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Abstract 
Sacha inchi seeds are normally used for the extraction of oil due to its high content of oil.  The main by- product of the oil 

extraction process is the seed residue or meal, which is highly nutritious.  However, the presence of naturally- occurring  
anti-nutritional factors (ANFs) especially phytate, tannins and trypsin inhibitors could limit the utilization of sacha inchi seed meal 
in foods and feeds. The aim of this study is to study the effects of thermal treatments including extrusion process (barrel temperature 
of 80, 90, 100° C and feed moisture of 61.8 %) and autoclaving (sterilizing temperature of 105, 110, 121° C for 30 min) 
of reduction of ANFs (tannins, phytic acid contents and trypsin inhibitor) and physico-chemical properties (water absorption index 
(WAI), water solubility index (WSI), protein solubility (PS), foam capacity (FC), emulsifying capacity (EC), emulsion stability 
(ES)  and oil binding capacity (OBC)) , antioxidant activities (ABTS•+, FRAP assays and total phenolic content (TPC))  and in 
vitro protein digestibility of sacha inchi meal.  The results show that autoclaving at 121° C for 30 min caused a significant 
( p<0. 05)  reduction in tannins (7. 40 mg/ g)  and trypsin inhibitor (1. 76 mg/ g)  compared to non- thermal treatment sample 
(control) ( tannins =94.4 mg/g and trypsin inhibitor=8.52 mg/g). The phytic acid of non- thermal treatment sample (control) 
was significantly (p<0.05) decreased by extrusion at high barrel temperature of 100° C (0.43 mg/g). Furthermore, extrusion at 
barrel temperature of 100° C was the most effective in improving protein digestibility (55.8%). With an increase in temperature 
process of extrusion cooking and autoclaving, the WSI of treatment sample increased while the WAI decreased.  An increase in 
barrel temperature enhanced the hydrophobicity of proteins as observed from the improvement of EC, ES, PS, FC and OBC values 
of the extruded samples.  The barrel temperature of 100° C yielded highest EC (60. 0%)  ES (60. 7%) , PS (16. 53%) , FC 
(13.6%) and OBC (16.3%) in comparison with those of non-thermal treatment (control) (EC=46.5%, ES=37.0%, PS=5.48%, 
FC=4. 90%  and OBC= 2. 1% , respectively) .  The sample with extrusion at a lower temperature of 80° C possessed highest 
antioxidant activities indicated by ABTS•+ (2.34 mg Trolox /g powder), FRAP (1.07 mg FeSO4 /g powder) and TPC (2.16 
mg gallic acid/g powder). Overall, in vitro protein digestibility, antioxidant activities, antinutritional factor reduction and functional 
properties of sacha inchi meal was improved by thermal processes.  The autoclaving might serve as a tool for ANFs reduction. 
While, extrusion cooking could improve in vitro protein digestibility, antioxidant activities and functional properties of sacha inchi 
meal. The sacha inchi meal through thermal processes might be helpful to produce highly nutritious foods, alternative protein related 
products and enhance its suitability as novel functional ingredients for the food system for industrial applications. 
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Introduction 

 
Sacha inchi (Plukenetia volubilis L.) was originally cultivated in the Amazon rainforest area of Peru. Sacha 

inchi seeds have high oil (35–60%) and protein (25–30%) contents (including essential amino acids such as 
cysteine, tyrosine, threonine, and tryptophan) , vitamin E, polyphenols, minerals, and others)  ( Wang, Zhu, & 
Kakuda, 2018) .  The oil obtained from the sacha inchi seeds is an excellent source of polyunsaturated fatty 
acids, such as 51%  alpha- linolenic acid ( C18: 3, Omega- 3)  and 34%  linoleic acid ( C18: 2, Omega-6) 
(Chirinos, Pedreschi, Dominguez, & Campos, 2015). However, after cold press extraction of sacha inchi seeds 
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generates by- products ( seed residue or meal)  are discarded as waste or used as animal feeds.  Based on the 
nutritive values of sacha inchi meal especially proteins contents ( Wang et al. , 2018) , it has potential to be 
utilized as alternative protein in food products.  In addition, the by- products have been supported by numerous 
findings that many polyphenols and other chemically active compounds are located specifically in waste materials 
(Tian, 2016). As the search for effective and non-toxic natural compounds with antioxidant activity intensifies, 
it provides means for reusing the waste which is both highly beneficial and economically advantageous. However, 
plant diets are associated with poor bioavailability of major minerals such as Ca, Fe, Cu, Zn and Mn, vitamins 
and low protein digestibility ( Nikmaram et al. , 2017) .  Although many factors including inadequate dietary 
intake are responsible for the onset of Zn and Fe deficiency, the most likely cause is the poor bioavailability of 
dietary Zn and Fe, especially from seed-based food. The negative effects of such antinutritional factors (ANFs) 
could be suppressed using different processing techniques by lowering or removing of these harmful compounds 
prior to their human and animal consumption (Krupa, 2008). To improve the nutritional quality of edible plant 
seeds by thermal treatment are commonly applied ( Nadeem et al. , 2010) .  In recent years, several other 
techniques such as high pressure processing (HPP) and extrusion have been introduced as alternatives to reduce 
the ANF levels ( Nikmaram et al. , 2017) .  Moreover, through these processing technologies, some desirable 
modification in the functional properties of edible seeds are to be expected, and particularly the removal or 
reduction of the ANFs could be attained (Li, Qiu, Liu, Ren, & Li, 2014). The thermal processing can improve 
the functional properties of proteins (e.g., solubility, foaming, gelling, water binding and oil binding properties) 
(Obradovic, Babic, Subaric, & Ackar, 2014). However, processing at high temperature could cause undesirable 
physicochemical changes in proteins and other valuable heat sensitive constituents of edible plant seeds ( Li  
et al., 2014).  

Extrusion cooking is a multi- step, multi- functional thermal process which utilizes high heat, pressure and 
shear (Rafe & Sadeghian, 2017). One advantage of extrusion cooking lies in the destruction of ANFs, especially 
trypsin inhibitors, tannins and phytates and increase phenolic content, antioxidant activities and it has been used 
to modify the functional properties, such as viscosity, water solubility and water absorption of edible plant seeds. 
(Kaur, Sharma, Singh, & Dar, 2015; Rathod & Annapure, 2016; Nikmaram et al., 2017; Norajit, Gu, & Ryu, 
2018).  Other various methods and technologies as autoclaving can be used to reduce the levels of ANFs. In a 
study conducted by Ertop & Bektas ( 2018) , autoclaving improves functional properties ( foaming and 
emulsifying properties) and increase the nutritional quality of food grains due to reduction in ANFs. Therefore, 
this study investigated the influence of thermal parameters in extrusion and autoclaving processes at various 
temperatures on reduction of ANFs (phytic acid, tannins and trypsin inhibition) and enhancement of functional 
properties (water absorption index (WAI), water solubility index (WSI), protein solubility (PS), foam capacity 
( FC) , emulsifying capacity ( EC) , emulsion stability ( ES)  and oil binding capacity ( OBC) ) , antioxidant 
activities ( ABTS• +, FRAP assays and total phenolic content ( TPC) )  as well as the bioavailability ( in vitro 
protein digestibility) of sacha inchi meal. 
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Methods and Materials 
 
Materials 
Sacha inchi meal, a by-product of oil extraction was kindly provided by the Tai.C.M.S. Standard industrial 

Co. , Ltd.  ( Chaing Rai Province, Thailand) .  All chemical reagents were of analytical grade and were used 
without further purification, whereas distilled water was used for the preparation of the reagents. 

Extrusion process 
The extrusion was carried out on a pilot-scale co-rotating twin-screw extruder (Chareon tut co., ltd, CET-

D25L32, Thailand). The extruder was operated at 200 rpm screw speed 10.9 kg/h feed rate and 4 mm circular 
die.  In-barrel moisture content in the extruder was 61.8 %. The barrel zone temperatures were set constant at 
45-80° C; temperature of the transition section between the barrel and the die was set at 80, 90, and 100° C 
throughout the experiments. The extrudate was dried directly in an oven at 50° C for 6 h. The dried extrudate 
was ground to powder using a stainless steel mixer (Welljun, WJ-1820) and then passed through 0.5 mm sieve 
(No. 35 mesh US Standard Sieve Series) and stored at 4 ° C until analysis. 

Autoclaving process 
The sacha inchi meal was prepared according to the method described by Polesi and Sarmento (2011) with 

some modifications.  The sacha inchi meal ( 500 g)  was weighed into cheesecloth and the sample was then 
pressure- cooked in an autoclave at three different sterilizing temperatures ( 105, 110, 121° C)  for 30 min 
(vertical pressure sterilization machine model DY04-13-44-0; Shanghai Boxun Co., Ltd, Shanghai, China). 
The samples were dried directly in an oven at 50° C for 6 h.  The dried sample was ground to powder using a 
stainless steel mixer and then passed through 0.5 mm sieve and stored at 4 ° C until analysis. 

Antinutritional factors 
Tannic Acid.  The tannins in samples were determined according to the method described by Makkar, 

Blummel, Borowy, and Becker (1993) using Folin-Denis reagent. This method involves the preparation of a 
standard curve of pure tannic acid. The sample (1 g) was extracted with 40 ml of 10% methanol, then filtrated 
and adjusted the volume to up to 50 ml. Suitable aliquots of the extract of about 1 ml were taken in a volumetric 
flask, and 10 ml of 35% sodium carbonate reagent was added, and the volume adjusted to up to 100 ml. Then 
the absorbance was recorded at 760 nm after 45 min. The amount was calculated as tannic acid equivalent from 
the standard curve. 

Phytic Acid.  Phytic acid was determined with a slight modification to the method of Reddy, Balakrishnan, 
and Salunkhe (1978). About 2 g of the ground sample was taken into a beaker and was soaked in 100 ml of 
2%  HCl for 5 h, which was then filtered.  Then 25 ml of the filtrate was taken into a conical flask and added 
with 5 mL of 0.3%  potassium thiocyanate solution, and the mixture was titrated with a standard solution of 
FeCl3. Persistence of brownish-yellow color for 5 min indicates the point. The concentration of the FeCl3 was 
1.04% w/v and the mole ratio of Fe to phytate = 1:1 

Concentration of phytate phosphorous = Titre value × 0.064 / 100 ×  weight of sample 
Phytate was calculated by supposing that it contains 20% of phosphorus by weight 
Trypsin inhibitor activity.  The trypsin inhibitor ( TIA; mg/ g)  of the sample was assayed according to the 

method of Hamerstrand, Black, & Glover ( 1981) .   The trypsin inhibitor extract was prepared by extracting  
1 g of sample with 50ml of 0.01M sodium hydroxide for 3 h by mechanical shaking at room temperature. The 
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suspension was filtered through Whatman paper No 1 and diluted with distilled water ( 1: 60)  so that 2 ml of 
the extract inhibited 40-60% of trypsin used as a standard for analysis. Trypsin activity was determined using 
N-Benzoyl DL arginine p-nitroanilide (BAPNA) as a substrate.  

In vitro protein digestibilities 
In vitro protein digestion was carried out according to Garrett, Failla, and Sarama ( 1999)  with some 

modifications. Briefly, samples (5 g dry weight) were homogenized in distilled water (250 ml) using an IKA 
homogenizer (IKA Works Asia) for 1 min and adjusted to pH 2.0 with 5 M HCl. Pepsin was added (2.86% 
[w/w], based on dry substrate), and the samples were incubated in a shaking incubator at 37 ° C for 1 h. The 
pH was adjusted to 5.3 with a 0.9 M NaHCO3 solution and then further to pH 7.5 with 5 M NaOH. Pancreatin 
was then added (4.00% [w/w], based on dry substrate), and the samples were further incubated under the same 
conditions for 2 h.  Subsequently, all digested samples were submerged in a 95° C water bath for 10 min, 
cooled on ice to room temperature, and centrifuged at 10000 x g for 10 min.  The peptide content of the 
supernatant was determined using the Lowry method with tyrosine as a standard ( Wiriyaphan, Chitsomboon, 
Roytrakul, & Yongsawadigul, 2013). The degree of digestibility was determined based on TNBS according to 
Adler-Nissen (1979) using leucine as a standard. 

Functional properties 
Water absorption index (WAI) and water solubility index (WSI)  
WAI and WSI were determined according to Lee et al.  (2012) .  The WSI was the weight of dry solids in 

the supernatant expressed as a percentage of the original weight of sample on dry basis. The WAI was calculated 
as the weight of sediment obtained after removal of the supernatant per unit weight of original solids as dry basis.  

Protein solubility (PS) 
The protein solubility was determined by Folin reaction through the method of Lowry, Rosebrough, Farr, 

and Randall (1951). The appropriate amount of powder was dispersed in distilled water. Then, the solution was 
dispersed gently at ambient temperature for 15 min.  The dispersed samples were centrifuged at 1200 x g for 
20 min and the supernatant was decanted and the protein was measured according to Lowry method at 750 nm 
(UV–visible spectrophotometer, Shimadzu, UV-160A, Japan). 

Emulsifying capacity (EC) and emulsion stability (ES) 
EC and ES were measured according to the method described by Wang and Kinsella ( 1976) .  Five g of 

sample was suspended in 10 ml of distilled water and 5 g of corn oil and then blended at high speed.  After 
agitation, the samples were centrifuged at 10000 x g for 5 min.  The EC was determined as the percentage of 
the emulsified layer that remained after centrifugation.  A similar procedure was followed to determine the ES, 
but the samples were incubated at 80° C for 30 min before centrifugation.  The ES was calculated as the 
percentage of the emulsified layer that remained after the heat treatment.  

Oil binding capacity (OBC) 
The OBC to determine these binlding capacities, 1 g of sample was weighed and then stirred into 10 mL of 

groundnut oil for one minute.  These sample suspensions were then centrifuged at 2200 x g for 30 min.  OBC 
was expressed as g of oil held per g of protein sample (Guerrero, Flores, Ancona, & Ortiz, 2002).  

Foam capacity (FC) 
The FC was determined according to the method described by Sze- Tao and Sathe ( 2000) .  FC was then 

measured as the increased (initial) volume of each sample. 
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measured as the increased (initial) volume of each sample. 

Antioxidant activity 
ABTS radical scavenging assay. Free radical scavenging activity of samples was determined by ABTS radical 

cation decolorization assay ( Re et al. , 1999) .  ABTS• + cation radical was produced by the reaction between  
7 mM ABTS in water and 2.45 mM potassium persulfate ( 1: 1) , stored in the dark at room temperature for 
12-16 h before use. ABTS•+ solution was then diluted with methanol to obtain an absorbance at 730 nm. After 
the addition of 5 µ l of sample extract to 3.995 ml of diluted ABTS• + solution, the absorbance was measured 
at 30 min after the initial mixing.  An appropriate solvent blank was run in each assay.  All the measurements 
were carried out at least three times. Percent of ABTS•+ scavenging inhibition was calculated. 

Ferric reducing antioxidant power ( FRAP)  assay.  The ability of the samples to reduce iron ( III)  was 
determined according to the method of Benzie & Strain ( 1996)  with some modifications.  Briefly, the FRAP 
reagent was freshly prepared by mixing 300 mM acetate buffer (sodium acetate buffer, pH 3.6), 10 mM 4,6-
tripryridyls-triazine (TPTZ) in 40 mM HCl and 20 mM ferric chloride in a ratio 5:1:1 (v/v) before evaluation. 
Two hundred mL of FRAP reagent (preheated to 37° C) was added to 40 ml of samples (0.125, 0.25, 0.5 
and 1 mg/ml)  or GSH in a 96- well microplate.  Absorbance at 593 nm was measured relative to a reagent 
blank. Ferrous sulfate (0.025-0.25 mM) was used to prepare a standard curve and the results of the samples 
were expressed in mM FeSO4. Increased absorbance of the reaction mixture indicated increased reducing power. 

Total phenolic content ( TPC) .  The TPC was determined using the method described by Pinsirodom and 
Changnoi ( 2001)  with some modifications.  To create a standard curve, gallic acid solution was used and the 
absorbance was measured at 734 nm. Each result was reported as gallic acid equivalent (mg) in 1 g dry sample 
(mg GAE/1g DM). 

Statistical Analysis  
Data were collected in triplicates and subjected to one way analysis of variance using statistical analysis of 

variance (ANOVA) was done to determine the significant differences among means followed by Duncan’s new 
multiple range tests were carried out to determine the significance of differences within a 95% , any significant 
differences were defined at p<0.05 confidence interval using SPSS 11.0 software ( SPSS Inc. , Chicago, Ill. , 
U.S.A.). 

 
Results and Discussion 

 
Antinutritional factors (ANFs) 
ANFs contents of samples were studied.  ANFs have the tendency to bind to dietary proteins and digestive 

enzymes, which result in the formation of complexes that are not readily digestible (Norajit et al., 2018). The 
tannic acid content in Table. 1 showed that autoclaving at 121° C could effectively reduce the amount of tannin 
in sacha inchi meal.  The results show that autoclaving at 121° C for 30 min caused a significant (p<0.05) 
reduction in tannins (7.40 mg/g) compared to the non- thermal treatment sample (control) (94.4 mg/g) , 
while extrusion at a high barrel temperature of 100° C was found to be 65.90 mg/g.  Moreover, the amount 
of tannin reduction in autoclaving at 105-121° C varied from 35.14 to 7.40 mg/g compared to the extruded 
sample at 80-100° C of 84.30 to 65.90 mg/g. The results indicate that an increase in sterilizing temperature 
of autoclaving led to significant reduction of tannins.  These results agree with those of Shimelis and Rakshit 
( 2007)  found that autoclaving caused a significant reduction in tannins contents of kidney bean.  Tannins are 
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water-soluble polyphenolic compounds and have the tendency to bind to proteins, which resulted in the formation 
of complexes that are not readily digestible ( Raes, Knockaert, Struijs, & Camp, 2014) .   The structures of 
tannins contain several ester linkages which are easily cleaved when at higher temperatures (Mphahlele, Fawole, 
Makunga, & Opara, 2016). During autoclaving phenolic compounds may undergo decarboxylation due to higher 
melt temperature, which may promote polymerization of tannins, leading to reduced soluble (Obiang-Obounou 
& Ryu, 2013) .  The reduction of tannin may be due to the loss of compounds or interaction with other 
components such as proteins, to form insoluble complexes (Mphahlele et al., 2016). 

The phytic acid content of sacha inchi meal through thermal processes are shown in Table 1.  The results 
were significantly ( p<0.05)  lower for phytic acid content of extruded sample at a high barrel temperature of 
100° C (0.43 mg/g). Extrusion at barrel temperatures of 80° C and 90° C has phytic acid content values 
of 1.53 mg/ g and 1.10 mg/ g, respectively.  Moreover, phytic acid content of autoclaving at 110° C and 
121° C was found to be 0.57 mg/ g, while autoclaving at 105° C was found to be 0.74 mg/ g.  The non-
thermal treatment ( control)  had the highest value of phytic acid content of 1.63 mg/ g.  The extrusion is a 
method that uses high temperature and shear forces causing a denaturation effect on molecules of phytic acid by 
changing their structures. Thus, extrusion have a significant impact on lowering of phytates. In addition, reduction 
in phytic acid content followed by extrusion might be due to the hydrolization of phytates into lower molecular 
weight forms like penta-, tetra and triphosphates (Kumar, Mani, Aradwad, & Samuel, 2018). Fragmentation 
of phytates and formation of insoluble complexes with other components could be another reason for phytic acid 
reduction in the extruded product (Andrews, 2015).   

Trypsin inhibitors are low molecular weight proteins capable of binding to and inactivating the digestive 
enzyme ( Yang, Hsu, & Yang, 2014) .  The autoclaving at 121° C reduced trypsin inhibitor to 1.76 mg/g 
followed by autoclaving at 110° C (2.52 mg/g), 105° C (6.66 mg/g), extrusion at barrel temperature of 
100° C ( 7.74 mg/ g) , while non- thermal treatment ( control)  was found to be 8.52 mg/ g.  The trypsin 
inhibitors were thermosensitive, being inactivated at temperatures higher than 100° C (Aviles-Gaxiola, Chuck-
Hernandez, & Saldı var, 2018) .  Therefore, extrusion at a barrel temperature of 80° C and 90° C has high 
value for trypsin inhibitors at more than 7.74 mg/g.  The autoclaving promotes the breakage of intermolecular 
bonds responsible of holding the tertiary structure of trypsin, which consequently causes changes over the active 
site conformation (Yang et al., 2014). The autoclave was widely accepted as the most effective way to improve 
the nutritional value of legumes, because it enhances protein digestibility mainly through the inactivation of 
trypsin inhibition (Aviles-Gaxiola et al., 2018). 

 
Table 1 Antinutritional properties and in vitro protein digestibility of sacha inchi meal through thermal treatments 

Thermal treatments Tannin (mg/g) Phytic acid (mg/g) In vitro protein digestibility (%) 
Extrusion (80° C) 84.30± 0.19b 1.53± 0.05b 38.87± 0.03f 
Extrusion (90° C) 71.11± 0.11c 1.10± 0.07c 42.44± 0.06d 
Extrusion (100° C) 65.90± 0.16d 0.43± 0.04f 55.81± 0.04a 
Autoclaving (105° C) 35.14± 0.02e 0.74± 0.07d 41.53± 0.07e 
Autoclaving (110° C) 20.70± 0.04f 0.57± 0.05e 44.17± 0.05c 
Autoclaving (121° C) 7.40± 0.07g 0.57± 0.06e 49.91± 0.07b 
Non-thermal treatment sample (control) 94.40± 0.22a 1.63± 0.05a 15.40± 0.06g 

Results are presented as mean ±  SD (n = 3). For each column, mean values that contain different letters are significantly different 
at p<0.05 
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water-soluble polyphenolic compounds and have the tendency to bind to proteins, which resulted in the formation 
of complexes that are not readily digestible ( Raes, Knockaert, Struijs, & Camp, 2014) .   The structures of 
tannins contain several ester linkages which are easily cleaved when at higher temperatures (Mphahlele, Fawole, 
Makunga, & Opara, 2016). During autoclaving phenolic compounds may undergo decarboxylation due to higher 
melt temperature, which may promote polymerization of tannins, leading to reduced soluble (Obiang-Obounou 
& Ryu, 2013) .  The reduction of tannin may be due to the loss of compounds or interaction with other 
components such as proteins, to form insoluble complexes (Mphahlele et al., 2016). 

The phytic acid content of sacha inchi meal through thermal processes are shown in Table 1.  The results 
were significantly ( p<0.05)  lower for phytic acid content of extruded sample at a high barrel temperature of 
100° C (0.43 mg/g). Extrusion at barrel temperatures of 80° C and 90° C has phytic acid content values 
of 1.53 mg/ g and 1.10 mg/ g, respectively.  Moreover, phytic acid content of autoclaving at 110° C and 
121° C was found to be 0.57 mg/ g, while autoclaving at 105° C was found to be 0.74 mg/ g.  The non-
thermal treatment ( control)  had the highest value of phytic acid content of 1.63 mg/ g.  The extrusion is a 
method that uses high temperature and shear forces causing a denaturation effect on molecules of phytic acid by 
changing their structures. Thus, extrusion have a significant impact on lowering of phytates. In addition, reduction 
in phytic acid content followed by extrusion might be due to the hydrolization of phytates into lower molecular 
weight forms like penta-, tetra and triphosphates (Kumar, Mani, Aradwad, & Samuel, 2018). Fragmentation 
of phytates and formation of insoluble complexes with other components could be another reason for phytic acid 
reduction in the extruded product (Andrews, 2015).   

Trypsin inhibitors are low molecular weight proteins capable of binding to and inactivating the digestive 
enzyme ( Yang, Hsu, & Yang, 2014) .  The autoclaving at 121° C reduced trypsin inhibitor to 1.76 mg/g 
followed by autoclaving at 110° C (2.52 mg/g), 105° C (6.66 mg/g), extrusion at barrel temperature of 
100° C ( 7.74 mg/ g) , while non- thermal treatment ( control)  was found to be 8.52 mg/ g.  The trypsin 
inhibitors were thermosensitive, being inactivated at temperatures higher than 100° C (Aviles-Gaxiola, Chuck-
Hernandez, & Saldı var, 2018) .  Therefore, extrusion at a barrel temperature of 80° C and 90° C has high 
value for trypsin inhibitors at more than 7.74 mg/g.  The autoclaving promotes the breakage of intermolecular 
bonds responsible of holding the tertiary structure of trypsin, which consequently causes changes over the active 
site conformation (Yang et al., 2014). The autoclave was widely accepted as the most effective way to improve 
the nutritional value of legumes, because it enhances protein digestibility mainly through the inactivation of 
trypsin inhibition (Aviles-Gaxiola et al., 2018). 
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In vitro protein digestibility 
The effects of thermal processes on in vitro protein digest are depicted in Table 1.  A significant ( p<0.05) 

increase in vitro protein digestibility was observed by extrusion at a high barrel temperature of 100° C 
( 55.81% ) , followed by autoclaving at 121° C for 30 min ( 49.91%) .  In vitro protein digestibility in the 
extruded sample at 80° C and 90° C was 38. 87%  and 42.44%  compared to autoclaving at 105° C and 
110° C of 41.53% and 44.17% , respectively.  Non- thermal treatment (control) showed the lowest in vitro 
protein digestibility of 15.40%.  Thermal treatment by extrusion increased shearing action and developed heat 
through dissipation of mechanical energy then caused the loss of structural integrity and finally increased the 
digestive enzyme susceptibility.  Improvement of protein digestibility after thermal processes could be attributed 
to the reduction or elimination of antinutritional factors.  Exposure to high temperatures may increase the 
digestibility of native proteins by unfolding the polypeptide chain and rendering the protein more susceptible to 
digestive enzymes ( Onesmo, 2011) .  In addition, thermal processing promoted structural changes of protein, 
thereby increasing chain flexibility and accessibility to proteases (Yu-Wei & Wei-Hua, 2013). 

Functional properties 
The protein solubility (PS) is an important prerequisite in food protein functionality and is a good index for 

potential of protein applications.  The PS of samples are shown in Table 2.  Results indicate that extrusion at 
barrel temperature of 100º C was highest PS (16.53%) in comparison with autoclaving at 105-121° C and 
non-thermal treatment (control) (PS=5.48%) due to high temperature and shear lead to the protein degradation 
and the release of low molecular weight compounds.  Furthermore, high temperature processes can change the 
molecular structure of proteins or breakdown of S- S bonds with the release of H2S, the release of NH3 from 
amide groups, dissociation of subunits and /or breakdown of these subunits into compounds of small molecular 
weights (Esmaeili, Rafe, Shahidi, & Hasan-Saraei, 2016), which may increase the PS of the sample.  

The effects of thermal processes on WSI and WAI are shown in Figure 1.  Increasing in barrel temperature 
had significant increases in WSI of extruded.  The highest value of WSI ( 5 . 6 3 %)  was in extrusion in barrel 
temperature of 100º C.  Furthermore, it seems that the PS of sacha inchi can be affected by other components 
such as the dietary fibre, which may be attached to the protein and improve its solubility.  Besides, the high 
mechanical shear and temperature caused breakdown of macromolecules to small molecules with higher solubility 
( Pardh, Singh, Nayik, & Dar, 2019) .  However, WSI of all samples increased while the WAI decreased as 
presented in Figure 1.  The WAI decreased with an increase temperature process, probably attributed to the 
reduction of elasticity of protein and starch gelatinization and swelling of the crude fiber, which occurred during 
the process responsible for the decreased WAI (Esmaeili et al., 2016). 
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Figure 1 Effect of thermal treatments on WAI and WSI of sacha inchi meal 

 
It has been reported that the PS has a close relationship with emulsifying and foaming properties ( Gharbi, 

Labbafi, & Madadlou, 2017). An increase of the barrel temperature enhanced the hydrophobicity of proteins as 
observed from the improvement of EC, ES, FC and OBC of proteins after extrusion ( Table 2) .  A significant 
(p<0.05) increase in functional properties was observed by extrusion at a high barrel temperature of 100° C. 
Extruding at 100° C yielded the sample with the highest EC (60.0%), ES (60.7%), FC (13.6%) and OBC 
( 16.3%) , compared to those of autoclaving at a high temperature of 121° C, EC= 53.58% , ES= 52.42% , 
FC=8.22% and OBC=15.21%. The non-thermal treatment (control) was EC=46.5%, ES=37.0%, FC=4.9% 
and OBC=2.1%. It could be explained that heat caused the protein molecules to change their shapes, resulted in 
proteins with smaller sizes (monomers or oligomers). In addition, heat did not only make the protein molecule 
to be loosen but also it could break the bond between the monomer of protein molecules (Gharbi et al., 2017). 
As a result, an increase in the number of free sulfhydryl groups and the hydrophobic group on the surface of the 
protein molecules occurred during heat treatment. Therefore, denatured proteins could be easily absorbed between 
the air and water or oil and water. Generally, the emulsifying activities of proteins were affected by molar mass, 
hydrophobicity, conformation stability and charge and temperature. Solubility also plays an important role since 
highly soluble proteins were good emulsifiers (Peng et al. , 2016).  An improvement of emulsifying properties 
by heat treatment may be mainly attributed to the increased hydrophobic surface and flexibility, as a consequence 
of thermal denaturation (Pardhi et al., 2019). 

 
Table 2 Functional properties of sacha inchi meal through thermal treatments 

Thermal treatments PS (%) EC (%) ES (%) OBC (%) FC (%) 
Extrusion (80° C) 13.56± 0.04c 46.51± 0.23e 47.11± 0.32e 15.71± 0.07b 5.99± 0.02d 
Extrusion (90° C) 13.95± 0.21c 53.33± 0.11b 51.46± 0.08c 15.84± 0.01b 9.26± 0.04b 
Extrusion (100° C) 16.53± 0.07a 60.00± 0.14a 60.74± 0.07a 16.32± 0.07a 13.60± 0.03a 
Autoclaving (105° C) 13.20± 0.22c 49.56± 0.01d 50.97± 0.03d 13.92± 0.01d 4.86± 0.06e 
Autoclaving (110° C) 13.56± 0.04c 52.67± 0.11c 52.33± 0.13b 14.55± 0.14c 5.98± 0.08d 
Autoclaving (121° C) 14.93± 0.11b 53.58± 0.12b 52.42± 0.27b 15.21± 0.08b 8.22± 0.05c 
Non-thermal treatment sample (control) 5.48± 0.03d 46.50 ± 0.08e 37.00± 0.11f 2.18± 0.06e 4.90± 0.02e 

Results are presented as mean ±  SD (n = 3). For each column, mean values that contain different letters are significantly different 
at p<0.05 
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Antioxidant activity 
The antioxidants play an important role in protection against damage caused by the oxidant, free radicals and 

provides other health benefits (Nayak et al., 2011). The antioxidant activities and total phenolic content (TPC) 
of all samples are presented in Table 3.Extrusion at a low barrel temperature of 80° C showed significantly 
(p<0.05) higher ABTS•+ (2.34 mg Trolox/g powder), FRAP (1.07 mg FeSO4/g powder) and TPC (2.16 
mg gallic acid/g powder)  compared to autoclaving at a low temperature of 105° C showing ABTS•+ (1.68 
mg Trolox/g powder) , FRAP (0.59 mg FeSO4/g powder) and TPC (1.54 mg gallic acid/g powder).  The 
non-thermal treatment sample (control) showed the lowest ABTS•+(0.22 mg Trolox/g powder), FRAP (0.32 
mgFeSO4/g powder) and TPC (0.60 mg gallic acid/g powder). The level of antioxidant activity in extruded 
products increased when temperature increased.  Alterations of the structure of the existing antioxidants and the 
formation of novel antioxidant components may enhance the initial antioxidant status varieties (Sharma, Pasricha, 
Satpathy, & Gupta, 2015) .  The level of antioxidant activity in extruded products increased when temperature 
increased.  Alterations of the structure of the existing antioxidants and the formation of novel antioxidant 
components may enhance the initial antioxidant status varieties ( Sharma et al. , 2015) .  This suggests that 
processing of edible seeds meal by extrusion did not cause a drastic loss in antioxidant values, which is in 
accordance with the previous finding ( Chaaban et al. , 2017)  that indicates that heating enhanced antioxidant 
activity in plant because of the enhancement of the antioxidant properties of naturally occurring compounds or 
the formation of novel compounds such as Maillard reaction products that had antioxidant activity. As mechanical 
process under temperature and pressure leads to the breakdown of cell wall structure, which might contribute to 
the release of compounds and their derivatives such as phenolic acids ( particularly ferulic acid)  that have 
antiradical potential (Wani & Kumar, 2016). Repo-Carrasco-Valencia and Serna (2011) observed the similar 
trend and found that the free radicals scavenging activity increased during the extrusion process of quinoa. 
However, the antioxidants activities are less resistant to temperature above 80° C may be due to the damage or 
change in the nature structure ( Chaaban et al. , 2017) .  The antioxidant activity may decrease with the loss of 
antioxidants or with the formation of compounds having pro- oxidant action ( Wani & Kumar, 2016) .  The 
decrease in total TPC may be ascribed either to the disintegration of phenolic compounds as a result of high 
temperature and pressure during process or to the change in molecular arrangement of phenolic compounds that 
can cause decline in the chemical reactivity of phenolic compounds or reduce their extractability because of 
certain degree of polymerization (Altan, Mccarthy, & Maskan, 2009). 

 
Table 3 Antioxidant activities and total phenolic content of sacha inchi meal through thermal treatments 

Thermal treatments 
ABTS FRAP TPC 

(mg Trolox/g powder) (mg FeSO4/g powder)  (mg gallic acid/g powder) 
Extrusion (80° C) 2.34± 0.04a 1.07± 0.15a 2.16± 0.04a 
Extrusion (90° C) 1.95± 0.08b 0.85± 0.09b 1.86± 0.06b 
Extrusion (100° C) 1.82± 0.11c 0.73± 0.05c 1.75± 0.07c 
Autoclaving (105° C) 1.68± 0.09d 0.59± 0.01d 1.54± 0.09d 
Autoclaving (110° C) 1.26± 0.04e 0.31± 0.02e 1.35± 0.02e 
Autoclaving (121° C) 1.10± 0.04f 0.08± 0.05f 1.11± 0.05f 
Non-thermal treatment sample (control)  0.22± 0.01g 0.32± 0.07e 0.60± 0.09g 

Results are presented as mean ±  SD (n = 3). For each column, mean values that contain different letters are significantly different 
at p<0.05 
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Conclusion and Suggestions 
 
From the above study, it was found that thermal treatments of sacha inchi meal by autoclaving or extrusion 

caused the destruction of antinutritional factor such as tannins, phytates and trypsin inhibitor.  Interestingly, 
autoclaving at 121° C for 30 min caused a reduction in tannins ( 7.40 mg/ g)  and trypsin inhibitor ( 1.76 
mg/g). In addition, the phytic acid was decreased by extrusion at a barrel temperature of 100° C (0.43 mg/g). 
The extruded sample at barrel temperature of 100° C was the most effective for improving in vitro protein 
digestibility (55.8%) and functional properties (EC=60.0% , ES=60.7% , PS=16.5% , FC=13.6% and 
OBC=16.3%). Meanwhile, the extruded sample at a barrel temperature of 80° C showed the highest antioxidant 
activities (ABTS•+= 2.34 mg Trolox /g powder, FRAP=1.07 mg FeSO4 /g powder and TPC=2.16 mg gallic 
acid/ g powder) .  Thus, there is an opportunity to apply this versatile processing technique to produce highly 
nutritious foods for human consumption and develop innovative products tune to the changing needs of 
consumers. 
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