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Why Develop Cereal Side-Streams as New 
Protein Sources?

There is a global need to increase dietary intake of plant pro-
tein to gain sustainability, food security, and nutritional ben-
efits. The side-streams from cereal grain processing offer large 
quantities of underexploited raw materials with the potential for 
use in new plant-based food ingredients. Efficient use of these 
side-streams as food ingredients would improve processing and 
raw material efficiency. Moreover, the availability of new pro-
tein ingredients will create business opportunities for new 
plant-based food and protein product concepts and diversify 
consumer choices by providing new healthy food options.

To harness the potential of cereal side-streams, technologi-
cally and economically feasible and sustainable technologies 
need to be developed for the concentration of proteins from 
solid and liquid material streams. Protein functionality must 
also be improved to develop new food concepts that meet con-
sumer demands. New technologies are required at different pro-
cessing stages. First, feasible and sustainable processes are needed 
to fractionate, concentrate, and isolate protein from solid and liq-
uid cereal side-streams. Second, the technological functionality 
and sensory properties (e.g., solubility, emulsifying, and foam-
ing ability) of protein-rich fractions need to be improved, and 
food concepts in which new protein ingredients are utilized 
either as performance proteins or as sources of dietary protein 
must be developed. At the same time, we must assess process 
scenarios in which protein ingredients are developed sustain-
ably, and the basic socioeconomic performance of the product 
system must be evaluated. Finally, for the new business ecosys-
tem to be viable, it is important to establish business cases, in-
cluding new value chains in the food industry, for resource ef-
ficiency and sustainable plant-based protein ingredients.

To realize these objectives, close collaboration throughout the 
value chain and new partnerships within the industry are need-
ed. Companies from both the ingredient and food production 
sectors and research partners covering technology, research, 
and analytics should collaborate to generate novel technological 
concepts that will enable new business development.

Potential of Cereal Brans as Protein Sources
Wheat and rice are the largest cereal crops produced after 

corn. They serve as staple foods for the majority of the world’s 
population, but also have important industrial uses. Milling and 

starch or bioethanol production generate substantial volumes of 
protein-rich wheat and rice side-streams that generally are used 
for feed or incinerated. The global annual production volumes 
for wheat and rice bran are 167 and 27 million tons, respec-
tively, of which on average 15% is protein. This adds up to 
around 30 million tons of bran protein in side-streams.

The bran fraction of wheat constitutes 14–19% of the whole 
kernel (42,47). Dietary fiber makes up more than half of the 
bran (56), and 8.3–19.3% of the bran is protein (47). The bran 
proteins are composed primarily of albumins (23.5%), globulins 
(15.5%), prolamins (18.5%), and glutelins 25.5% (28). The sol-
uble bran proteins are mainly albumins and globulins. Wheat 
bran amino-acid composition is superior compared with endo-
sperm flour: bran protein contains more lysine, arginine, alanine, 
asparagine, and glycine and less glutamine, proline, phenylala-
nine, and sulfur amino acids (15). According to Meziani et al. 
(36), 66% of the aleurone layer protein in wheat is composed of 
different types of globulins. The cell walls of the aleurone con-
tain twofold the amount of protein, with similar amino-acid com-
position, but more glycine and less glutamine/glutamic acid com-
pared with the cell walls of the endosperm. The digestibility of 
bran protein is hindered by the aleurone cell walls, which act as 
a barrier to digestive enzymes. Only 50% of the protein from 
wheat bran is digestible, and a significant amount of aleurone 
cells is left intact with incomplete protein digestion (2). On the 
other hand, there are only a few published studies on the tech-
nological functionality of wheat bran proteins (6,28).

The bran fraction of rice constitutes around 10% of the de-
hulled rice kernel and is obtained by polishing brown rice. Rice 
bran contains 12% (native bran) to 20% (defatted bran) protein 
(1). In rice bran, water-soluble albumins comprise the major 
protein fraction (37% of bran proteins), together with globulins 
(36% of bran proteins), followed by glutelins and prolamins (20), 
which render good functional properties for rice bran proteins 
compared with rice endosperm proteins and other cereal pro-
teins (8,60). Rice bran protein is hypoallergenic, enabling its use 
in infant foods, and has a higher lysine content than rice endo-
sperm protein (32). Indeed, among cereals, rice bran protein is 
claimed to have the highest nutritional value due to its high 
content of essential amino acids, especially lysine, as well as 
histidine, arginine, threonine, glycine, cysteine, valine, methio-
nine, isoleucine, leucine, tyrosine, and phenylalanine. The nu-
tritional status of rice bran protein is also reported to be much 
better compared with that of rice endosperm protein, and rice 
bran proteins are easily digestible (1). Rice bran is not consumed 
as a food, however, mainly because of its high fiber content, 
possible hull contamination, and rancidity due to its high lipid 
content and lipase activity (21).

Fractionation and Extraction of Proteins from 
Cereal Side-Streams

Extraction and concentration of proteins from any cereal 
side-stream are often challenging because the proteins are en-
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trapped within the complex cereal cell wall matrices. Wheat 
bran contains subaleurone cells with protein and starch trapped 
inside, whereas rice bran contains elongated pericarp structures 
(Õ500 µm) with loose protein bodies packed among the broken 
aleurone layers and pieces of cell walls (Fig. 1).

In addition to the protein bodies trapped within the cereal cell 
wall matrices, there are also several components that adversely 
affect sensory and nutritional qualities, limiting the food ingre-
dient applications for cereal side-streams. Sustainable and fea-
sible fractionation technologies are necessary to enrich the pro-
tein contents from cereal matrices and enable their use as food 
ingredients after suitable postprocessing. Feasible fractionation 
and extraction methods, especially for bran proteins, are not 
available in the food industry today. However, combinations of 
wet/dry fractionation and supercritical carbon dioxide (SC-CO2) 
extraction (of lipids) with bioprocessing (e.g., enzymes and fer-

mentation) and thermomechanical treatments (e.g., extrusion) 
have been elucidated to develop innovative and sustainable frac-
tionation and extraction methods for obtaining protein-rich frac-
tions from cereal side-streams (Fig. 2).

Current industrial plant protein extraction technologies in-
clude wet extraction, either in alkaline or saline conditions (12,60). 
The extraction and precipitation pH affects not only the yield, 
but also the functional properties of the recovered proteins, and 
thus, protein solubility may be reduced due to partial denatur-
ation. Degradation, cross-linking, or racemization of amino 
acids may also occur. Connor et al. (12) produced rice bran 
protein concentrates (33–38% protein) using wet alkaline ex-
traction. Although there was a lot of fat in the protein concen-
trate (49–55%), when the fat was removed prior to protein ex-
traction the protein content was higher (34–62%). Wang et al. 
(60) prepared rice bran protein isolates with up to 90% protein 

Fig. 1. Micrographs of wheat bran (15–20% protein) (A) and rice bran (11–17% protein) (B) stained with acid fuchsin and Calcofluor to show 
proteins (red) and cell walls (light blue).

Fig. 2. Possible processing steps involved in upgrading cereal side-streams for use as food ingredients.
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content. However, their method was based on a complicated 
extraction procedure that included enzyme treatment, inactiva-
tion of enzymes by alkali, centrifugation, acidification (pH 4), 
another centrifugation step, neutralization (pH 7), freeze-dry-
ing, and storage at 5°C. In terms of hydrothermal pretreatment, 
van den Borne et al. (58) studied the acidic treatment for disin-
tegration of wheat bran in connection with protein properties. 
Acidic conditions increased the digestibility of the residual 
protein in vitro without impairing the quality of protein for 
animal feeding. Reisinger et al. (45) studied different hydro-
thermal conditions in a biorefinery and revealed that the high-
est protein yield (73%) from wheat bran was achieved at 180°C 
(20 min). Celiktas et al. (7) investigated protein extraction from 
wheat bran using a biorefinery approach and obtained high yields 
(up to 92%); however, they used harsh conditions (pH > 8 and 
temperature > 80°C). The current wet extraction and concentra-
tion processes are harsh and water-intensive. Therefore, future 
research and development in this area should focus on high-con-
sistency extraction combined with gentle bioprocessing condi-
tions, which could enable efficient, sustainable protein extraction 
with improved technological functionality and sensory properties.

Bioprocessing with enzymes or microbes can be utilized to 
modify bran structure through the action of both endogenous 
and microbial enzymes, thereby affecting the technological 
functionality, bioactivity, and bioavailability of bran compo-
nents (4,5,38,41,50). Treatment of wheat bran with carbohy-
drases and proteases resulted in increased protein solubilization 
of up to 58% (4,5), and activation of bran endogenous enzymes 
resulted in increased solubility of up to 75%. Enzymatic pro-
cessing still needs to be improved by, for example, decreasing 
the treatment time using new or current enzymes. In enzymatic 
treatment of wheat bran with xylanase (a cell wall-degrading 
enzyme) at high consistency, we showed that the proteins from 
the bran aleurone cells were released; however, their solubility 
was reduced (49). By releasing the proteins from the bran ma-
trix, the bioavailability of the proteins can be improved. In en-
zyme-aided fermentation, the addition of exogenous enzymes 
before or together with microbes degraded cell walls and re-
leased protein from the rye bran aleurone, which in the end 
improved protein digestibility (38). Enzymatic treatments have 
also been shown to have a positive impact on protein extraction 
from rice bran. Carbohydrases active on cell wall components 
can increase protein yield by liberating more protein from the 
polysaccharide matrix of the bran (3,57,60). Other enzymes, 
such as a-amylase and phytase, have been shown to enhance 
protein extraction by inhibiting the interaction of proteins with 
starch and phytate in the bran (54,57,60).

Thermomechanical processing can be used to modify the struc- 
ture of plant materials to obtain better separation or extractabil-
ity of proteins (11,23,35). There are not many published studies 
on the effects of thermomechanical treatment of wheat and rice 
brans. However, the solubilization of protein has been shown to 
increase when treating wheat bran at 40% water content, with or 
without xylanase enzyme (49). Processing at low water content 
can be carried out in high-shear mixers, such as a farinograph 
or extruder (49,50). Jacquemin et al. (29) studied the thermo-
mechanical treatment of wheat bran and wheat straw mixtures 
to extract hemicelluloses by adding NaOH during the extrusion. 
They showed how proteins were coextracted with hydrolyzed 
hemicelluloses to obtain food-grade protein concentrates.

Dry processing through a series of milling and subsequent 
fractionation steps can be utilized to valorize cereal side-streams 

and is often considered a more feasible method than wet process-
ing, because no drying step is required in downstream process-
ing. The separation of protein using dry fractionation techniques 
depends largely on the interactions of cell walls and protein and 
starch components in the plant cell matrix. The yield and purity 
of protein-rich fractions resulting from the separation of pro-
tein from the other cell components depends strongly on the 
milling operation and milling quality. Wheat bran separation 
has been studied using different dry fractionation methods (24–
26). The fractionated aleurone layer can contain twice as much 
protein (up to 21%) compared with wheat bran (10% protein) 
(26). However, the separation of the aleurone layer requires a 
specific method called electrostatic separation, which is still 
considered too expensive for processes with high throughput 
and relatively low-value end products.

Air classification is a potential fractionation method (52) that 
thus far has only been studied with untreated wheat bran (43). 
We previously demonstrated that air classification could offer 
new possibilities for protein separation when combined with 
pretreatments such as SC-CO2 extraction (55) or thermome-
chanical bioprocessing (50). Defatting by SC-CO2 can be used 
to enhance the dissociation of fiber, starch, and protein particles, 
providing advantages for enrichment of protein through dry 
grinding and dry fractionation (55). At the same time, defatting 
by SC-CO2 can stabilize the quality of side-stream–based ingre-
dients, especially in the case of rice bran, because it has a high 
content of lipids, which are prone to oxidation and can cause 
rancidity (9,34). Traditional defatting using nonpolar solvents 
(e.g., hexane) and/or heat stabilization can negatively affect 
protein quality. Due to the low lipids content in wheat bran, 
SC-CO2 extraction has been shown to have a fast and linear 
initial extraction period followed by a slower extraction period 
(44). The extraction time has a direct influence on the overall 
feasibility of a process, and thus, optimization would be needed 
to obtain a sufficiently low fat content with a short processing 
time (17). The process for wheat has been shown to be faster 
than that for rice bran defatting (9,34), implying greater feasi-
bility for industrial production with wheat. Air classification 
of defatted rice bran has also shown the potential to provide 
slightly enriched protein fractions (27,30,48,51).

Applicability of Cereal Proteins in Foods
The physicochemical properties of cereal proteins (e.g., their 

mostly insoluble nature) restrict full utilization of these ingredi-
ents in different foods. Moreover, the functional properties of 
wheat bran proteins in particular are not yet well characterized, 
and very little is known about their potential food applications. 
Neither the functional properties of the endosperm protein 
fractions of wheat nor those of rice are comparable to animal-
based proteins. When attempting to increase the amount of 
plant proteins in the daily diet and/or when replacing animal-
based performance proteins with plant-based alternatives, so-
phisticated protein and food modification tools are required to 
improve their technological, nutritional, and sensory function-
ality. Another important challenge, which may actually be con-
verted into an advantage, is the low degree of purity, i.e., the 
presence of other components such as starch, dietary fiber, lip-
ids, etc. in protein-enriched fractions from wheat and rice dry 
processing. To maximize cost efficiency, extensive purification 
of plant proteins should be minimized, and the functional ben-
efits or disadvantages of other compounds that are coextracted 
or coenriched together with proteins should be thoroughly 
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evaluated. Selective refining will enable the industry to opti-
mize the functionality, feasibility, and sustainability of cereal 
proteins. Multifunctional ingredients, thus, can be obtained in 
economically feasible and sustainable ways and find use in con-
ventional as well as new food concepts.

Liquid and Semisolid Food Applications
Solubility or dispersability in the form of stable colloidal ag-

gregates is one of the main requirements for the functionality of 
proteins as emulsifying, foaming, or gel-forming agents. Cereal 
proteins generally show low solubility/dispersability at the pH 
values that are common in most foods. Furthermore, processes 
such as oil extraction or high temperature treatments for en-
zyme inactivation may induce denaturation, which further de-
creases solubility. Despite the low solubility of cereal proteins, 
the so-called “soluble aggregates” (colloidal particles) under cer-
tain environmental conditions (e.g., pH and ionic environment) 
have shown good surface-active properties. We have shown that 
soluble aggregates from oat globulins lowered surface tension at 
the air–water interface, which was comparable to milk proteins 
(18). Colloidal zein particles (~70 nm) were reported to have 
good wetting properties at the oil–water interface under various 
environmental conditions, resulting in good inherent surface 
activity (13). In fact, the notable ability of particles to stabilize 
foams and emulsions (Pickering emulsions) has been well docu-
mented (14,59). Thus, cereal proteins, despite their low solubility, 
may find applications in the structuring of food colloids, either 
in already existing products or in the formulation of novel food 
structures.

Rice bran protein isolates (prepared by enzyme- and/or alka-
line-assisted extraction and isoelectric precipitation) were tested 
for their foaming and emulsifying activity and stability, as well as 
their water- or fat-binding abilities in several reports (8,39,60,62). 
The outcomes of these studies vary considerably depending on 
the environmental conditions (e.g., pH, ionic environment, salt 
or sugar content, etc.) and grain/bran pretreatments and extrac-
tion conditions (e.g., heat stabilization, enzymatic hydrolysis of 
cell walls, enzymatic or acid hydrolysis of proteins, etc.), making 
it difficult to draw comparisons and identify the most promis-
ing processes. If a general conclusion can be drawn, it could be 
stated that formation of aerated or emulsified structures may be 
possible using rice protein isolates and their hydrolysates, for 
example; however, rendering them with high stability (compa-
rable to that of dairy or egg proteins) is challenging. A system-
atic approach that takes food-relevant processing conditions 
into consideration together with other bulk ingredients is vital 
to develop the market value of such protein fractions.

Potential food-compatible technologies for improving the 
functionality of cereal proteins include protein cross-linking 
by enzymatic means (18,37,40); shear-induced processing 
(e.g., microfluidization) (16); complexation with polysaccha-
rides (19,21,33,53) or other proteins (22); and complete or lim-
ited hydrolysis by enzymatic means (62). The major challenges 
associated with hydrolysis methods is the off-flavor formation 
generated by peptides, and therefore, limited/controlled hydro-
lysis should be favored as an approach in many cases.

Solid Food Applications
Animal-based (i.e., egg and dairy) proteins are important per-

formance ingredients in bakery products (e.g., cakes and muffins) 
in which the airy structure of the product is developed through 
the emulsifying and foaming ability of egg proteins during mix-

ing. Egg proteins enable the dispersion of large volumes of air 
into the batter during mixing, and during the baking process 
the formed air bubbles expand and protein coagulation stabi-
lizes the structure. Dairy proteins create a strong batter that will 
ultimately provide an increase in loaf volume and a soft/tender 
crumb. There are several reports on successful replacement of 
animal-based performance proteins with legume plant proteins. 
However, information related to the functionality of rice bran 
protein is quite limited. Wheat bread enriched with alkaline-
extracted rice bran protein concentrate (69% protein content) 
had lower dough weight and specific volume of bread compared 
with bread made with white wheat flour (31). Addition of more 
than 1% rice bran protein concentrate with a final protein con-
centration of 10% in bread decreased the scores for color, taste, 
odor, texture, and overall liking of the bread (31). Defatted, al-
kaline-extracted rice bran protein concentrate (36.5% protein 
content) was also used for enrichment of wheat bread (46). 
Bread prepared with refined wheat flour replacement of up to 
5% (final protein concentration in bread was 12%) was compa-
rable in sensory attributes to bread prepared with refined wheat 
flour (46). The addition of prefermented rice bran protein up to 
10% resulted in breads that were not different from the control 
white wheat bread in terms of texture and volume (10). In bis-
cuits, the addition of rice bran protein concentrate (5–10%) 
affected the physical and texture characteristics of biscuits by 
decreasing the diameter and spread ratio and increasing the 
fracture hardness (61). Sensory evaluation showed that the in-
crease in rice bran protein level lowered the scores for the color, 
texture, appearance, and flavor intensity of the biscuits (61).

The challenges related to development of high-protein or pro-
tein-rich solid foods (e.g., biscuits and pasta) could be tackled 
using bioprocessing (e.g., enzymes and microbes) and thermo-
mechanical technologies, with an attempt to improve the func-
tionality of the protein ingredients in terms of technological, 
sensory, and nutritional qualities.

Ongoing Research
The potential of cereal side-streams as sources of protein is 

currently being studied in the EU BBI project PROMINENT 
(Protein Mining of Cereal Side-Streams Exploring Novel Tech-
nological Concepts [www.prominent-protein.eu]). The three 
year project aims to develop technologically, economically, and 
environmentally viable protein ingredients and foods from wheat 
and rice side-streams. The VTT-coordinated consortium mem-
bers include Südzucker AG, AB Enzymes, Upfront, United Bis-
cuits, Barilla, Olvi, Natural Resources Institute Finland, and 
Bridge2Food. A strong focus, in addition to developing novel 
fractionation methods, is the use of enzymatic and thermome-
chanical techniques to improve the technological functionality 
and sensory properties of protein ingredients to achieve desir-
able taste and texture in food applications such as pastas, bis-
cuits, cakes, and beverages.

Conclusions
Side-streams in grain processing (e.g., wheat and rice brans) 

offer extensive underexploited potential raw materials for new 
plant-based food ingredients. Valorization of such streams to be 
used as food ingredients would contribute to sustainable produc-
tion of new alternative protein sources and multifunctional food 
ingredients. To date, bran proteins have been relatively poorly 
studied in terms of their technological functionality and nutri-
tional properties. Dry fractionation is a sustainable, non–water-

http://www.prominent-protein.eu
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intensive process, but it delivers protein concentrates with lim-
ited purity, which may require modification or functionalization 
of both the protein and the other biopolymeric components. 
Technological functionality of cereal proteins is generally lim-
ited, and thus, enzymatic or other modification methods need 
to be developed. The nutritional value of these proteins needs to 
be further investigated considering their restricted bioavailabil-
ity due to the plant matrix.

References
1. Ali, R., Shih, F. F., and Riaz, M. N. Processing and functionality of 

rice bran proteins and peptides. Page 233 in: Bioactive Proteins and 
Peptides as Functional Foods and Nutraceuticals. Y. Mine, E. Li-Chan, 
and B. Jiang, eds. Wiley-Blackwell, Ames, IA, 2010.

2. Amrein, T., Gränicher, P., Arrigoni, E., and Amadó, R. In vitro 
digestibility and colonic fermentability of aleurone isolated from 
wheat bran. LWT Food Sci. Technol. 36:451, 2003.

3. Ansharulla, J. A. H., and Chesterman, C. F. Application of carbo-
hydrases in extracting proteins from rice bran. J. Sci. Food Agric. 
74:141, 1997.

4. Arte, E., Rizzello, C. G., Verni, M., Nordlund, E., Katina, K., and 
Coda, R. Impact of enzymatic and microbial bioprocessing on pro-
tein modification and nutritional properties of wheat bran. J. Agric. 
Food Chem. 63:8685, 2015.

5. Arte, E., Katina, K., Holopainen-Mantila, U., and Nordlund, E. Ef-
fect of hydrolyzing enzymes on wheat bran cell wall integrity and 
protein solubility. Cereal Chem. 93:162, 2016.

6. Balandrán-Quintana, R. R., Mercado-Ruiz, J. N., and Mendoza-
Wilson, A. M. Wheat bran proteins: A review of their uses and po-
tential. Food Rev. Int. 31:279, 2015.

7. Celiktas, M. S., Kirsch, C., and Smirnova, I. Cascade processing 
of wheat bran through a biorefinery approach. Energy Convers. 
Manag. 84:633, 2014.

8. Chandi, G. K., and Sogi, D. S. Functional properties of rice bran 
protein concentrates. J. Food Eng. 79:592, 2007.

9. Chen, C. R., Wang, C. H., Wang, L. Y., Hong, Z. H., Chen, S. H., 
Ho, W. J., and Chang, C. M. J. Supercritical carbon dioxide extrac-
tion and deacidification of rice bran oil. J. Supercrit. Fluids 45:322, 
2008.

10. Chinma, C. E., Ilowefah, M., Shammugasamy, B., Mohammed, M., 
and Muhammad, K. Effect of addition of protein concentrates from 
natural and yeast fermented rice bran on the rheological and tech-
nological properties of wheat bread. Int. J. Food Sci. Technol. 50: 
290, 2015.

11. Colas, D., Doumeng, C., Pontalier, P. Y., and Rigal, L. Twin-screw 
extrusion technology, an original solution for the extraction of 
proteins from alfalfa (Medicago sativa). Food Bioprod. Process. 
91:175, 2013.

12. Connor, M. A., Saunders, R. M., and Kohler, G. O. Rice bran pro-
tein concentrates obtained by wet alkaline extraction. Cereal Chem. 
53:488, 1976.

13. de Folter, J. W., van Ruijven, M. W., and Velikov, K. P. Oil-in-water 
Pickering emulsions stabilized by colloidal particles from the wa-
ter-insoluble protein zein. Soft Matter 8:6807, 2012.

14. Dickinson, E. Food emulsions and foams: Stabilization by particles. 
Curr. Opin. Colloid Interface Sci. 15:40, 2010.

15. Di Lena, G., Vivanti, V., and Quaglia, G. B. Amino acid composi-
tion of wheat milling by‐products after bioconversion by edible 
fungi mycelia. Mol. Nutr. Food Res. 41:285, 1997.

16. Dissanayake, M., Liyanaarachchi, S., and Vasiljevic, T. Functional 
properties of whey proteins microparticulated at low pH. J. Dairy 
Sci. 95:1667, 2012.

17. Durante, M., Lenucci, M. S., Rescio, L., Mita, G., and Caretto, S. 
Durum wheat by-products as natural sources of valuable nutrients. 
Phytochem. Rev. 11:255, 2012.

18. Ercili-Cura, D., Miyamoto, A., Paananen, A., Yoshii, H., Poutanen, 
K., and Partanen, R. Adsorption of oat proteins to air–water inter-

face in relation to their colloidal state. Food Hydrocoll. 44:183, 
2015.

19. Evans, M., Ratcliffe, I., and Williams, P. A. Emulsion stabilisation 
using polysaccharide–protein complexes. Curr. Opin. Colloid In-
terface Sci. 18:272, 2013.

20. Fabian, C., and Ju, Y. H. A review on rice bran protein: Its prop-
erties and extraction methods. Crit. Rev. Food Sci. Nutr. 51:816, 
2011.

21. Fabian, C. B., Huynh, L. H., and Ju, Y. H. Precipitation of rice bran 
protein using carrageenan and alginate. LWT Food Sci. Technol. 
43:375, 2010.

22. Feng, J., and Xiong, Y. L. Interaction and functionality of mixed 
myofibrillar and enzyme‐hydrolyzed soy proteins. J. Food Sci. 
68:803, 2003.

23. Fuh, W. S., and Chiang, B. H. Dephytinisation of rice bran and 
manufacturing a new food ingredient. J. Sci. Food Agric. 81:1419, 
2001.

24. Hemery, Y., Chaurand, M., Holopainen, U., Lampi, A. M., Lehtinen, 
P., Piironen, V., Saboudi, A., and Rouau, X. Potential of dry fraction-
ation of wheat bran for the development of food ingredients, part I: 
Influence of ultra-fine grinding. J. Cereal Sci. 53:1, 2011.

25. Hemery, Y., Holopainen, U., Lampi, A. M., Lehtinen, P., Nurmi, T., 
Piironen, V., Saboudi, A., and Rouau, X. Potential of dry fraction-
ation of wheat bran for the development of food ingredients, part 
II: Electrostatic separation of particles. J. Cereal Sci. 53:9, 2011.

26. Hemery, Y., Rouau, X., Lullien-Pellerin, V., Barron, C., and Abecas-
sis, J. Dry processes to develop wheat fractions and products with 
enhanced nutritional quality. J. Cereal Sci. 46:327, 2007.

27. Houston, D. F., and Mohammad, A. Air classification and sieving 
of rice bran and polish. Rice J. 69:20, 1966.

28. Idris, W. H., Babiker, E. E., and El Tinay, A. H. Fractionation, solu-
bility and functional properties of wheat bran proteins as influenced 
by pH and/or salt concentration. Mol. Nutr. Food Res. 47:425, 2003.

29. Jacquemin, L., Mogni, A., Zeitoun, R., Guinot, C., Sablayrolles, C., 
Saulnier, L., and Pontalier, P. Y. Comparison of different twin-screw 
extraction conditions for the production of arabinoxylans. 
Carbohydr. Polym. 116:86, 2015.

30. Jayadeep, A., Singh, V., Rao, B. S., Srinivas, A., and Ali, S. Z. Effect 
of physical processing of commercial de-oiled rice bran on particle 
size distribution, and content of chemical and bio-functional com-
ponents. Food Bioproc. Technol. 2:57, 2009.

31. Jiamyangyuen, S., Srijesdaruk, V., and Harper, W. J. Extraction of 
rice bran protein concentrate and its application in bread. Extrac-
tion 27:56, 2005.

32. Juliano, B. O., ed. Rice: Chemistry and Technology, 2nd ed. AACC 
International, St. Paul, MN, 1985.

33. Klassen, D. R., Elmer, C. M., and Nickerson, M. T. Associative phase 
separation involving canola protein isolate with both sulphated and 
carboxylated polysaccharides. Food Chem. 126:1094, 2011.

34. Kuk, M. S., and Dowd, M. K. Supercritical CO2 extraction of rice 
bran. J. Am. Oil Chem. Soc. 75:623, 1998.

35. Lamsal, B. P., Murphy, P. A., and Johnson, L. A. Flaking and extru-
sion as mechanical treatments for enzyme-assisted aqueous extrac-
tion of oil from soybeans. J. Am. Oil Chem. Soc. 83:973, 2006.

36. Meziani, S., Nadaud, I., Gaillard-Martinie, B., Chambon, C., Benali, 
M., and Branlard, G. Proteomic analysis of the mature kernel aleu-
rone layer in common and durum wheat. J. Cereal Sci. 55:323, 2012.

37. Nivala, O., Mäkinen, O., Kruus, K., Nordlund, E., and Ercili-Cura, 
D. Structuring colloidal oat and faba bean protein particles via 
enzymatic modification. Food Chem. 231:87, 2017.

38. Nordlund, E., Katina, K., Aura, A. M., and Poutanen, K. Changes 
in bran structure by bioprocessing with enzymes and yeast modi-
fies the in vitro digestibility and fermentability of bran protein and 
dietary fibre complex. J. Cereal Sci. 58:200, 2013.

39. Park, H. J., Han, S. W., Lee, D. Y., Kim, H. K., Jeong, H. C., Park, 
H. H., and Song, S. H. A method for preparing protein concentrate 
from rice bran. WO patent 2009035186 A1, 2009.

40. Partanen, R., Sibakov, J., Rommi, K., Hakala, T., Holopainen- 



CEREAL FOODS WORLD / 137

Mantila, U., Lahtinen, P., Ercili-Cura, D., and Lantto, R. Disper-
sion stability of non-refined turnip rapeseed (Brassica rapa) protein 
concentrate: Impact of thermal, mechanical and enzymatic treat-
ments. Food Bioprod. Process. 99:29, 2016.

41. Petersson, K., Nordlund, E., Tornberg, E., Eliasson, A. C., and 
Buchert, J. Impact of cell wall‐degrading enzymes on water‐hold-
ing capacity and solubility of dietary fibre in rye and wheat bran. 
J. Sci. Food Agric. 93:882, 2013.

42. Pomeranz, Y. Chemical composition of kernel structures. Page 97 
in: Wheat: Chemistry and Technology, vol I, 3rd ed. Y. Pomeranz, 
ed. AACC International, St. Paul, MN, 1988.

43. Ranhotra, G. S., Gelroth, J. A., Glaser, B. K., and Reddy, P. V. Nutri-
tional profile of a fraction from air-classified bran obtained from a 
hard red wheat. Cereal Chem. 71:321, 1994.

44. Rebolleda, S., Beltrán, S., Sanz, M. T., González-Sanjosé, M. L., and 
Solaesa, Á. G. Extraction of alkylresorcinols from wheat bran with 
supercritical CO2. J. Food Eng. 119:814, 2013.

45. Reisinger, M., Tirpanalan, Ö., Prückler, M., Huber, F., Kneifel, W., 
and Novalin, S. Wheat bran biorefinery—A detailed investigation 
on hydrothermal and enzymatic treatment. Bioresour. Technol. 
144:179, 2013.

46. Sadawarte, S. K., Sawate, A. R., Pawar, V. D., and Machewad, G. M. 
Enrichment of bread with rice bran protein concentrate. J. Food 
Sci. Technol. (Mysore) 44:195, 2007.

47. Safdar, M. N. Composition of wheat grain. Wheat Milling News, 
2005.

48. Saio, K., and Noguchi, A. The microstructure of polished, milled 
and air classified rice and rice bran. J. Jpn. Soc. Food Sci. Technol. 
6:331, 1983.

49. Santala, O. K., Nordlund, E. A., and Poutanen, K. S. Treatments 
with xylanase at high (90%) and low (40%) water content have 
different impacts on physicochemical properties of wheat bran. 
Food Bioproc. Technol. 6:3102, 2013.

50. Santala, O., Nordlund, E., and Poutanen, K. Use of an extruder for 
pre-mixing enhances xylanase action on wheat bran at low water 
content. Bioresour. Technol. 149:191, 2013.

51. Saunders, R. M. The properties of rice bran as a food stuff. Cereal 
Foods World 35:632, 1990.

52. Schutyser, M. A. I., and Van der Goot, A. J. The potential of dry 
fractionation processes for sustainable plant protein production. 
Trends Food Sci. Technol. 22:154, 2011.

53. Selinheimo, E., Lampila, P., Mattinen, M. L., and Buchert, J. For-
mation of protein–oligosaccharide conjugates by laccase and tyrosi-
nase. J. Agric. Food Chem. 56:3118, 2008.

54. Shih, F. F., Champagne, E. T., Daigle, K., and Zarins, Z. Use of en-
zymes in the processing of protein products from rice bran and 
rice flour. Nahrung 43:14, 1999.

55. Sibakov, J., Myllymäki, O., Holopainen, U., Kaukovirta-Norja, A., 
Hietaniemi, V., Pihlava, J. M., Poutanen, K., and Lehtinen, P. Lipid 
removal enhances separation of oat grain cell wall material from 
starch and protein. J. Cereal Sci. 54:104, 2011.

56. Šramková, Z., Gregová, E., and Šturdík, E. Chemical composition 
and nutritional quality of wheat grain. Acta Chim. Slovaca 2:115, 
2009.

57. Tang, S., Hettiarachchy, N. S., and Shellhammer, T. H. Protein ex-
traction from heat-stabilized defatted rice bran. 1. Physical pro-
cessing and enzyme treatments. J. Agric. Food Chem. 50:7444, 
2002.

58. van den Borne, J. J., Kabel, M. A., Briens, M., van der Poel, A. F., 
and Hendriks, W. H. Effects of pretreatment of wheat bran on the 
quality of protein-rich residue for animal feeding and on mono-
saccharide release for ethanol production. Bioresour. Technol. 
124:446, 2012.

59. Vignes-Adler, M., and Weaire, D. New foams: Fresh challenges and 
opportunities. Curr. Opin. Colloid Interface Sci. 13:141, 2008.

60. Wang, M., Hettiarachchy, N. S., Qi, M., Burks, W., and Siebenmor-
gen, T. Preparation and functional properties of rice bran protein 
isolate. J. Agric. Food Chem. 47:411, 1999.

61. Yadav, R. B., Yadav, B. S., and Chaudhary, D. Extraction, character-
ization and utilization of rice bran protein concentrate for biscuit 
making. Br. Food J. 113:1173, 2011.

62. Zhang, H. J., Zhang, H., Wang, L., and Guo, X. N. Preparation and 
functional properties of rice bran proteins from heat-stabilized 
defatted rice bran. Food Res. Int. 47:359, 2012.

Nesli Sozer holds a Ph.D. degree in food 
technology and food engineering. She is a 
principal investigator at VTT Technical Re-
search Centre of Finland Ltd. and a docent at 
Helsinki University in food technology. She 
has expertise in food material science and 
food ingredient/product design. Recently, 
Nesli has been working on novel plant pro-
tein ingredients derived from oats and 
legumes, using bio- and mechanical-pro-
cessing toolboxes to develop high-protein 

cereal-based and gluten-free products without compromising struc-
ture, texture, and flavor. She is project manager of EU-SUSFOOD 
Eranet OATPRO (www.oatpro.eu), focusing on valorization of oat 
proteins and leading the Nordic Innovation-funded project FUNPRO 
(Food bUsiness from Nordic Plant pROtein), the aim of which is to 
find novel fractionation and functionalization methods for oat, bar-
ley, and rapeseed proteins to enable their use as food ingredients.

Dilek Ercili-Cura holds a degree in food 
engineering from Middle East Technical 
University, Turkey, and received her doctoral 
degree in food sciences from the University 
of Helsinki, Finland. Her research interests 
are in the field of protein structure–function 
relationships in food matrices. She works 
as a senior scientist in the Food Solutions 
team, VTT Technical Research Centre of Fin-
land Ltd.

Emilia Nordlund holds a D.Sc. (technology) 
degree and is a research team leader in the 
VTT Food Solutions team. She has authored 
or co-authored 53 peer-reviewed publica-
tions and has specific expertise in enzymatic 
processing of plant materials and proteins for 
ingredients and food applications. She is also 
developing ways to support healthy eating 
via new food delivery and eating concepts. 
She is the project manager and is leading 
the “Improvement of Technological Func-

tionality and Sensory Quality” work package in the EU BBI PROMINENT 
project.

Kaisa Poutanen holds a D.Sc. (technology) 
degree. She is a research professor in food 
technology at VTT Technical Research Centre 
of Finland and an invited honorary doctor in 
food sciences at the University of Helsinki. 
She has an extensive track record connect-
ing food technology and nutrition sciences. 
Her research is on the development and nu-
tritional physiology of healthy plant-based 
foods and concepts, with a focus on cereal 
foods, dietary fiber, and protein. She has vast 

experience in interdisciplinary international research leadership, 
such as the EU Healthgrain project (2005–2010) and is currently the 
coordinator of the EU BBI project Prominent on valorization of pro-
teins from wheat processing side-streams. She leads the focus area 
“Food Economy 4.0” at VTT, which is aimed at a new sustainable food 
ecosystem in the digital era to deliver ingredients, foods, concepts, 
and services to facilitate healthy eating.

https://susfood-db-era.net/drupal/content/oatpro



