sample with asparaginase H at 100 mg/kg, H2: sample with 

asparaginase H at 200 mg/kg, X2: sample with asparaginase X at 200 mg/kg, X3: sample with 

asparaginase X at 300 mg/kg. Please refer to Table 1 for detailed sample information. 
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Figure 2. Color analysis of wheat (A, B, C) and oat (D, E, F) flakes baked at 220 °C for 15 min 

using C-Cell and Color Muse. Color parameters are expressed as L* (lightness), a* (green-red), 

and b* (blue-yellow). Values are given as means ± standard deviation (error bars) and asterisks 

denote significant differences compared to the respective control (ANOVA with Dunnett's t-

test, p ≤ 0.05). 

C-60°C: control without asparaginase incubated at 60 °C, C-70°C: control without asparaginase 

incubated at 70 °C, R1: sample with asparaginase R at 100 mg/kg, R2: sample with 

asparaginase R at 200 mg/kg, A2: sample with asparaginase A at 200 mg/kg, A3: sample with 

asparaginase A at 300 mg/kg, H1: sample with asparaginase H at 100 mg/kg, H2: sample with 

asparaginase H at 200 mg/kg, X2: sample with asparaginase X at 200 mg/kg, X3: sample with 

asparaginase X at 300 mg/kg. Please refer to Table 1 for detailed sample information. 
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