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ABSTRACT 20 

Plants contain anti-nutritional factors (ANF) with negative impact on protein digestibility and 21 

nutritional quality. We aim to highlight the importance of extraction method on the co-22 

extraction of different ANFs to put focus on this challenge regarding the usability of plant-23 

protein ingredients. We mainly focus on the research behind the established, industrial 24 

techniques, wet extraction and dry fractionation, in relation to ANFs. These methods give 25 

protein powders differing considerably in protein concentrations and ANF contents. Wet 26 

extraction offers the highest protein concentration (typically > 85%) and lowest ANF content 27 

(reduction between 75-96%, depending on the type of ANF). Usage of chemicals and energy 28 

has pushed the developments of new extraction techniques, hence dry fractionation is explored. 29 

However, it was typically found that dry fractionation resulted in an accumulation of some 30 

ANFs in the resultant protein concentrates. Innovative separation methods, like selective 31 

electrodialysis, forward osmosis, immobilized metal affinity, and zinc reductants, are 32 

suggested to be effective processes for concentration, purification and selection of proteins.  In 33 

general, more research is needed, and strategies to sophisticate extraction methods, e.g. by 34 

combining with pre- and post-processing, and ensure high quality of the protein fractions is 35 

mandatory. 36 
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INTRODUCTION 49 

Proteins are one of the main functional components in food products and in the body. The 50 

demand for sustainable, plant-based food products grows rapidly. In the first generation of this 51 

consumer-driven demand, alternative animal-free food types were placed on the market, e.g. 52 

oat and rice drinks and meat-analogues. However, these products did not always provide the 53 

consumer with the same nutritional protein quality as the animal-based products. The need for 54 

plant-based proteins as ingredients with high techno-functional properties and nutritional 55 

profile similar to animal proteins is growing in the food industry1. The nutritional value of 56 

plant-based food is dependent on the amount of proteins, the specific content of the amino acids 57 

(especially the essential amino acids) and most importantly the bioavailability of these amino 58 

acids. In principle, legumes and cereals contain nutritionally adequate proteins. However, 59 

nutritional problem arises due to the proteins not being highly digestible from nature, as their 60 

proteolytic susceptibility varies due to different three-dimensional structures. Also, the purity 61 

has a major impact on the protein digestibility, since e.g. the presence of fibres can influence 62 

both the protein state and the enzyme activity2. In addition, anti-nutrients, anti-nutritional 63 

compounds or anti-nutritional factors (ANFs) are the same term for substances, which in some 64 

ways limit the availability or absorption of nutrients in the body. Therefore, protein extraction 65 

and separation from the plant material is the most important step prior to incorporating plant 66 

proteins into food products. Proteins may be isolated into flours, concentrates, or isolates by 67 

different extraction methods, and thereby differ not only in the protein concentration but also 68 

in the content of other substances like the ANFs. ANFs reduce the maximum utilization of 69 

nutrients and is another reason why raw plant materials may possess lower protein digestibility 70 

than animal proteins. However, there is no overview of the effect of the protein extraction 71 

methods on the content of ANFs in the resulting protein fractions. This perspective aims to 72 

highlight the relationship between extraction methods of plant proteins and the ANF content. 73 



ANTI-NUTRITIONAL FACTORS 74 

ANFs are phytochemicals or secondary metabolites synthesized in plants typically as self-75 

defence against various inherently pathogens, insects and herbivorous. The major ANFs found 76 

in plant materials includes protease inhibitors (e.g. Kunitz Trypsin inhibitor (KTI), Bowman-77 

Birk inhibitor (BBI)), amylase inhibitors (e.g. α-amylase inhibitor), polyphenols (e.g. tannins, 78 

lignins), phytic acid, glycosides (e.g. cyanogens, saponins, glucosinolates, vicine/convicine), 79 

alkaloids, lectins (e.g. phytohemagglutinins, ricin), non-protein amino acids (e.g. mimosine, 80 

indospecine), oxalic acids, and triterpenes (e.g. limonin, azadirachtin). Figure 1 gives an 81 

overview of the general ANFs contained in plants and some of their nutritional influence. The 82 

impact of ANFs on human nutrition and health has been detailed described in several review3–83 

7. In general, the ANFs reduce the nutritional value of the crops by interfering with protein and 84 

starch digestibility as well as mineral absorption, or by forming toxic compounds in the body.  85 

 86 



Figure 1. Effect of ANF on the bioavailability of nutrients or the physiological deleterious 87 

effect3–11. The molecular weights (Mw) of the different ANFs are examples to give a perception 88 

of the size. It is emphasised that the weights and sizes of the various ANFs vary considerably. 89 

 90 

Cereals and legumes are edible crops and they constitute a major source of plant proteins for 91 

human nutrition. However, they contain many of the ANFs at various concentrations, and some 92 

examples are given in Table 1. These ANFs can result in negative effects on gastric metabolism 93 

and concern and consideration must be taken upon usage as food ingredients. Normal 94 

consumption of plant foods does not only cause intake of ANFs but also many other compounds 95 

of which many have health-promoting effects. This raises the question: “whether these 96 

compounds are as potentially harmful as they might seem to be in isolation, as they may act 97 

differently when taken in within whole foods that are properly prepared”12. In fact, some ANFs 98 

has showed dose-dependent positive bioactive effects on human health, like antioxidant, 99 

hypolipidemic, hypoglycaemic, and antitumor effects13. However, extracting protein as 100 

potential food ingredients are likely to change the content of other compounds and in effect 101 

impose a risk of increased intake of ANFs. 102 

 103 

Table 1.  Some of the ANFs present in cereals, legumes and oilseeds available from literature. 104 

The concentrations presented in brackets are reported in the given references. 105 

Source ANF Reference 

Barley Tannins (1.4-1.8%), phytic acid (1.2-1.4%), polyphenols (2.1-

2.8%) and trypsin inhibitors. 

14–16 

Maize Phytic acid (0.09-0.68%), trypsin inhibitors, polyphenols 

(0.36-0.71%) and lectins. 

3,17 

Oat Trypsin inhibitors, amylase inhibitor and phytic acid. 4,15,16 



Rice Phytic acid (0.09%), trypsin inhibitors and polyphenols 

(0.17%). 

3 

Rye Trypsin inhibitors and phytic acid. 16,18 

Wheat Phytic acid (0.8%), trypsin inhibitors, tannins (0.14-0.18%), 

polyphenols, amylase inhibitors and saponins. 

3,4,16 

Black gram Phytic acid and protease inhibitors. 4 

Chick pea Phytic acid (0.69%), protease inhibitors, cyanogens, amylase 

inhibitors, polyphenols (0.66%), tannins and saponins (0.12-

0.36%). 

3,4,19–21 

Cow pea Phytic acid, protease inhibitors (1.4-4.6%) and lectins. 4,21 

Faba/broad 

bean 

Phytic acid, protease inhibitors, saponins (0.43%) and tannins. 4,22 

Green gram/ 

mung bean 

 

Phytic acid, protease inhibitors, saponins, tannins and 

Haemagglutinins. 

4,23 

Groundnut Phytic acid, protease inhibitors, lectins, estrogens and 

saponins. 

4 

Kidney bean Phytic acid (0.63%), protease inhibitors, cyanogens, lectins, 

amylase inhibitor, tannins (1%) and saponins (0.11%). 

3,4,21 

Lentils Phytic acid (0.2-1%), trypsin inhibitors (2.8%) and tannins. 21,24 

Red gram/ 

Pigeon pea 

Phytic acid, protease inhibitors, cyanogens, amylase inhibitors, 

polyphenols and lectins. 

4,20 

Soybean Phytic acid (0.1-3%), trypsin inhibitors (0.12%), lectins 

(0.011%), saponins (4.3-5.6%), anti-vitamin B12 factors, 

tannins (0.19%) and polyphenols (1.9-3.5%). 

3,4,14,21 

Cottonseed Phytic acid. 4 

Linseed Phytic acid and cyanogens. 4 

Rapeseed Glucosinolates, phytic acid, protease inhibitors and tannins. 4 

Sesame seed Phytic acid and tannins. 4,21 

 106 

 107 

PROTEIN EXTRACTION 108 

Food industries are using various plant sources to produce flours, protein concentrates and 109 

protein isolates. Proteins are extracted from the raw plant material by wet or dry techniques25. 110 

So far, proteins are mainly extracted from plant seeds, where proteins are stored together with 111 



starch, lipids, and dietary fibres in different concentrations1. Furthermore, the distribution of 112 

the different protein classes (according to Osborne) also varies greatly both within and amongst 113 

the different plant seeds. These years, the focus on extracting food proteins from other plant 114 

sources, e.g. green leaves, has increased due to new and improved technologies26. No definition 115 

of the protein content in flour, concentrate or isolate exists, yet as a rule of thumb the protein 116 

concentration increases in the order: flour < concentrate < isolate. Some typically contents are, 117 

flour < 30% protein, concentrate 30-85% protein and isolate >85% protein. In fact, the 118 

technique used to extract proteins influence the protein content in the resultant product due to 119 

the variation in the protein characteristics such as size and solubility (Table 2) as well as charge 120 

and density.  121 

 122 

Table 2. Molecular weight and solubility of the major protein classes, according the Osborne 123 

classification, in plants1,27. 124 

Protein Mw (kDa) Solubility 

Albumins 4-80 Water 

Globulins  Saline solution 

    11S Legumins* 300-380  

    7S Vicilins* 50-200  

Prolamins 3 - 75 Alcohol solution 

Glutelins 9-150 
Acid or alkali 

solutions 

 * Specific for legumes, not all plant types contain these proteins. 125 

 126 

In general, both wet and dry techniques are used to produce protein concentrates, while protein 127 

isolates are produced only by wet methods27,28. Each method will have a number of advantages 128 

and disadvantages in relation to environmental impact to be considered before implementing 129 



in industry. In addition, different advantages and disadvantages with respect to nutritional and 130 

functional quality must be assessed before usage of the final protein product. Wet extraction 131 

(Figure 2) is most commonly used in the industry, and involves extraction of protein in alkaline, 132 

acidic, salt or alcohol solution due to a high protein solubility under these conditions27. The 133 

alkaline extraction is most frequently used because most proteins dissolve in alkaline solvents 134 

(Table 2). In addition, the process temperature is increased to further facilitate protein 135 

solubilisation and, hence, extraction. Insoluble materials, such as starch and insoluble dietary 136 

fibres, are removed by subsequent filtration or centrifugation. Following this first separation 137 

step, the soluble protein is precipitated isoelectrically by adjusting pH to the protein’s 138 

isoelectric point (pI). The final centrifugation isolates the proteins from other soluble 139 

compounds, such as low-molecular weight compounds, sugars and soluble dietary fibres. 140 

Typically, protein isolates are obtained with such alkaline or acidic extraction procedure27,28. 141 

However, the concentration and purity of proteins may vary considerably depending on raw 142 

plant material (distribution of protein classes) and specific processing conditions. Another wet 143 

extraction method is based on the concept of protein salting-in and salting-out27. Hence, salt 144 

extraction (also named micellization) utilizes the high protein solubility at appropriate salt 145 

concentration and ionic strength. The soluble proteins are dissolved in an aqueous salt 146 

(typically NaCl) solution, following protein precipitation by diluting the extract in water and 147 

the proteins are recovered by centrifugation or filtration. The efficiency of salt extraction, 148 

determined by the protein content and purity in the final protein product, is also varying 149 

dependent on process conditions similar to alkaline and acidic extractions. Ultrafiltration is a 150 

membrane filtration process that can be used after the isoelectric precipitation step to obtain 151 

higher protein recovery and purity27. In this method, the supernatant gained after wet extraction 152 

is passed through a membrane of selected pore size/Mw cut-offs. This filtration will retain 153 

proteins of higher molecular weights and thereby increase the protein concentration in the 154 



retentate. Diafiltration is a specialized ultrafiltration process in which the retentate is diluted 155 

with water and re-ultrafiltered to enhance the purity and yield. Also in this case, filtration 156 

efficiency depends on separation factors such as type of membrane, Mw cut-off, etc., thereby 157 

affecting protein amount and purity. The drawbacks of the wet extraction methods are the use 158 

of chemicals, water and energy resulting in high costs and negative impact on the environment. 159 

 160 
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Figure 2. Overall process of wet extraction and dry fractionation of proteins. The raw material is 166 

typically dehulled legumes. In the case of protein extraction from cereals, the bran is typically 167 

removed during milling. * Defatting is conducted before or after milling to flour. **: the process 168 

steps that may separate ANFs from the protein fraction. Insoluble materials includes proteins, 169 

starch and fibres. Soluble materials includes proteins, dietary fibres, carbohydrates and low 170 

molecular weight compounds. Protein isolates 1 and 2 will obviously vary in protein composition 171 

and purity. 172 

 173 

To circumvent the drawback of wet extraction, dry fractionation, or air classification, is attracting 174 

increasing attention. Obviously, solvent is not used, Figure 2. Thus, the material is ground finely 175 

by milling to get a flour. For oil-containing crops, a defatting step is included prior to, or after, the 176 

milling step. The flour is then subjected to a spiral air stream, where proteins (named light or fine 177 

fraction) are separated, due to their different size, shape and density, from the starch (named heavy 178 

or coarse fraction)29,30. In some cases, proteins may still be combined with starch after the first 179 

fractionation. In such cases, milling and air classification can be repeated to obtain protein 180 

concentrates of higher purity. Starch granules can vary greatly in physical characteristics e.g. size 181 

and density, so if they have similar physical characteristics as the proteins, the method may be 182 

inefficient to separate starch from the fine protein fraction. The moisture and lipid content in the 183 

flour may also affect the fractionation efficiency by preventing the free diffusion of milled particles 184 

during air-classification31. Thus, air classification may result in that some fine and coarse particles 185 

may end up in the wrong fraction29. Generally, dry fractionation is less efficient in separating 186 

proteins from starch compared to the wet extraction processes32.  187 

 188 



As described, a proper protein extraction technique can steer the protein concentration, but what 189 

about the content of ANF? Table 3 gives an overview of the effect of protein extraction method 190 

on the anti-nutritional factor (ANF) content described in the following sections. 191 

  192 



Table 3. Overview of the effect of protein extraction method on the ANF content in seeds. 193 

Source Method Result ↓↑→a)  Reference 

Wet extraction 

Lentils 
Alkaline 

Isoelectric precipitation 
TIA ↓ 35 

Canola 
Acid/NaCl buffer 

pH=5.5, 6.0, 6.5  c) 

Phytic acid ↓, phenolic acids ↓  

Glucosinolates ↓  
36 

Sweet potato 

Isoelectric precipitation 

Membrane processing: pH 

(4, 6 or 7) → ultrafiltration 

→ diafiltration  c) 

The effect on phenolics, 

tannin, flavonoids, phytic 

acid, TIA depended mostly on 

pH 

37 

Yam bean 

Isoelectric precipitation 

Ultrafiltration/diafiltration  
c) 

Phytic acid ↓, phenols ↑, 

tannins ↑, flavonoids ↑ 
38 

Canola 

Various combination of 

isoelectric precipitation, 

Ultrafiltration and 

diafiltration targeting 

removal of phenolics  c) 

Phenolics ↓, tannins ↓ 39 

Chickpea 

(Desi and 

Kabuli) 

Defatted or full fat 

Isoelectric 

Ultrafiltration/diafiltration  
c) 

The effect on phenolics and 

TIA depended on variety 
40 

Lentil 
Isoelectric precipitation 

Ultrafiltration  c) 
TIA ↓, oligosaccharides ↓ 41 

Dry fractionation 

Common bean Milling and classifier 
Lectins ↑, TIA ↑, polyphenols 

↑ 
42 

Amaranth 

flour 
Air classification 

Phytate ↑, phenolics ↑, TIA ↓, 

chymotrypsin inhibitors ↓, α-

amylase inhibitors ↓ 

43 

Faba bean Air classification 

Vicine/convicine ↑, TIA ↑, 

phenolics ↑, tannins ↑, phytic 

acid ↑ 

44 

Pea Air classification  
Oligosaccharides ↑, phytic 

acid ↑, TIA ↑ 
45 

Pulses 

(chickpea, 

pea, lentil) 

Air classification  Phytate ↑, oligosaccharides ↑ 46 



Wet extraction versus dry fractionation 

Faba bean 
Isoelectric  

Air classification 

Dry: TIA  →, 

vicine/convicine →, 

oligosaccharides →,  

Wet: TIA ↓, vicine/convicine 

↓, oligosaccharides ↓  

48 

Faba bean 

Hybrid fractionation: air 

classification + alkaline (no 

precipitation step) 

TIA ↑, phytate ↑, phenolics ↑ 49 

Pre- and post-processing 

Peanut 

Sesame 

Boiling, microwave, 

autoclaving, roasting 

Phytic acid ↓, tannins ↓, 

lectins ↓, TIA ↓ 
50 

Pea and lentil Boiling, roasting TIA ↓ 51 

Soybean Heat treatment TIA ↓ 52 

Cowpea Fermentation Phytic acid ↓, TIA ↓ 55 

Legumes 

(cowpea, pea 

and kidney 

bean) 

Fermentation, water 

soaking, boiling, roasting, 

microwave cooking, 

autoclaving, micronization 

Phytic acid ↓, TIA ↓, tannins  

↓, oligosaccharides ↓ 
56 

Other methods 

Soybean 
Immobilized metal affinity 

chromatography 
TIA ↓, lectins ↓ 

67 

Soybean Reductant (metallic zinc) TIA ↓ 68 
a) ↓: decrease in content, ↑: increase in content, and →: no change. 194 

b) TIA: trypsin inhibitor activity. 195 

c) Comparison is made between different extraction methods. 196 

 197 

 198 

WET OR DRY FRACTIONATION: THE ANF CONTENT 199 

Already in the early 1980s, studies reported the effect of the fractionation process on the amount 200 

of ANFs in the obtained protein fraction. Since some of the ANFs are located in the seed coat, it 201 

is inherently possible to reduce the ANF content by including a dehulling step of legumes33 or a 202 

milling step where the bran layer of grains can be removed3 as the very first processing step. A 203 



considerably reduction in amylase, chymotrypsin, and trypsin inhibitory activities and lower 204 

content of phytic acid and tannins was obtained in the protein concentrates (wet extraction) 205 

compared to whole beans (five Phaseolus vutgaris L. cultivars) as shown by Deshpande and 206 

Cheryan (1984)34.  207 

 208 

Wet extraction 209 

Alkaline extraction (pH 9) and isoelectric precipitation (pH 4.3) of proteins from Blaize and Laird 210 

lentil varieties efficiently reduced the trypsin inhibitor activity compared to flours, showing that 211 

trypsin inhibitors are lost during the protein extraction procedure, as they remain soluble when 212 

protein is precipitated35. The larger room to manoeuvre with wet extraction conditions, such as 213 

extraction solvent, precipitation step, and filtration step, stimulated researchers to improve wet 214 

fractionation of proteins. Thus, a straightforward increase in ionic strength from 0.01 M NaCl to 215 

0.1 M NaCl of the extraction buffer resulted in 75.5% reduction of phytic acid and 85.3% reduction 216 

of phenolic acids in canola protein isolates36. The higher ionic strength facilitated disruption of the 217 

electrostatic interactions between the phytate-protein and phenol-protein. However, the largest 218 

reduction (95.2%) of glucosinolates was achieved with the 0.01M NaCl buffer, explained by 219 

enhanced hydrophobic interactions (due to dilution of extract) facilitating protein precipitation. 220 

Since glucosinolates are readily soluble prior to hydrophobic interaction, they are separated from 221 

the protein36. Ultrafiltration membrane technology combined with diafiltration may result in higher 222 

protein yield and purity. Since many of the ANFs are smaller molecules than proteins (Figure 1 223 

and Table 2), careful selection of processing conditions, e.g., membrane Mw cut-off and solvent, 224 

can be optimised for effective exclusion. Arogundade et al. compared isoelectric precipitation and 225 

ultrafiltration/diafiltration of proteins from sweet potato and yam bean37,38. They also found a high 226 



dependency of ANF removal with the pH (4, 6 and 7) of the diafiltration medium. Therefore, some 227 

of the ultrafiltered/diafiltered protein isolates had higher content of the ANFs (phenolics, tannins, 228 

flavonoids, phytic acid, trypsin inhibitors) than the isoelectric protein isolate37. Later, comparing 229 

isoelectric and ultrafiltration/diafiltration (pH 7) extractions to produce whole protein isolates and 230 

albumin-rich fractions, they found that ultrafiltration/diafiltration decreased the content of phytic 231 

acid, but increased the content of phenols, tannins and flavonoids in the isolates and albumin-rich 232 

fractions38. An improved wet extraction process included a diafiltration step prior to isoelectric 233 

precipitation to aid the dissociation of phenolic-protein complexes, thereby reducing phenolic 234 

compounds by 80% and tannins by 90% in canola protein isolates39. Treating the extract (after 235 

isoelectric precipitation) with a SDS (1%) solution before the diafiltration step resulted in a 236 

decreased content of phenols (by 67%) and tannins (by 96%) due to the effect on the electrostatic 237 

and hydrophobic interactions (vide supra). This emphasizes that upon precipitation of proteins, the 238 

protein interactions with ANFs need to be considered when choosing appropriate solvent. In fact, 239 

the interaction between protein and ANFs is also important upon using more sophisticated 240 

filtration steps in the wet fractionation. Combinations of ultrafiltration (cut-off at 50 kDa) and 241 

diafiltration after the isoelectric precipitation differed in the effectiveness of reducing the ANFs in 242 

chickpea protein concentrates. Hence, no difference in the trypsin inhibitor concentration was 243 

found, while isoelectric precipitation was better than ultrafiltration to reduce the content of 244 

polyphenols, but reduction of phytic acid depended on the specific pH during diafiltration40. 245 

Conducting dialfiltration at pH 9 resulted in considerably higher content of phytic acid compared 246 

to both isoelectric precipitation and dialfiltration at pH 6 due to weaker (electrostatic) binding of 247 

phytic acid to proteins at pH 640. In line with this, using either isoelectric precipitation or 248 

ultrafiltration resulted in comparable reductions of the trypsin inhibitor activity upon producing 249 



lentil protein isolates41. On the other hand, the levels of galacto-oligosaccharides and polyols were 250 

significantly reduced in the protein isolate produced by ultrafiltration compared to the isoelectric 251 

precipitation isolate41. It is assumed that in the isoelectric precipitated isolate, the water soluble 252 

galacto-oligosaccharides are remaining in the residual liquid of the pellet or are co-precipitated in 253 

the protein-matrix, whereas ultrafiltration with a cut-off at 10 kDa effectively removes the galacto-254 

oligosaccharides41. An extra washing step of the pellet in the isoelectric precipitation method is, 255 

therefore, expected to improve the removal of galacto-oligosaccharides. Interestingly, the content 256 

of other constituents in the raw plant material do not seem to affect the protein purity in regards to 257 

ANF content produced by the various fractionation steps. Chickpeas and lentils differ considerably 258 

in the amount of fat and fibre, chickpeas contain approximately 6% fat and 17% fibre, while lentils 259 

contain approx. 1% fat and 8% fibre. The above mentioned results showed that the refined filtration 260 

(ultrafiltration and diafiltration) of the alkaline protein extract has no impact on the trypsin 261 

inhibitor concentration in the resultant protein powder. Moreover, inclusion of a defatting step did 262 

not have a major effect on the ANF reduction in the various fractionation processes investigated 263 

by Mondor and co-workers40. In general, ANF contents are highly dependent on wet extraction 264 

parameters such as pH of the extraction/precipitation medium, number of washing steps, or 265 

membrane cut-offs.  266 

 267 

Dry fractionation 268 

Milling into flour following fractionation by air classification results in a protein enriched fraction. 269 

The fineness of grinding and the classification cut point determines the composition of this protein 270 

fraction in relation to protein concentration and amount of ANFs. Different milling and classifier 271 

settings were used to investigate different protein fractions (an initial fine fraction and a second 272 



fine fraction) from common beans42. In general, it was found that protein content increased 273 

remarkably in the fractions compared to the initial bean flour. This protein content depended 274 

mainly on the air classification cut points, but was not greatly affected by milling procedures. 275 

Regarding the ANFs, the polyphenol content was low in all fractions, while the trypsin inhibitor 276 

activity and total lectins were concentrated in the protein fractions. Contrary to proteins, the carry-277 

over of these ANFs was affected by both milling and classification settings, where the trypsin 278 

inhibitor activity was mostly affected. Notably, the levels of these two ANFs could not be 279 

optimised simultaneously. Contrary to this study, air classification (centrifugation at 8000 × g and 280 

airflow rate 80 m3/h) of amaranth flour increased the polyphenol and phytate concentration, but 281 

decreased the contents of enzyme (trypsin, chymotrypsin and amylase) inhibitors43. Air 282 

classification (15,000 rpm classifier wheel speed with an airflow rate of 220 m3/h) of faba bean 283 

flour separated both proteins and the anti-nutritional factors (vicine, convicine, TIA, total phenolic 284 

compounds, condensed tannins, and phytic acid) into a protein rich fraction44. A response surface 285 

methodology approach was used to establish the optimum conditions for a protein rich fraction 286 

from peas, based on maximizing the yield and protein content while lowering certain ANF values 287 

by Wang and Maximiuk45. The pea protein fractions were produced by air classification of 288 

dehulled pea flour over a range of classifying speeds from 2,500 to 6,200 rpm and airflows from 289 

35 to 65 m3/h. It was found that protein content in the fine fraction increased as classifier wheel 290 

speed increased from 2,500 to 4,500 rpm, whereas it decreased with increasing airflow rate. Phytic 291 

acid was concentrated by air classification along with the protein fraction, thus, increasing 292 

classifier wheel speed from 2,500 to 4,500 rpm increased phytic acid content in the fine fraction, 293 

but was not affected by airflow rate. A similar dependency was found for the trypsin inhibitor 294 

activity in the fine fractions. In conclusion, a significant interactive effect of classifier wheel speed 295 



and airflow was found for the content of protein and ANFs, and the point at classifier wheel speed 296 

= 4,350 rpm and airflow rate = 50 m3/h could be recommended as the optimal process conditions45. 297 

Perhaps the high airflow of 270 can explain the increased content of ANFs (phytates, stachyose, 298 

verbascose, raffinose, and sucrose) in the air classified fine fractions of various pulses (kabuli 299 

chickpea, green pea, yellow and red lentil) obtained by De Angelis et al.46. In general, a 300 

pronounced accumulation of ANFs in the fines fractions is evident, although the concentrations 301 

are affected by the type of milling and by the classifier conditions. The initial milling procedure is 302 

important due to the effect on the disentanglement of starch and protein bodies. Currently, until 303 

more knowledge is available, the optimal dry fractionation processing condition for producing 304 

protein-rich ingredient is the best compromise between yield, protein content and ANF 305 

accumulation. Since the potential toxic or antinutritive effects of various ANFs override the 306 

importance of any additional nutritional effect of proteins, these protein fractions cannot be 307 

included in foods without elimination of ANFs. Heat treatment of the raw material prior to milling 308 

and air classification or of the obtained fractions are ways to complete such an elimination. 309 

However, it is noted that any thermal processing may have negative effect on protein techno-310 

functionality and protein nutritional quality. 311 

 312 

Wet extraction versus dry fractionation 313 

Already in 1983, Gueguen reviewed the outcome of the protein extraction processes of pea, faba 314 

bean, and lupine and concluded that wet extraction is more efficient in removing ANFs during the 315 

production of protein isolates, whereas air classification led to accumulation of ANFs in the protein 316 

concentrates47. An extensive reduction in trypsin inhibitor activity, considerable reduction in the 317 

galacto-oligosaccharides content and complete removal of vicine and convicine in wet extracted 318 



protein isolate compared to dry fractionated protein concentrate of dehulled faba beans was 319 

obtained by Vogelsang-O’Dwyer et al.48.  These results point towards that wet extraction of 320 

proteins is superior in reducing the ANF level and enhance protein purity, most likely due to the 321 

solubility of the ANFs in the extraction solvent. However, as described, some ANFs have high 322 

affinity towards proteins and may in fact be co-extracted with the proteins. The efficiency of dry 323 

fractionation is on the other hand dependent on the molecular size of the ANFs and the matrix 324 

composition. Since some of the ANFs are in the same order of magnitude of size as the proteins, 325 

the ANFs may be separated together with the proteins. In addition, the interactions between ANFs 326 

and proteins may complicate the separation similar to wet extraction. A combined dry and wet 327 

fractionation process to extract faba bean proteins with lower environmental impact was presented 328 

by Dumoulin49. It was estimated that this process used less energy and 5.5 times less water per kg 329 

extracted proteins compared to traditional wet extractions. Different fractions were obtained along 330 

the fractionation process and in total, the fractionation process recovered 87% of the total seeds 331 

proteins. The wet extraction was performed on the protein-depleted (the coarse starch-rich) 332 

fraction obtained after dry fractionation, and the obtained protein fraction had a protein content of 333 

60.6%. This low value (compared to ‘typical’ wet extracted isolates) was explained by the lack of 334 

protein isolation (like isoelectric precipitation) and washing steps on the proteins before spray-335 

drying between extraction and drying, thus the proteins were not separated from the other extracted 336 

compounds. Regarding ANF content, it was found that ANF (phytic acid, trypsin inhibitor and 337 

total phenolic) contents increased between 40 and 330% after protein extraction steps depending 338 

on the type of ANF and the protein extraction step. The accumulation of ANFs is most likely also 339 

due to the lack of protein precipitation and washing steps. However, the authors notice that though 340 



the wet extracted protein fraction has the highest levels of these ANFs, it is still below those 341 

observed in some unprocessed legumes.  342 

 343 

Pre- and post-processing 344 

The large chemical variation among the ANFs will cause different stability towards heat. ANFs 345 

are either heat-labile, such as lectins and protease inhibitors, or heat-stable, such as phytic acid, 346 

condensed tannins, saponins and alkaloids (Figure 1)3,33. Embaby et al. showed that heat treatments 347 

such as boiling, microwave, autoclaving and roasting of peanut and sesame seeds significantly 348 

reduced the content of phytic acid, tannins, lectins and trypsin inhibitors50. Ma et al. reported that 349 

roasting of dehulled green lentil reduced about 96% of trypsin inhibitor activity, while boiling 350 

reduced it up to 38% in dehulled yellow pea flour51. Similar, de Carvalho et al. found a complete 351 

inactivation of trypsin inhibitors in soybean flour after the heat treatment in an oven at 150 °C for 352 

30 minutes52. It should be taken into consideration though, that different types of trypsin inhibitors 353 

exist, i.e. the Kunitz trypsin inhibitor (KTI) and Bowman-Birk inhibitor (BBI). Both KTI and BBI 354 

are found in soybean, with KTI being the dominating, whereas only BBI is present in other legumes 355 

such as common bean and lentil53. KTI and BBI not only differ in size and number of internal 356 

disulphide bonds (~20 kDa and ~8 kDa, 2 and 7 disulphide bonds, respectively), but also in their 357 

stability towards heat. Chen and co-workers found that boiling soymilk for 30 minutes resulted in 358 

a complete inactivation of KTI, whereas BBI was still close to 90% active. KTI was readily 359 

inactivated by heat due to its incorporation into protein aggregates through disulphide bonds and/or 360 

non-covalent molecular interactions. On the other hand, BBI was inactivated at a much slower rate 361 

due to the highly hydrophilic properties and the stable structure resulting from the seven 362 

intramolecular disulphide bonds54. In addition to heat treatment, it is also shown that pre-processes 363 



such as fermentation, germination and soaking can significantly reduce the content of ANFs in 364 

foods3,4. For example, it was reported that fermentation of cowpeas reduced the concentration of 365 

phytic acid significantly and eliminated trypsin inhibitors55. Khattab & Arntfield showed that 366 

fermentation of different types of legumes resulted in a reduction in trypsin inhibitor activity by 367 

38–47% and a significant reduction in phytic acid56. These methods can be used strategically as 368 

pre- or post-processing steps to reduce the content of ANFs in protein isolates and concentrates. 369 

E.g. heat treating the wet extraction extracts or the dry fractionated fractions may reduce the ANFs 370 

in the resultant protein concentrates or isolates. Another approach is to use the powders in products 371 

undergoing thermal processing prior to consumption, like baking bread57 or cooking sausages. 372 

Thermal treatment of proteins is known to induce physicochemical changes (e.g. denaturation, 373 

oxidation and degradation), thereby affecting the functional properties of proteins (e.g. solubility, 374 

foaming and emulsion properties)58. These heat-induced changes may, however, be positive (e.g. 375 

gelation) or negative (e.g. aggregation).  376 

Generally, protein concentrates and isolates produced by wet fractionation contain lower levels of 377 

ANFs when compared to the unprocessed plant material. However, such general assumption does 378 

not apply to dry fractionated protein-rich flours or protein concentrates. In the native plant 379 

materials, ANFs are concentrated in protein bodies either through complexation to proteins or as 380 

macromolecules/proteins. Therefore, dry fractionation processes often concentrate the ANFs in 381 

the protein-rich fractions due to the absence of protein solubilisation, disintegration and isolation 382 

steps. The unwanted ANF compounds should be eliminated from the protein fractions in order to 383 

increase the usefulness as functional ingredient or food supplement, e.g. by combining wet 384 

extraction or dry fractionation with methods described above. It is important to take the raw plant 385 



material, potential pre-processing step, type of extraction method, method conditions, post-386 

processing and subsequent usage into consideration when extracting protein from plant materials. 387 

 388 

OTHER METHODS AND FUTURE DIRECTIONS 389 

It is evident that the content of ANF is highly dependent on both the type of seed and type of 390 

protein extraction/fractionation method. However, in order to increase the usage of seed-based 391 

protein fractions as functional ingredients or food supplements, these undesirable ANF compounds 392 

must be removed or decreased to a content without any nutritional or health risk. Some enrichment 393 

processes have been used for concentration, purification and selection of proteins. Electrodialysis 394 

has shown beneficial for protein separation, and it is expected that with selective electrodialysis 395 

(selectrodialysis) a simultaneous selection of proteins can be carried out while purifying the protein 396 

solution. The current studies have shown separation of bioactive peptides from protein samples 397 

using selective electrodialysis with ultrafiltration membrane technology (EDUF)59–61. The method 398 

could be applicable for selective enrichment of protein fraction by separating salts and other 399 

unwanted metal ions from the protein solution62. Future investigations could be focussed on 400 

separating other charged species from the protein matrices using EDUF. Forward osmosis can be 401 

used to remove unwanted minerals from the protein fractions and to enhance purity. Previous 402 

investigations have suggested that the protein enrichment using forward osmosis do not induce 403 

significant structural changes63–65. The method can be employed to increase the protein content in 404 

highly diluted solutions66. However, the effect on the ANF contents using these methods have not 405 

been reported, thus their potential as protein enrichment process concomitant with being an ANF-406 

reducing process needs further investigation. A physical method based on the proteins electrostatic 407 

characteristics is the immobilized metal affinity chromatography. It has shown to remove trypsin 408 



inhibitor (95%) and agglutinin (94%) from an aqueous extract of soybean flour67. Another strategy 409 

to reduce the trypsin inhibitor activity without the use of heat inactivation is to use reductants. In 410 

a model system, Rehder et al. has shown that metallic zinc can decrease the trypsin inhibitor 411 

activity in soybean KTI and BBI with 72 % and 85 %, respectively, by reducing the protein 412 

disulphide bonds68. These other methods may be explored in combination with either wet 413 

extraction or dry fractionation in order to completely remove the ANFs.  414 

Current plant-based proteins come from edible resources (legumes, cereals and oil-seeds), but the 415 

demand for sustainable, plant-based proteins grows rapidly in order to supply food industry with 416 

functional plant-protein ingredients and consumers with healthy plant-based foods. Therefore, 417 

strategies are needed to sophisticate the protein extraction, filtration and/or fractionation to 418 

improve the quality and usability of protein fractions. Recently, green leaf biorefinery is utilizes a 419 

promising membrane filtration technology that includes several fractionation steps and avoids 420 

usage of chemicals resulting in higher protein quality with potential for food applications69,70.  421 

However, so far the method has been focused on optimising protein quality and concentration, and 422 

the effect on ANFs has not been investigated. 423 
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