
ORIGINAL ARTICLE

The Influence of Starch and Fibre on In Vitro Protein Digestibility of Dry
Fractionated Quinoa Seed (Riobamba Variety)

Mauricio Opazo-Navarrete1
& Danny Tagle Freire1,2 & Remko M. Boom1

& Anja E. M. Janssen1

Received: 30 May 2018 /Accepted: 5 October 2018 /Published online: 20 October 2018
# The Author(s) 2018

Abstract
The in vitro gastric digestibility of the quinoa variety Riobamba was investigated, especially the influence of the quinoa matrix.
Dry-fractionated quinoa protein concentrate, which is just milled and sieved, was much better digestible than the same concen-
trate that was reconstituted from wet fractionated quinoa protein isolate, quinoa starch isolate, and quinoa fibre isolate. In the
reconstituted concentrate, the presence of quinoa starch and fibre next to quinoa protein reduces its in vitro gastric digestibility
significantly. However, the effect of starch is partially counteracted if the fibre is also present.While the effects of starch and fibre
separately can be understood from the decrease of the accessibility for pepsin to hydrolyse proteins, due to the hydrated starch and
fibre, we suspect that the synergistic effect of starch and fibre may be due to a relative reduction of the hydration of starch due to
the presence of the also strongly hydrating fibre. We concluded that the presence of starch and fibre decreases the protein in vitro
gastric digestibility. Therefore, the presence of fibre partially countered the decreased of the protein digestibility of starch.
Heating of the matrices to 120 °C generally resulted in much lower digestion rates, due to extensive aggregation of the protein.
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Introduction

Quinoa (Chenopodium quinoa Willd.), a pseudocereal that is
native to South America, has attracted much research interest
lately, not only for its nutritional profile but also for its adapt-
ability to different growing conditions [1, 2]. Quinoa
has a relatively high protein content (14–16%) [3], and
presents a wider amino acid spectrum than cereals and
legumes [4], with higher lysine (5.1–6.4%) and methio-
nine (0.4–1.0%) contents [5]. This makes quinoa com-
plementary to cereals and legumes [6].

The major fraction of proteins in quinoa are 11S globulin
and 2S albumin, representing around 72–77% of the total
protein [7, 8]. The molar mass of 11S globulin is 22–23 kDa

for the basic subunit and 32–39 kDa for the acid subunit; the
molar mass of 2S albumin is 8–9 kDa [9]. The remainder of
the proteins is composed mainly of prolamines [10].

Starch is the major component of quinoa seeds, making up
more than 50% of the dry weight [11, 12]. The starch granules
are rather small (1–3 μm) and are usually located in the
perisperm of the seed [2, 13, 14]. The starch is mainly consti-
tuted of amylose and amylopectin; amylose being a linear
glucosyl chain connected by an α-1,4 linkage, while amylo-
pectin is highly branched by α-1,6 linkages in a clustered
manner [15]. Starch may influence the digestion of proteins,
by taking up gastric fluid and physically hindering the ingres-
sion of acid and pepsin into the protein.

The fibre content of quinoa is known to be in the between
1.3 and 6.1 wt% [16]. Dietary fibre comes from the carbohy-
drate parts of the plant cells that are resistant to enzymatic
human digestion [17]. By forming a viscous gel-like sub-
stance in the digestive system, fibre can slow the transit time
of nutrients through the intestines and shield these nutrients
from digestion. Besides, evidence suggests that fibre can in-
hibit the absorption of sugar, cholesterol and various minerals,
which may also affect the absorption of the protein [18].

Generally, quinoa is used as food in the same way as most
cereals. Quinoa can be served plain, as a side dish or
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incorporated into other recipes. Quinoa seeds can be milled
into flour. Alternatively a flour with a high protein content can
be obtained via dry fractionation (coarse grinding and subse-
quently sieving) [19, 20]. However, saponins located in the
pericarp (seed coats) of quinoa seeds impede its utilization as a
practical and commercially attractive food source [21].
Saponins are triterpenoid glucoside compounds found in
many plant genera that possess pharmacological properties
[22], but most saponins have an intensely bitter flavour and
all are potentially toxic if ingested in large quantities [19]. The
levels of the saponins are highly variable among different
quinoa varieties and, in accordance with the saponin concen-
tration, quinoa varieties can be classified into sweet quinoa
containing <0.11 wt% of saponins and bitter quinoa contain-
ing >0.11 wt% of saponins [23]. Saponins have to be removed
by rinsing out with much water, which makes wet processing
unattractive and is incompatible with dry processing because
it needs to be dried beforehand. Dry processing represents a
more sustainable alternative since it does not use water, re-
quires much less energy and utilises more of the raw material
in high-value fractions [24], in contrast to the wet fractionation
which involves large amounts of water, chemicals and energy.

From 1999 three sweet varieties have been registered: Atlas
(1999), Pasto (2005) and Riobamba (2005). All these varieties
have the potential to be dry fractionated. Dry fractionation to
concentrate proteins is more resource efficient, but yields frac-
tions which still contain significant levels of components such
as oil, starch and fibres. These components may influence the
digestibility of the protein.

A protein with high digestibility has potentially better nu-
tritional value than one with low digestibility because it
provides more amino acids for absorption on proteolysis
[25]. It is known that exogenous (interaction of proteins
with non-protein components like polyphenols, non-
starch polysaccharides, starch, tannins, dietary fibre,
phytates and lipids) and endogenous factors (changes
within the proteins themselves) contribute to poor di-
gestibility of proteins [25]. During the process of mill-
ing and cooking, proteins may interact with non-protein
components and the proteins themselves, thereby affect-
ing their digestibility [26].

We have previously estimated the effect of starch on
protein digestibility of a bitter quinoa variety [20] and
characterized the protein-enriched fractions of two dry
fractionated sweet quinoa varieties [27]. However, the
effects of fibre and the combined effect of starch and
fibre on protein digestibility of quinoa are not yet
known. Thus, the aim of this work is to assess the
effects of starch and fibre together and separately on
the in vitro gastric digestion of quinoa proteins suspen-
sions. of the quinoa sweet variety Riobamba. These
protein suspensions are unheated or preheated at differ-
ent temperatures (60 and 120 °C).

Materials and Methods

Materials

The quinoa seeds (variety Riobamba) were acquired from
GreenFood50 (The Netherlands). Pepsin form porcine gastric
mucosa and all other chemicals were purchased from Sigma-
Aldrich, Inc. (St. Louis, MO, U.S.A.).

Material Preparation

Quinoa seeds were dry fractionated to concentrate protein and
starch by milling and subsequently sieving according to the
procedure described by Opazo-Navarrete et al. [27]. A
protein-enriched flour was obtained by separation of the cot-
yledons from the seed and subsequently sieving using a mesh
size of 630 and 315 μm, while starch was concentrate using a
mesh size of 800 μm. In turn, quinoa protein was isolated
from whole seeds according to the procedure described by
Opazo-Navarrete et al. [27].

Fibre and starch were isolated from whole quinoa flour.
After defatting, the defatted quinoa flour was suspended in
Milli-Q water (1:3 w/w) and stirred for 4 h at 20 °C. The
mix was sieved using three consecutive sieves with a mesh
size of 212, 90 and 53 μm, respectively. The residues within
the mesh size 90–53 μm were separated and oven dried at
80 °C for 4 h in order to obtain a fibre concentrate [28]. The
remaining suspension after sieving was centrifuged at 500 g
for 1 min at 20 °C in order to sediment the hulls. The resulting
supernatant was centrifuged at 3000 g for 8 min at 20 °C
obtaining a crude starch as a product. The crude starch was
suspended in 0.05 M NaOH, stirred for 48 h at 20 °C and
centrifuged at 3000 g for 8 min at 20 °C. After a white layer
was obtained and removed with a spoon, which was
suspended in water and centrifuged again (3000 g, 8 min,
20 °C). This was repeated four times in order to obtain high
purity. The resulting starch was dried at 40 °C and 40 mbar in
a vacuum oven (Binder VD53, Tuttlingen, Germany).

Compositional Analysis

The protein content was measured by Dumas analysis
(Nitrogen analyser, FlashEA 1112 series, Thermo Scientific,
Interscience, Breda, The Netherlands) in triplicate. A conver-
sion factor of 5.85 was used to convert nitrogen values to
protein. The oil content was determined with a fully automat-
ed Büchi extraction system B-811 (Büchi Labortechnik AG,
Flawil, Switzerland). The oil extraction was performed with
petroleum ether (boiling range 40–60 °C) in Standard Soxhlet
mode for 3 h with a sample-to-solvent ratio 1:6. The extracted
oil was determined by the difference in weight of the oil bea-
kers, before and after the extraction. The total dietary fibre
content was determined according to AACC method 32–
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05.01 using the Megazyme assay kit K-TDFR (Megazyme
International, Bray, Ireland). The ash content was determined
according to the AACC official method 08–01 [29].

Heat Treatment of Quinoa Protein Suspensions

The protein, starch and fibre from quinoa were subsequently
used to reconstitute the quinoa protein-enriched fraction that
was also obtained directly via dry fractionation. Therefore, the
same amount of starch, fibre or starch/fibre was added to the
protein isolate to investigate the effect of every component on
the protein digestibility. Later, suspensions of 5% of protein
(% w/v, in Milli-Q water) were prepared at room temperature
in Eppendorf tubes of 2 ml. The suspensions were stirred with
a Multi Reax shaker (Heidolph Instruments, Schwabach,
Germany) for 30 min at 1800 rpm. Subsequently, the suspen-
sions were subjected to heat treatment at 60 °C for 30 min and
1400 rpm of shaking in a preheated Eppendorf Thermomixer
(Eppendorf AG, Hamburg, Germany). Heating at 120 °C for
30 min was carried out in a heating block (Grant GBT4,
Cambridge, UK). After heating, the suspensions were imme-
diately cooled and kept at room temperature until measure-
ment the same day.

In Vitro Gastric Digestion of Quinoa Suspensions

The unheated and preheated suspensions of 5% protein (w/v,
in Milli-Q water) were incubated in simulated gastric juice
(SGJ) at 37 °C for 3 h. The simulated gastric juice was pre-
pared according to Opazo-Navarrete et al. [20] with minor
modifications. For this, pepsin from porcine gastric mucosa
(1 g/L) and NaCl (8.775 g/L) were dissolved in Milli-Q water
(18.2 MΩ cm at 25 °C, Millipore Corp., Molsheim, France)
and the pH was adjusted to 2 using 2 M HCl. The
enzyme:substrate ratio was kept constant at 1:2 (weight/
weight) during all experiments. The vessels containing the
SGJ were continuously stirred at 100 rpm and sealed with
parafilm (Pechiney Plastic Packaging, Inc., IL, U.S.A) to
avoid evaporation. Samples of 1 ml were taken at 20, 60,
120 and 180 min and immediately heated in a Thermomixer
at 90 °C and 1400 rpm of shaking for 5 min in order to inac-
tivate the pepsin. The pH of these samples was approximately
6. All digestion experiments were performed in triplicate.

High-Performance Size Exclusion Chromatography
(HPSEC)

The SGJ, undigested and in vitro digested samples were
analysed via high-performance size exclusion chromatogra-
phy using an Ultimate 3000 UHPLC system (Thermo
Scientific, MA) equipped with a TSKgel G3000SWXl col-
umn (7.8 mm X 300 mm) (Tosoh Bioscience LLC, PA) and
TSKgel G2000SWXl column (7.8 mm X 300 mm) (Tosoh

Bioscience LLC, PA) connected in line. For analysis, 1 mL
of undiluted sample was centrifuged at 1000 rpm for 30 s to
separate the large particles. 10 μL of the supernatant was
injected into the system each time. The mobile phase was
acetonitrile (30%) in Milli-Q water (70%) containing
trifluoroacetic acid (0.1%). The flow rate was 1.5 mL/min
and the UV detector was set at 214 nm. Calibration was done
with: thyroglobulin (670 kDa), g-globulin (158 kDa), ovalbu-
min (44.3 kDa), α-lactalbumin (14.1 kDa), aprotinin
(6.51 kDa), insulin (5.7 kDa), bacitracin (1.42 kDa) and phe-
nylalanine (165 Da) (Sigma-Aldrich, Inc., St. Louis, MO,
U.S.A.). Themolecular masswas estimated against the elution
time of molecular weights markers. All measurements were
done in duplicate.

Degree of Hydrolysis (DH)

The OPA method was used to determine the degree of hydro-
lysis (DH) attained. The OPA reagent and standard L-serine
solution were prepared according to Opazo-Navarrete et al.
[20]. A standard curve using an L-serine solution was mea-
sured in the range of 50–200 mg/L. The OPA assay was car-
ried out by the addition of 200 μL of sample (or standard) to
1.5 mL of OPA reagent. The samples with the OPA reagent
added were measured after 3 min at 340 nm with a spectro-
photometer DU 720 (Beckman Coulter Inc. Pasadena, CA,
U.S.A). The absorbance values were converted to free amino
groups (mmol/l) from a standard curve. Free amino group
levels from the digestion samples were corrected by
subtracting the contribution of free amino groups that were
already present in the SGJ. The free amino groups were
expressed as serine amino equivalents (Serine NH2). From
this, the DH values were calculated according to Opazo-
Navarrete et al. [20].

SDS-Page

The quinoa flour suspensions were analysed under non-
reducing SDS-PAGE conditions. The samples were diluted
with buffer (0.5 M Tris–HCl, pH 6.8; 2 wt% SDS; 2.5 wt%
glycerol; 0.2 wt% bromophenol blue). The weight ratio of
sample-to-buffer was 1:1. Each sample was heated to 95 °C
for 4 min in an Eppendorf thermomixer (Eppendorf AG,
Hamburg, Germany) and mixing at 800 rpm. An amount of
10 μL of the molecular weight marker Precision Plus Protein
All Blue Standards (Bio-Rad Laboratories Inc., Hercules,
USA) and each sample were loaded on a 12% Tris–HCl
Mini-PROTEAN TGX Precast Gel (Bio-Rad Laboratories
Inc., USA). The electrophoresis was carried out at 200 V.
Afterwards, the gel was stained with Bio-safe Coomassie
Stain (Bio-Rad Laboratories Inc., USA) and gel images were
taken using a GS-900 Calibrated Densitometry System (Bio-
Rad Laboratories, Inc., USA).
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Statistical Analysis

Significance testing was performed using the IBM SPSS
Statistic 21 for Windows computerized statistical analysis
package. DH values were examined using one-way analysis
of variance (ANOVA) to compare means between different
samples. The differences were taken to be statistically signif-
icant when p < 0.05. When the F-values were found signifi-
cant (p < 0.05), Tukey’s multiple comparisons procedure was
used to determine any significant differences within the
groups (Post Hoc-LSD). Results are expressed as a mean ±
its standard deviation.

Results and Discussion

Protein-enriched flour was obtained via dry fractionation. The
compositional analysis of every fraction used during the di-
gestion experiments is presented in Table 1. Protein-enriched
flour had high fibre and oil contents, while the starch content
was lower than the whole quinoa flour. Starch was suc-
cessfully isolated using the same dry fractionation meth-
od, while fibre could only be concentrated using a wet
fractionation method.

Effect of Protein Concentration Method
and Temperature on Protein Digestibility

Suspensions of quinoa protein isolate (QPI) and a protein-
enriched fraction, unheated and preheated at 60 and 120 °C
were used during in vitro gastric digestion analyses. The pH
was registered throughout the digestion and a generally minor
change in pH was observed over the time of digestion; how-
ever, this change was larger with the unheated samples with a
pH change from 2 to 2.3. The protein digestibility is assessed
by degrees of hydrolysis (DH), which is shown in Fig. 1.
Protein-enriched flour obtained by dry fractionation, whether
unheated or preheated, showed a higher in vitro gastric protein

digestibility (p < 0.05) than quinoa protein that was isolated
using a conventional wet fractionation method. QPI unheated
and digested for 180 min gave a DH value of 10.5%, while a
DH value of 8.5% is found for QPI preheated at 120 °C. On
the other hand, protein-enriched flour unheated and digested
for 180 min gave a DH value of 16%, while after pre-heating
at 120 °C the DH value is 13.1%. This shows that the protein
digestibility is affected by the isolation method of the proteins.
Neucere & Ory [30] indicated that organic solvents may lead
to a decrease in the protein solubility, which could affect the
protein digestibility. This already was found by Opazo-
Navarrete et al. [20] on a bitter quinoa variety, who found that
quinoa protein concentrated via a dry fractionation meth-
od presents higher in vitro gastric digestibility than QPI
obtained via a wet fractionation method. Therefore, the
concentration method of proteins affects the protein gas-
tric digestibility of quinoa.

Regardless of the protein concentration method, solutions
preheated at 120 °C present a significantly lower (p < 0.05)
degree of hydrolysis (DH) than the solutions that were unheat-
ed or heated at 60 °C. The methods to purify proteins as wet
fractionation are known to cause denaturation of proteins,
which results in aggregation of the proteins. The quinoa
preheated at 120 °C may have become chemically modified,
resulting in crosslinks. Similarly, denaturation of the protein
could have resulted in aggregation. Both would affect the
accessibility of the protein for pepsin. The aggregation was
corroborated by microscopy: after heating at 120 °C QPI
shows big aggregates (Fig. 2). The dry fractionated, protein-
enriched flour showed clearly smaller aggregates in compari-
son to the QPI. This could explain the lower protein
digestibility obtained with QPI. This effect by aggrega-
tion was previously suggested by Opazo-Navarrete et al.
[20] and Avila et al. [31] who found that quinoa protein
preheated at 120 °C had lower gastric digestibility as a
consequence of protein aggregation.

The preheated and unheated protein-enriched flour suspen-
sions obtained from the dry fractionation method were

Table 1 Compositional analysis
of quinoa fractions Fractions Moisture

(%)
Protein

(g/100 g dry
matter)

Oil

(g/100 g dry
matter)

Starch

(g/100 g dry
matter)

Ash

(g/100 g dry
matter)

Fibre

(g/100 g dry
matter)

Quinoa flour 7.8 ± 0.4 14.1 ± 0.6 11.5 ± 0.0 63.2 ± 0.2 4.54 ± 0.0 6.6 ± 1.0

Protein-enriched
flour

8.6 ± 0.2 32.0 ± 0.3 22.4 ± 0.2 15.5 ± 1.8 6.3 ± 0.2 23.8 ± 2.5

Protein isolate 1.8 ± 0.0 86.7 ± 0.2 n.d. n.d. 2.9 ± 0.1 n.d.

Dry fractionated
starch

7.8 ± 0.1 4.9 ± 0.1 1.5 ± 0.2 89.0 ± 1.3 1.2 ± 0.1 3.5 ± 1.7

Starch isolate 14.3 ± 0.1 0.4 ± 0.0 n.d. 95.5 ± 0.8 0.5 ± 0.0 n.d.

Fibre concentrate 2.9 ± 0.1 12.2 ± 0.1 0.1 ± 0.0 37.9 ± 0.1 5.1 ± 0.2 44.7 ± 0.4

Adapted from Opazo-Navarrete et al., 2018

n.d. not detected
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analysed by HPSEC (Fig. 3). After digesting unheated and
preheated quinoa suspensions for 180 min, higher levels of
small peptides, ranging from 0.2 to 2 kDa, had been released.
Quinoa protein suspensions preheated at 120 °C showed less
released peptides than quinoa solutions that were unheated or
preheated at 60 °C, but gave larger peptides (>2 kDa); even
after 180 min of gastric digestion time. These results matched
the values obtained for the degree of hydrolysis (DH).

The chromatograms of the digested QPI suspensions (un-
heated and preheated) are presented in the first column of
Fig. 4. The level of larger peptides (>2 kDa) from the unheated
and preheated QPI suspensions is higher than that of the
protein-enriched flour suspensions, while less individual ami-
no acids are formed in the QPI suspensions, in compar-
ison with the protein-enriched flour suspensions, both
unheated and preheated. This higher amount of amino
acids formed can be seen in the greater area generated
between the elution times of 15 and 15.7 min. This
range corresponds to a MW of 75–150 Da, 75 Da being
the MW of lysine, the smallest amino acid.

Both the level of larger peptides, as well as that of the
amino acids agree with the DH values that were obtained.

SDS-PAGE results under non-reducing conditions are
shown in the Fig. 5. Proteins with a molecular weight (MW)
ranging from 11 to 66 kDa were found in the unheated and
preheated at 60 °C samples, while in the samples preheated at
120 °C, no bands were found. The two bands found between
49 and 66 kDa correspond to globulins called chenopodin
subunits (11S), while around 10 kDa a band was found corre-
sponding to the albumin subunit (2S). Defatting of quinoa
flour seems to mainly affect the globulins (11S): these bands
are less intense than those of dry fractionated and whole qui-
noa flour. The disappearance of bands of samples preheated at
120 °C indicate extensive aggregation of the quinoa proteins
into aggregates larger than 250 kDa, which are not visible in
the gel. This is clearly visible in the chromatograms of the dry
fractionated quinoa flour (Fig. 3) and QPI (Fig. 4) digested
suspensions: at retention times lower than 12.5 min (>50 kDa)
the suspensions that were preheated at 120 °C showed a larger
integrated peak area than the other samples, implying protein
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Fig. 2 Light microscopy images of unheated and preheated at 60 and 120 °C quinoa protein isolate (QPI) and protein-enriched flour (PEF) dispersions
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aggregation. Therefore, the aggregation might have reduced
the accessibility of the proteins to the pepsin, leading to a
decrease in the protein digestibility.

Effect of Starch on Protein Digestibility

To assess the effect of starch on the protein digestibility
(Fig. 6), the starch that was isolated via wet fractionation
was added to the QPI to obtain the same starch concentration
as in the dry fractionated protein-enriched fraction (Table 1).
The oil was omitted from this study. Heating was applied to
the suspensions to study the combined effect of starch and
temperature on the protein digestibility.

The presence of starch reduced significantly (p < 0.05) the
digestion rates of unheated and preheated QPI at 60 °C, but
after 180 min of digestion time almost the same level of hy-
drolysis (8.5 and 8.6%) was obtained as without starch (Fig.
1b). Preheating at 120 °C gave a strong decrease in the diges-
tion rate and even after 180 min (4.5%), the degree of hydro-
lysis was still only half of the value obtained without starch.
These results show that starch strongly affects the protein di-
gestibility, the effect being most pronounced at 120 °C. Wong
et al. [32] found that the protein digestibility increased consid-
erably when starch was removed from sorghum flour. López-
Barón et al. [33] indicated that heat-induced protein denatur-
ation or protease hydrolysis promote the enhancement of the
protein-starch interactions. In their study, these protein-starch
interactions reduced the enzymatic starch hydrolysis. The
same protein-starch interaction could be responsible for the
reduced digestibility of protein after heat-treatment at 120 °C
in our study.

The chromatograms of quinoa protein-starch suspensions
are shown in the second column of Fig. 4. The chromatograms
of unheated and preheated at 60 °C suspensions had a similar
integrated peak area after 180 min of gastric digestion, which

implies similar peptides and amino acids formation (> 2 kDa).
However, the digestion rate of the suspensions preheated at
60 °C again is lower in the first 120 min, in agreement to the
DH values obtained earlier. The quinoa protein-starch suspen-
sions preheated at 120 °C showed a much lower integrated
peak area than the suspensions that were unheated or
preheated at 60 °C, even after 180 min of gastric digestion.
These results are therefore in agreement with the DH values
obtained earlier.

Effect of Fibre on Protein Digestibility

The protein-enriched flour was reconstituted according to the
protein, starch and fibre contents (Table 1). The oil was omit-
ted from this study. Quinoa starch isolate and fibre concentrate
were mixed with QPI to obtain the same concentration as in
the dry fractionated protein-enriched flour. The in vitro gastric
digestibility values of reconstituted quinoa protein-enriched
flour shown in Fig. 7a. The profile of this figure is qualitative
similar as was obtained with pure protein and protein with
starch added (Figs. 1 and 6), however, the initial digestion rate
(20 min of digestion) of the unheated suspension and the sus-
pension preheated at 60 °C is slightly higher (5.6 and 4.7%) in
comparison to that obtained with only starch.

It is interesting that the digestion rate and the DH after
180 min are clearly higher for the suspension preheated at
120 °C (7.3%), compared to what was obtained with only
protein and starch (4.5%). This indicates that the effect of
starch on the protein digestibility significantly decreases
(p < 0.05) when the fibre is present as well. We suggest that
the fibre may partly prevent the interactions between protein
and starch. Besides, is important to consider that fibre prevents
the starch to be fully hydrated, which will increase the
gelatinisation temperature of the starch too much higher tem-
peratures. Thus the inhibiting effect of starch on the protein

Fig. 5 SDS-PAGE under non-
reducing conditions patterns. M:
marker; P-U: protein-enriched
flour unheated; P-60: protein-
enriched flour preheated at 60 °C;
P-120: protein-enriched flour
preheated at 120 °C; D-U:
defatted flour unheated; D-60:
defatted flour preheated at 60 °C;
D-120: defatted flour preheated at
120 °C; F-U: flour unheated; F-
60 flour preheated at 60 °C; F-
120: flour preheated at 120 °C
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digestibility is partly counteracted. However, the suspensions
preheated at 120 °C still present lower DH values than the QPI
digested for 180 min (Fig. 1b), which indicates that the effect
of starch is counteracted only partially. Numerous stud-
ies have explored the effects of fibre on protein diges-
tion by measuring the degree of nitrogen loss in human
excretion [34]. Likewise, some studies in pigs have
shown that fibre reduces the protein digestibility [35,
36]. According to the FAO, the reduction in the appar-
ent digestibility of protein is typically less than 10%.
While of course, many more effects are important over
the whole digestive tract, the effect that we found may
be one of the effects that could explain this observation.

Kritchevsky [37] indicated that fibre modifies and usually
decreases the digestibility of proteins, along with lipids and
certain minerals. The decrease in the digestibility might be
caused by pectin and other gel-forming polysaccharides by
retention of amino acids and peptides [38]. Other causes
which may affect (decrease) the protein digestibility could
be that the fibre inhibits access of enzymes to the protein.
The presence of fibre in a system with a limited amount of
water will also limit the hydration of starch, thereby increasing
the temperature of starch gelatinization, which may result in a
lower degree of gelatinisation and therefore a reduced effect of

starch on the impediment of acid and enzyme ingression into
the protein matrix.

A comparison of Fig. 7a to Fig. 7b reveals that the recon-
stitution of the dry fractionated protein concentrate from the
individual fraction gives very different digestion dynamics. In
the reconstituted concentrate, the digestion rate and the DH
after 180 min are much lower, although the overall composi-
tion of both systems is the same. Apparently, the food matrix
does have an effect on the digestibility; in this case, the orig-
inal quinoa matrix that is present in the dry fractionated con-
centrate is much better digestible that would be expected
based on its composition.

The chromatograms of quinoa protein-starch-fibre suspen-
sions, which are reconstituted based on the concentration of
protein-enriched flour, are shown in third column of Fig. 4.
The protein-starch-fibre suspensions showed a greater amount
of single amino acids formed in all treatments in comparison
to the protein-starch suspensions (Fig. 4), which is in agree-
ment with the higher DH values obtained for these suspen-
sions. The chromatograms of unheated suspensions showed a
faster initial increase of peptides of different sizes (0.2–
2 kDa), but after 180 min of digestion, similar levels are seen
as with the suspensions that were preheated at 60 °C. The
suspensions preheated at 120 °C, however, yield lower levels
in the MW range of 0.2–2 kDa, which indicates less peptide
formation in comparison with the unheated and mildly heated
(60 °C) suspensions. At the same time, the suspensions
preheated at 120 °C give lower levels of single amino acids
than the unheated and mildly preheated suspensions, which is
in line with the DH values. While the initial hydrolysis rate
was higher for the unheated suspensions, after 180 min of
gastric digestion, both unheated and mildly preheated give
similar DH values.

Surprisingly, the effect of the amount of fibre does not seem
very important (Fig. 8). Two different concentrations of fibre
were added to a dispersion of 0.1 g of protein and
0.01 g of starch: 10% or 0.01 g fibre, and 20% or
0.02 g fibre. Subsequently, the dispersions were
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preheated and then cooled to room temperature, and
then subjected to in vitro gastric digestion.

The presence of fibre reduces significantly (p < 0.05) the
detrimental effect of starch on the protein digestibility when
suspensions are preheated, mainly at high temperature.
Apparently, this effect is not dependent on fibre concentration
present in the dispersion. Therefore, a small amount of fibre
could be enough to partly counteract the effect of starch on the
in vitro protein digestibility.

In Fig. 9 we propose a mechanism of the effect of protein
state and interaction with starch and fibre on the protein di-
gestibility based on our results.

1. Having native protein, starch and fibre in a (dry fraction-
ated) concentrate imply that both fibre and starch do not
absorb much water. The protein, which is well soluble in
this state, is well accessible to digestion. Heating this sys-
tem will denature the protein, but at the same time
gelatinise the starch and hydrate the fibre, and therefore
the protein aggregates will remain small, which keeps it
still relatively accessible to digestion after dispersion in
gastric juice.

2. A protein that was isolated using a wet process (which
implies pH changes and a thermal load during drying),
is already partly denatured, less soluble and less accessi-
ble for digestion. Heating this protein will result in exten-
sive aggregation and strongly lower accessibility for acid
and pepsin, resulting in lower digestibility.

3. Combining the wet isolated protein with starch will result
in moderate digestibility: the protein is already partly ag-
gregated, while the starch will remove some of the water
and therefore will hinder the ingression of pepsin. Heating
this suspension will exacerbate this, due to extensive
starch gelatinization.

4. Combining all three isolates (protein, starch and fibre)
into a reconstituted concentrate will combine the moder-
ate digestibility of the partially denatured protein, with the
hindrance of the hydrating starch and fibre. Heating this
system will result in a dense matrix that does not allow
much ingression of pepsin, while the protein is also ag-
gregated: slow overall digestion is the result.

This interpretation predicts, that all effects are kinetic: in
the end, all protein will still be digested, but the present of
partially or completely hydrated starch and fibre, plus
the partially or fully aggregated state of the protein, will
slow the hydrolysis. It should be noted, that even after
180 min of digestion time, we still found significant
differences. Longer time scales are not relevant to gas-
tric digestion. Thus, for all practical purposes, our inter-
pretation implies that dry fractionated foods and foods
with more or less starch and fibre will enter the duode-
num in very different states.

The results present in this article could be relevant for fu-
ture food formulations. The effect of fibre on the digestion of a
protein-starch matrix is an important finding, because pro-
teins, starch and fibre are ingredients commonly used for the
manufacturing of foods. This study could be of help to design
food for various target groups, both for a fast protein digest-
ibility as well as a slow protein digestibility.

Conclusions

While the extraction method used to isolate the protein re-
duces the protein digestibility, the presence of starch and fibre
reduce even more the digestibility of quinoa protein. This
could be explained by hindrance by starch and fibre to the
ingression of pepsin, reducing the rate of hydrolysis of the
proteins. Starch reduces the quinoa protein digestibility more
strongly than fibre. The most important finding is that the
effect of starch is partially counteracted by the presence of
fibre, which would be really interesting for future quinoa
based food formulations. This phenomenon is not dependent
on the concentration of the fibre. Heating at 120 °C does affect
the protein digestibility, which we expect is due to the forma-
tion of larger protein aggregates which are also less accessible
by pepsin.
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