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a b s t r a c t 

Lupin is among the most promising plant-based food protein sources due to its high protein and fibre content. 

The fibre fraction, especially from seed coats, is often seen as low in value (discarded as waste or as animal 

feed) and greater knowledge on its composition and structure are crucial to increase its usefulness. However, 

only one model of lupin fibre structure exists in the literature. Our sample of Finnish-grown narrow-leafed lupin 

seed consisted of fibre (43.3%), protein (31.3%), fat (8.1%) and starch (0.2%). According to the sugar analysis, 

rhamnogalacturonan-I, with branches of arabinan and galactan, constituted the main pectin population in the 

fibre fraction. A revised model of the overall fibre structure is proposed. At concentrations of 0.75% and 1.0%, 

both unrefined and defatted flour of whole lupin seeds produced stable suspensions and oil-in-water emulsions, 

demonstrating their application as potential emulsifiers. This study presents the knowledge and opportunity to 

support sustainability through the utilization of whole lupin seed for future industrial applications. 
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. Introduction 

The agricultural lupins ( Lupinus albus L., L. angustifolius L. and L. lu-

eus L.) are important potential sources of protein for food and feed uses

 Lucas et al., 2015 ). They are adapted to cool-temperate agriculture and,

s legumes, are capable of biological nitrogen fixation in symbiosis with

ppropriate bacteria in the Rhizobiaceae, so they can be grown with

inimal use of fertilizer nitrogen. Their grain protein content is high

global averages of 38%, 34% and 42% of seed dry matter, respectively;

eedipedia, 2022 ) and the biological value of white lupin protein, for

xample, is 91% of that of egg albumin protein ( Egaña et al., 1992 ).

evertheless, the value of plant protein is seldom enough in itself to

ake a legume crop profitable, especially if the grain is used for feed

urposes, and other sources of value need to be developed ( De Visser

t al., 2014 ). The lupins are challenging in this respect, because they

tore germination energy in thickened cell walls (22–24% of seed dry

atter) ( Feedipedia, 2022 ) rather than as oil (5–10% of seed dry mat-

er) or starch ( < 1% of seed dry matter). The composition of this cell-wall
Abbreviations: FFS, Full-fat lupin flour suspension; DFS, Defatted lupin flour suspen

ltra-Turrax (high-speed homogenizer); MF, Microfluidizer (high-pressure homogen

tability index; SD, Standard deviation; HG, Homogalacturonan; RG, Rhamnogalactu
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raction is not well characterized so its potential uses are not well devel-

ped. The functional properties of the protein and fibre (e.g., solubility,

oaming, emulsification and gelation) provide an important path for in-

reasing the economic value of lupin seeds. 

Lupin proteins have been isolated by many procedures ( Lqari et al.,

002 ; Sironi et al., 2005 ; Jayasena et al., 2011 ; Süssmann et al.,

013 ; Berghout et al., 2014 ) and their physico-chemical properties

 Pollard et al., 2002 ; Raymundo et al., 2002 ; Berghout et al., 2015a ;

o et al., 2021 ) and bioavailability ( Mariotti et al., 2007 ; Porres et al.,

007 ; Lammi et al., 2016 ) have been investigated. In comparison, the

bre fractions have been less studied, with most focus being on the

eed-coat fraction rather than the cotyledon fraction ( Miao et al., 2001 ;

urnbull et al., 2005 ; Zhong et al., 2018 ; Zhong et al., 2019 ). In the

ehulling process, up to 31% of the dry matter of the whole seed is lost

n the seed coats and adhering parts of the cotyledons, and most goes to

ither waste or animal feed ( Sipsas, 2008 ; Zhong et al., 2018 ) with only

imited uses in food (e.g., high fibre bakery products and meat products)
sion; FFE, Full-fat lupin flour emulsion; DFE, Defatted lupin flour emulsion; UT, 
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 Tucek, 2006 ; LupinFoods, 2022 ). In order to minimize these losses, it

s desirable to utilize the whole lupin seed. 

The main components in the cell walls of the lupin seeds are de-

cribed as beta-galactans, which therefore constitute the main poten-

ial dietary fibre ( Buckeridge et al., 2000 ). The existing model shows

he structure of the beta-galactan, together with arabinans, to be neu-

ral branches from a rhamnogalacturonan backbone. The main galac-

an is 𝛽-(1 →4) linked and a secondary form is 𝛽-(1 →3), (1 →6) linked,

hile 𝛼-(1 →5) arabinan is also present. The model was developed us-

ng data from hydrolysis of the cell wall fraction by endogenous en-

ymes in germinating seeds of narrow-leafed lupin ( L. angustifolius )

 Buckeridge et al., 2000 ). Use of more modern techniques would pro-

ide greater detail on this structure that could indicate ways of making

ifferent and profitable uses of the fibre fraction. 

For these reasons, we set out to investigate the chemical composition

f lupin fibre fraction and to elucidate its structure. Furthermore, we

haracterized the solubility, water-holding capacity, viscosity, physical

tability and microstructure of flour milled from the whole lupin seed

full-fat and defatted). The results provided indications of potential new

igh value uses of the lupin crop. 

. Materials and methods 

.1. Materials 

Untreated, fully ripe and dry seeds of narrow-leafed lupin were pur-

hased from Koivunalhon Luomutila, Tarvasjoki, Finland. The Dietary

ibre Kit, Total Starch Assay Kit, high purity MES monohydrate [2-

N-morpholino)ethanesulfonic acid] buffer salt (B-MES 250) and Celite

ere obtained from Megazyme, Ireland. Isopropanol (99.5%) and hep-

ane were supplied by Fisher Scientific, UK. Ethanol (99.5%) was sup-

lied by Altia Oyj, Finland. Rapeseed oil was purchased from a local

upermarket. All chemicals and reagents used in this work were of ana-

ytical grade. 

.2. Preparation of flours 

Lupin seeds were milled with a ZM-200 ultra-centrifugal mill

Retsch, Germany, sieve pore size 0.5 mm) into full-fat fine flour. The

ill speed was set at 8000 rpm and the batch size was 200 g. The parti-

le size ( d 32 ) of the full-fat flour was 56.1 ± 2.2 μm. Half of the full-fat

our was used to prepare defatted flour ( d 32 = 43.5 ± 1.1 μm) as de-

cribed below. Both full-fat and defatted flours were stored at 4 °C until

se. 

.3. Chemical and structural characterization 

.3.1. Fat content determination and preparation of defatted lupin flour 

Full-fat flour was subjected to organic extraction for the determi-

ation of the fat content and for preparing defatted flour. Samples of

 g of full-fat lupin flour was weighed into cellulose extraction thimbles

nd placed in a Soxtec apparatus (Soxtec Avanti 2050). About 80 mL

f the solvent mixture (heptane:isopropanol, 3:2 (v/v)) was placed in

 pre-weighed metallic cup holder, heated to its boiling point and con-

inuously recirculated for the remaining extraction time. The following

arameters were used: temperature 170 °C, boiling time 45 min, rising

ime 30 min, recovery time 10 min, and warm-up time 1 min. The defat-

ed flour was collected and dried in a fume hood for subsequent chemi-

al characterization and emulsion preparation. The fat content was de-

ermined gravimetrically after solvent evaporation. Six replicates were

repared. 

.3.2. Dietary fibre determination 

Defatted lupin flour was subjected to sequential enzymatic hydroly-

es for the determination of dietary fibre and preparation of lupin fibre
2 
or analysis using the Megazyme Total Dietary Fibre (TDF) kit follow-

ng the manufacturer’s instructions. The only modification was that a

lter bag with porosity of 50 μm was used instead of a crucible cov-

red with Celite for filtering the sample after enzymatic hydrolyses, to

acilitate sample recovery and avoid Celite contamination of the fibre

sed for monosaccharide, protein and ash analyses. The dietary fibre

etermination was performed in duplicate using a blank for correcting

ny contribution from reagents to the dietary fibre result using standard

egazyme TDF procedures. 

.3.3. Protein determination 

Protein content of full-fat and defatted flour samples was calcu-

ated from the nitrogen moiety determined in duplicate according to

he Dumas combustion method on a Leco 828 CN analyzer (Leco Inc., St

oseph, MI, USA). The nitrogen moiety in the fibre fraction (used for the

orrection of the value of the dietary fibre content) was determined by

he Kjeldahl method (using a 2300 Kjeltec Analyzer unit - Ordior) after

cid mineralization. The standard factor of 6.25 was used for converting

he nitrogen content into protein content. 

.3.4. Ash content determination 

Ash content was determined in duplicate samples by ashing a 1-g

ample at 525 °C in a muffle furnace for 6 h. For the correction of the

ietary fibre, the ash was mineralized by adding 2 mL of concentrated

itric acid and drying it in a sand bath at 60 °C, ashing again and weigh-

ng the residue. 

.3.5. Monosaccharide composition 

The monosaccharide composition of the fibre fraction was assessed

y gas chromatography (GC) after acid methanolysis according to

undberg et al. (1996) . A local calibration curve was prepared using

tandard monosaccharides. Analysis was performed in triplicate. 

.3.6. Starch content determination 

The starch content of the full-fat flour and fibre fraction were deter-

ined on duplicate samples with the Megazyme Total Starch Assay kit

ccording to the manufacturer’s instructions. 

.3.7. Moisture content determination 

One-gram samples of full-fat flour, defatted flour and fibre fraction

ere weighed and dried overnight at 105 °C in a drying oven (Termaks

S 8000, Termaks AS, Norway). The samples were re-weighed and the

oisture content was used to correct flour composition to a dry-matter

asis. 

.3.8. Glycosidic linkage analysis 

The glycosidic linkage pattern in lupin fibre was assessed using gas

hromatography coupled with mass spectrometry (GC-MS) after deriva-

ization and hydrolysis of the polysaccharides into permethylated alditol

cetates (PMAAs). The preparation of the PMAAs involves swelling of

he lupin fibre in dimethyl sulfoxide with SO 2 and diethylamine, methy-

ation in alkali conditions with methyl iodide, hydrolysis, reduction and

cetylation ( Albersheim et al., 1967 ; Ciucanu et al., 1984 ). PMAAs were

eparated and analyzed according to Morais de Carvalho et al. (2017) .

he glycosidic linkage analysis was performed in triplicate. 

.3.9. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra from full-fat flour, defatted flour and fibre fraction were

ecorded at room temperature using a Perkin-Elmer FTIR spectrome-

er equipped with a universal attenuated total reflection (ATR) sam-

ling accessory according to the following parameters: 4000–600 cm 

− 1 

avelength; 16 scans; 4 cm 

− 1 resolution; at intervals of 1 cm 

− 1 . Base-

ine correction and normalization (at 1600 cm 

− 1 ) were applied as post-

reatment to the spectra. Only one spectrum was collected for each sam-

le. 



A.N. Arzami, D.M. de Carvalho, F. Vilaplana et al. Future Foods 6 (2022) 100192 

2

 

t  

N  

d  

a  

p  

3  

u  

W

2

 

a  

s  

s  

h  

i  

o  

i  

e  

s  

o  

(  

w  

d

2

 

f  

w  

Z  

e  

c  

h  

s  

o  

f  

L  

T  

w  

c  

t  

m  

w  

l  

c

2

 

u  

i  

s  

(  

s  

p  

i  

1

2

 

D  

l  

m  

p  

s  

c  

e  

a  

m  

o  

w  

i

2

 

D  

R  

p  

d  

1  

s  

w

2

 

s  

a  

s  

T  

t  

s  

(  

s  

b  

s  

p  

w

2

 

J  

Z  

(  

p  

w  

q

2

 

m  

s  

a  

s

3

3  

 

w  

w  

a  
.3.10. Nuclear magnetic resonance (NMR) spectroscopy 

About 30–40 mg of fibre was suspended in 700 μL deuterated wa-

er (D 2 O) overnight under agitation (room temperature). The proton

MR analysis was carried out using a Bruker Advance 850 Hz III high-

efinition spectrometer equipped with a cryoprobe (Bruker Corp., MA)

ccording to the following parameters: Bruker pulse program zgpr (with

re-saturation to remove the water signal from spectra), size of FID of

2768, total of 2 dummy scans and 32 scans. Existing databases were

sed in the assignments for proton resonances ( Rosenbohm et al., 2003 ;

inning et al., 2007 ; Morais de Carvalho et al., 2017 ). 

.4. Preparation of aqueous suspensions and emulsions of flour 

Full-fat (FFS) and defatted flour (DFS; both at 0.25%, 0.5%, 0.75%

nd 1%, w/v concentrations) suspensions were prepared by wetting the

amples with ethanol and addition of hot milliQ-water (80 °C). Suspen-

ions were vigorously mixed and heated at 80 °C for 2 h. A subset of these

eat-treated suspensions was homogenized at 22 000 rpm for 2 min

n an Ultra-Turrax T25 (UT; Ika-Werke, Staufen, Germany). A subset

f these homogenized suspensions was further treated with a microflu-

dizer 110Y (Microfluidics, Westwood, MA, USA; high-pressure homog-

nization, MF, 4 passes, 800 bar) at room temperature to produce a fine

olution. All suspension samples were adjusted to pH 7 using a few drops

f 1 M NaOH. Full-fat flour emulsion (FFE) and defatted flour emulsion

DFE) were prepared by mixing the unhomogenized suspensions (pH 7)

ith rapeseed oil (5%, w/v) before homogenization by UT and MF as

escribed above. 

.5. Water solubility and water-holding capacity 

Water solubility and water-holding capacity of lupin flours with dif-

erent processing treatments (non-heated, heat-treated, and heat-treated

ith homogenization) were determined based on the method from

hong et al. (2019) . Briefly, FFS and DFS (1%, w/v) were wetted with

thanol and magnetically stirred with water (50 mL) for 2 h. In the

ase of heat-treated samples, hot water was added and the samples were

eated at 80 °C for 2 h with continuous stirring. Some of the heat-treated

amples were further homogenized with UT (22 000 rpm, 2 min) only

r a combination of UT and MF. After treatment, each sample was trans-

erred into a tube and centrifuged (Hermle Z323 centrifuge, Hermle

abortechnik GmbH, Wehingen, Germany) at 3000 × g , 25 °C for 20 min.

he supernatant was discarded and the tube containing the precipitate

as inverted and left to drain for 15 min. The fresh weight of the pre-

ipitate was determined and water-holding capacity was expressed as

he water retained by precipitate divided by the weight of dry starting

aterial (g water/g flour). The precipitate was dried at 100 °C for 24 h,

eighed and the percentage of solubility was calculated by dividing the

oss of sample weight by the weight of the dry starting material. Tripli-

ates were performed for each sample. 

.6. Particle size measurement 

The droplet size distribution, surface mean diameter ( d 32 ) and vol-

me mean diameter ( d 43 ) of the particles in suspension and oil droplets

n emulsion were determined using a Mastersizer 3000 static light

cattering apparatus mounted with a Hydro EV dispersion accessory

Malvern Instruments Ltd, Malvern, UK) controlled using the Master-

izer v.3.62 (Malvern Instruments Ltd.) application software. Each sam-

le was gently shaken a few times before the analysis. The refractive

ndex of rapeseed oil and the dispersion medium were set at 1.47 and

.33, respectively. Every measurement was performed in triplicate. 

.7. 𝜁 -potential measurement 

The 𝜁 -potential of suspension (FFS and DFS) and emulsion (FFE and

FE) samples after treatments were determined using an electrophoretic
3 
ight scattering instrument (Zetasizer Nano ZS series, Malvern Instru-

ents Ltd). Before measurement, all samples were diluted to 0.001%

article/ droplet concentration using Milli-Q water to avoid multiple

cattering effects. The diluted sample was then added into the folded

apillary cell (DTS1070 cell, Malvern Instruments Ltd.), which had two

lectrodes. The cell was inserted into the instrument, then equilibrated

t 25 °C for 120 s. Three measurements were obtained from the instru-

ent and 𝜁 -Potential was calculated based on the Smoluchowski model

n the acquired electrophoretic data using Dispersion Technology Soft-

are v. 5.10 (Malvern Instruments). Every measurement was performed

n triplicate. 

.8. Viscosity measurement 

The viscosity of suspension (FFS and DFS) and emulsion (FFE and

FE) samples after treatment was determined using a rheometer (Haake

heostress 600, Thermo Electron GmbH, Germany) with a cone and

late geometry (35 mm diameter, 2° cone angle). The measurement was

one using a stepwise rotation program with a shear rate ranging from

 s − 1 to 100 s − 1 and 100 s − 1 to 1 s − 1 at 20 °C. The viscosity values of the

amples at the shear rate of 10 s − 1 were compared. Every measurement

as performed in triplicate. 

.9. Physical stability 

About 20 mL of each of the suspension (FFS and DFS) and emul-

ion (FFE and DFE) samples was poured into a transparent glass vial

nd kept at room temperature undisturbed. The physical stability of the

amples was measured by Turbiscan Lab Expert analyzer (Formulaction,

oulouse, France). The vials were vertically scanned from the bottom to

he top by a near-infrared light ( 𝜆 = 880 nm) source during the mea-

urement. The intensity of transmitted (at 180°) and backscattered light

at 45°) were measured simultaneously by the detectors. The Turbiscan

tability index (TSI) was calculated using the Turbiscan software (v. 1.2)

ased on the changes in backscattering values during storage over the

ample height. An increase of TSI over time indicates a decrease of sam-

le stability. Photographs of the samples were taken every day up to one

eek of storage at room temperature. 

.10. Microstructure of suspension and emulsion 

A light microscope (AxioVision, Carl Zeiss, Microimaging GmbH,

ena, Germany) connected with an AxioCam MRm digital camera (Carl

eiss) was used to observe the microstructure of the flour suspension

FFS and DFS) and emulsion (FFE and DFE) samples. A drop of the pre-

ared sample was placed in the middle of a microscope slide, covered

ith a cover slip and observed at 40 × magnification. Images were ac-

uired using AxioVision v.4.7.1.0 (Carl Zeiss) application software. 

.11. Statistical analysis 

All experiments were repeated at least twice and expressed as the

ean ± standard deviation (SD), unless otherwise specified. The mea-

urements were performed on duplicate samples. All statistical analyses

nd the significant differences ( p < 0.05) were evaluated via SSPS 13.0

oftware using one-way ANOVA and Tukey’s test. 

. Results and discussion 

.1. Chemical composition of lupin seeds and structural model of their fibre

The proximal composition of the narrow-leafed lupin seeds ( Fig. 1 A)

as similar to that previously obtained in Finland ( Lizarazo et al., 2015 ),

here the protein content was 33%, fibre content 43%, lipid content 7%,

sh content 4% and starch content 0.7%. These nutritional attributes
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Fig. 1. Chemical composition of full fat flour of narrow-leafed lupin (A) and dietary fibre from the defatted flour (B). 

Table 1 

Monosaccharide composition and glycosidic linkage analysis of dietary fibre from defatted flour of 

narrow-leafed lupin. Gray rows indicate structural units found mainly in pectin. 

Linkage Structural units deduced Average, % mol (SD) 

t-Ara f Ara f -(1 → 4.6 (2.4) 

t-Ara p Ara p -(1 → 0.5 (0.2) 

2-Ara f → 2) Ara f -(1 → 0.2 (0.0) 

3-Ara f → 3) Ara f -(1 → 0.0 (0.0) 

5-Ara f → 5) Ara f -(1 → 8.2 (0.5) 

3,5-Ara f → 3,5) Ara f -(1 → 0.1 (0.0) 

2,5-Ara f → 2,5) Ara f -(1 → 7.2 (0.3) 

2,3,5-Ara f → 2,3,5) Ara f -(1 → 0.5 (0.1) 

Total Ara 21.4 (3.6) 

t-Rha p Rha p -(1 → 0.4 (0.3) 

2,4-Rha p → 2,4) Rha p -(1 → 1.4 (0.1) 

Total Rha 1.8 (0.4) 

t-Gal p Gal p -(1 → 3.1 (0.9) 

3-Gal p → 3) Gal p -(1 → 0.5 (0.2) 

2-Gal p → 2) Gal p -(1 → 0.1 (0.1) 

4-Gal p /4-Gal p A a → 4) Gal p -(1 → or → 4) Gal p A-(1 → 48.5 (4.0) 

6-Gal p → 6) Gal p -(1 → 0.2 (0.1) 

3,4-Gal p → 3,4) Gal p -(1 → 0.1 (0.1) 

2,4-Gal p → 2,4) Gal p -(1 → 0.6 (0.2) 

4,6-Gal p → 4,6) Gal p -(1 → 1.5 (0.3) 

Total Gal/GalA 54.5 (5.7) 

t-Xyl p Xyl p -(1 → 1.2 (0.6) 

4-Xyl p → 4) Xyl p -(1 → 9.5 (0.3) 

2,4-Xyl p → 2,4) Xyl p -(1 → 0.3 (0.1) 

Total Xyl 10.9 (1.0) 

t-Man p Man p -(1 → 0.5 (0.1) 

4-Man p → 4) Man p -(1 → 1.0 (0.6) 

3,4-Man p → 3,4) Man p -(1 → 0.3 (0.1) 

4,6-Man p → 4,6) Man p -(1 → 0.6 (0.3) 

Total Man 2.4 (1.0) 

t-Glc p Glc p -(1 → 0.2 (0.1) 

4-Glc p → 4) Glc p -(1 → 7.4 (0.3) 

4,6-Glc p → 4,6) Glc p -(1 → 1.4 (0.1) 

Total Glc 9.0 (0.5) 

a Galactose and galacturonic acid contents of 43.4% and 11.1%, respectively. Values estimated 

according to the ratio of 4.38 for Gal/GalA obtained by monosaccharide analysis (Supporting In- 

formation, Table S1). Figures in brackets show standard deviation. 
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ake lupin seeds an attractive candidate in the formulation of plant-

ased protein-rich food, particularly dietetic foods with a high dietary

bre content ( Sujak et al., 2006 ). Earlier studies have shown that the

igh ash content of lupin includes nutritionally valuable amounts of

alcium, magnesium, manganese, iron, zinc, and copper ( Lizarazo et al.,

016 ; Mohammed et al., 2017 ). 

The dietary fibre fraction was about one-ninth protein ( Fig. 1 B). The

ain polysaccharide was identified as a pectin containing both homo-

alacturonan (HG) (linear and unbranched region) and rhamnogalac-

uronan (RG) I (branched region) domains ( Table 1 and Fig. 2 ). 

The identification of pectin structure was supported by the identifi-

ation of the glycosidic linkage. Both the GalA content from monosac-
4 
haride analysis and the results from linkage analysis (4-GalA) con-

rmed the presence of a large fraction of unsubstituted galacturonic

cid (11.1%) attributed to the HG domain. Similarly, the RG I domain

as consistent with the substitution pattern observed in rhamnosyl units

2,4-Rha p ), in which linkages at positions 1 and 2 are associated to the

ypical formation of RG I backbone and those at position 4 corroborated

ith the side chain substitutions ( Harholt et al., 2010 ). Moreover, the

resence of 𝛽-(1,4)-galactan and 𝛼-(1,5)-arabinan substitutions at posi-

ion 4 of rhamnosyl units was confirmed by the relative abundance of

he corresponding glycosidic linkages. The 𝛽-(1,4)-galactan was identi-

ed as the main side chain in RG I domain due to the abundance of

alactose identified by chemical analysis (43.4%). 
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Fig. 2. Empirical structures of pectin domains identified in fibre of narrow-leafed lupin, based on 50 monosaccharide units in the backbone. Structural possibilities for 

side chains include linear galactan (a), branched arabinan substituted only by terminal arabinosyl units (b), branched galactan substituted only by terminal galactosyl 

units and/or galactan (c), branched arabinan substituted also by terminal galactosyl units and/or short-length galactan (d), and branched galactan substituted also 

by terminal arabinosyl unit and/or short-length arabinan (e). Note that n in galactan substitutions represents the number of galactosyl units, which can be either 

few or many. 
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Other minor polysaccharide populations from xylan, mannan, and

ellulose groups were also identified in the fibre fraction. Although

he substitution of galacturonic acid in pectin backbone by terminal

ylosyl units (t-Xyl) has been reported to be responsible for forming

 xylogalacturonan (XG) region in some species ( Harholt et al., 2010 ;

yg et al., 2012 ), these were not found in the present study. The sub-

tantial amount of xylosyl moiety (10.9%) in the sample and, especially,

he identification of 1 →4 xylosyl (4-Xyl) (9.5%) units, typical for xylan

ackbone, supported the occurrence of long and low-substituted xylan

hains in the composition of the lupin fibre. 

Galactomannan in seeds performs a storage function and especially

n the Fabaceae is important for its role in controlling water and im-

ibition in the early stages of germination ( Buckeridge et al., 2000 ).

lycosidic linkage analysis revealed the presence of a population of

alacto(gluco)mannan with low abundance (1–2%), supported by the

resence of unsubstituted 4-Man p units and substituted Man p units at

he 3- (3,4-Man p ) and 6- positions (4,6-Man p ), putatively with terminal

alactosyl (t-Gal) substitutions ( Table 1 ). Therefore, it is expected that

.6% of t-Gal identified in the sample are involved in galactomannan

ubstitutions ( Table 1 ). 

A certain amount of unsubstituted glucosyl units (4-Glc p ) probably

rising from cellulose (7.6%) was also identified ( Table 1 ), in which

he strong hydrolysis enabled the disruption of cellulose crystallinity
5 
nd its complete assessment. When only mild hydrolysis was performed

or monosaccharide assessment through methanolysis, cellulose crys-

allinity was preserved, so glucose content was likely underestimated

hen (Table S1, Supporting Information). 

Certain features of the structure of the pectin were estimated by the

ombination of the results of monosaccharide analysis and glycosidic

inkage analysis ( Table 2 ) and this structural information was integrated

o propose an empirical model for the pectin structure in narrow-leafed

upin seed ( Fig. 2 ). Therefore, monosaccharide moieties from xylan,

annans, and cellulose populations were not considered in such cal-

ulations. The high ratio of galactose to galacturonic acid (Gal/GalA:

.38), together the linkage pattern of galactosyl units and ratio of un-

ubstituted galactosyl units versus branching points ( Table 2 ) suggested

he existence of a long 𝛽-(1,4)-galactan side chain in the RG I domain.

hese findings were also supported by the high value obtained for the

ength of the side chain (36.0) in the RG I domain, in which the 𝛼-(1,5)-

rabinan side chain was also accounted. Although pectin in lupin seed

ontains long side chains, such branches were observed restricted to the

G I domain (0.16 mole ratio). In the RG I domain, the Rha/GalA ratio

as 1:1, while the remaining GalA moieties were involved in the forma-

ion of the HG domain ( Fig. 2 ).The linkage analysis revealed moderate

ranching of the galactan side chains, with approximately 19 unsub-

tituted 4-Gal p units for every branching point. Results from linkage



A.N. Arzami, D.M. de Carvalho, F. Vilaplana et al. Future Foods 6 (2022) 100192 

Table 2 

Structural features of the pectin population obtained from the combination 

of results from monosaccharide analysis (GC) and glycosidic linkage analysis 

(GC-MS) of dietary fibre isolated from narrow-leafed lupin. 

Parameters Mole ratio 

Gal/GalA a 4.38 

Rha/GalA b 0.16 

(Gal + Ara)/Rha c 36.0 

GalA/(Ara + Rha + Gal) d 0.17 

4-Gal/(3,4-Gal + 2,4-Gal + 4,6-Gal) e 18.8 

5-Ara/(3,5-Ara + 2,5-Ara + 2,3,5-Ara) f 1.0 

a Ratio between galactose and galacturonic acid obtained from monosac- 

charide analysis used to differentiate the 4-Gal p /4-Gal p A ( Table 1 ) into 

galactose and galacturonic acid moieties. Results from monosaccharides 

analysis are presented in Table S1 (Supporting Information). 
b Portion of the pectin that corresponds to the RG I domain ( Zhi et al., 

2017 ). 
c Length of the side chain linked to the RG I domain ( Zhi et al., 2017 ). 
d Pectin linearity ( Zhi et al., 2017 ). 
e Ratio of unsubstituted Gal units versus branching points. 
f Ratio of unsubstituted Ara units versus branching points. 
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Fig. 3. FTIR spectra of full fat flour, defatted flour and dietary fibre isolated 

from narrow-leafed lupin. The following structures were identified: hydroxyl 

(3282 cm 

− 1 ); C-H (2925 cm 

− 1 ); acetyl groups (1743 cm 

− 1 ); protein bonded to 

polysaccharides due to amide I (1641 cm 

− 1 ), amide II (1540 cm 

− 1 ), and amide 

III (1399 cm 

− 1 ); C –O (1245 cm 

− 1 ); C –O, C –C or C –OH (1055 cm 

− 1 ); and 𝛽- 

glycosidic linkages (896 cm 

− 1 ). 
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nalysis supported the possibility of the occurrence of terminal galacto-

yl and arabinosyl moieties, short- and long-length galactan, and short-

ength arabinan substitutions in galactan side chains. These patterns of

ubstitutions are in accordance with previous studies on pectin struc-

ure from different plant sources ( Buckeridge et al., 2000 ; Øbro et al.,

004 ; Harholt et al., 2010 ; Byg et al., 2012 ). Conversely, the arabinan

ide chains were heavily substituted with one unsubstituted arabinosyl

nit (5-Ara) per branching point. In the arabinan side chain, substi-

utions due to terminal arabinosyl and galactosyl moieties and short-

ength galactan were also consistent with previous results for various

lant sources ( Øbro et al., 2004 ; Harholt et al., 2010 ; Byg et al., 2012 ).

he variation in certain chemical and structural parameters of pectin

rom different sources, such as branch patterns (number and size) and

egree of substitution (acetylation and methylation) directly impacts

n the technological properties of pectin, for example its gelling ability

 Thakur et al., 1997 ; Øbro et al., 2004 ; Harholt et al., 2010 ; Byg et al.,

012 ). Furthermore, the extraction process may also cause some mod-

fication of pectin structure. Therefore, to assess the suitability of the

ectin prepared here and characterized for the preparation of stable

uspension and emulsion, specific experiments were conducted and the

iscussion is presented below ( Section 3.2 ). 

FTIR analysis of the full fat flour, defatted flour, and dietary fibre

 Fig. 3 ) showed a broad band at 3282 cm 

− 1 , due to hydroxyl stretching

ibration in polysaccharides ( Sun et al., 2004 ; Thambiraj et al., 2018 )

n all samples, but in a lower intensity in the defatted flour. The band

t 2925 cm 

− 1 indicated the C 

–H stretching vibration in polysaccharides

 Sun et al., 2004 ; Thambiraj et al., 2018 ). The band due to the pres-

nce of acetyl groups in the full-fat sample, observed at 1743 cm 

− 1 

 Bian et al., 2010 ), was reduced following the sample processing and

nly a small shoulder was observed in the dietary fibre sample, indicat-

ng that deacetylation occurred. 

Even after protease digestion, some residual protein remained in

he fibre ( Fig. 1 B) and it was probably bound to polysaccharides. In

upport of this hypothesis, a set of bands was used for the identifica-

ion of protein bonded to polysaccharides, at 1641 cm 

− 1 (due to amide

), 1540 cm 

− 1 (due to amide II) and 1399 cm 

− 1 (due to amide III)

 Thambiraj et al., 2018 ) ( Fig. 3 ). The intensity of these bands decreased

rom the full fat sample to the dietary fibre, indicating protein removal

rom the sample. The band at 1245 cm 

− 1 , due to the C 

–O stretching and

he sharp band at 1055 cm 

− 1 , due to C 

–O, C 

–C stretching or C 

–OH bend-

ng in monosaccharide units was also identified ( Chaikumpollert et al.,

004 ; Xu et al., 2010 ), confirming the structure of the polysaccha-

ide. The band at 896 cm 

− 1 is attributed to 𝛽-glycosidic linkages be-

ween the various monosaccharides identified in the pectin structure
6 
nd other polysaccharide moieties such as xylan, mannan, and cellulose

 Gupta et al., 1987 ; Yang & Zhang, 2009 ). 

The solubilization of lupin fibre in D 2 O for 1 H NMR analysis was only

artial and since preliminary tests using temperature during the solubi-

ization (80 °C) showed no improvement in the solubility of the sample,

he solubilization step was performed at room temperature. The signal

t 𝛿H 5.12 ( Fig. 4 ) was indicative of an anomeric proton (H-1). The re-

ion at 𝛿H 5.20–5.00 is also indicative of the presence of methylation

t H-1, in which highest degree of methylation leads to a shifting of the

ignal downfield ( Rosenbohm et al., 2003 ). According to the signal ob-

ained for lupin fibre, if pectin is methylated, the degree of substitution

s likely low. Small signals observed at 𝛿H 5.11-5.00 also suggested the

resence of traces of carboxylic acid ( –COOH; 𝛿H 5.11) and methyl ac-

tate ( –COOCH 3 ; 𝛿H 5.06) ( Winning et al., 2007 ). Other attributes of the

ectin structure regarding to anomeric proton at H-5, H-4, H-3, and H-2

ere identified at 𝛿H 4.80-4.60, 𝛿H 4.44-4-36 (slight shoulder), 𝛿H 3.98,

nd 𝛿H 3.70-3.68 (sharp signals), respectively ( Rosenbohm et al., 2003 ;

inning et al., 2007 ). The small signals at 𝛿H 2.00-2.25 were indicative

f the presence of residual acetyl groups (CH 3 –CO 

–) bonded to polysac-

harides ( Morais de Carvalho et al., 2017 ), supporting the FTIR results

hat indicated a small band in the spectrum of dietary fibre ( Fig. 3 ) re-

ulting from the deacetylation that occurred during the fibre isolation

rocedure. 

.2. Physical characterization of lupin flours 

Water solubility values of FFS and DFS were ∼40% and ∼35%, re-

pectively, when both suspensions were stirred at room temperature

2 h) or heat-treated at 80 °C for 2 h ( Fig. 5 A). The water-holding capac-

ty of DFS was slightly higher ( ∼6 g H2O /g flour ) than FFS ( ∼5 g H2O /g flour )

hen both samples were heated (80 °C) for 2 h ( Fig. 5 B). 

The water solubility of FFS and DFS samples was not affected by heat

reatment and was marginally higher after high-speed homogenization

UT) treatment, but was greatly increased by microfluidization, partic-

larly in the case of the DFS ( Fig. 5 A). The water-holding capacity of

FS increased slightly with homogenization (UT; ∼6.5 g H2O /g flour ), but

hat of FFS decreased slightly (UT; ∼4.9 g H2O /g flour ). The combination

f UT and MF treatments greatly increased the water-holding capacity

f both heat-treated FFS and DFS. These results relate to the potential

ooking quality of the lupins. 
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Fig. 4. 1 H NMR spectrum of dietary fibre isolated from narrow-leafed lupin. The presence of anomeric proton at the position 1 (H-1), 2 (H-2), 3 (H-3), 4 (H-4), and 

5 (H-5) was confirmed. Small signals due to the presence of residual acetyl groups (OAc) were also identified. 

Fig. 5. (A) Water solubility of full-fat flour suspension (FFS, dark green) and defatted flour suspension (DFS, light green) of narrow-leafed lupin. (B) Water holding 

capacity of full-fat flour suspension (FFS, dark green) and defatted flour suspension (DFS, light green). RT = room temperature; HT = heat treatment at 80 °C for 2 h; 

UT = Ultra-Turrax (high-speed homogenization); and MF = microfluidization (high-pressure homogenization). Vertical error bars represent the standard deviation 

of the means ( n = 3 ). Different lowercase letters in the figures indicate significant differences ( p < 0.05) according to Tukey’s HSD. 
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The results showed that both water solubility and water-holding ca-

acity of the insoluble part of lupin fibre can be enhanced by using

echanical treatments such as high-speed and high-pressure homoge-

ization. These treatments disrupt the cell wall structures, fragment the

articles and unwrap them, increasing the surface activity of the flour,

o more water interface can be stabilized ( Joseph et al., 2020 ). Extru-

ion cooking can also be used to increase the solubility of the insoluble

upin fibre ( Zhong et al., 2019 ; Naumann et al., 2021 ). In the present

tudy, DFS had a higher capability to absorb water than FFS. Similarly,

efatted lupin flours showed greater water (18%) and oil (103%) ab-
7 
orption than full-fat flours ( Sathe et al., 1982 ), due to the increased

vailability of water-binding sites that were previously blocked by the

ipophilic environment. 

For the preparation of oil-in-water emulsions of FFS and DFS, the

our concentrations (0.25%, 0.5%, 0.75% and 1.0%) were chosen based

n the suggestion by Peng et al. (2016) and Sridharan et al. (2020) that

rotein molecules in concentrations between 0.2% and 0.3% are suffi-

ient to cover the water or emulsion interface. Higher protein concentra-

ion is not preferred as it thickens the suspension and emulsion systems

 Sridharan et al., 2020 ), and since the samples contained the seed coats,
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Table 3 

Composition of emulsions made with different concentrations of flour from narrow-leafed lupin. 

Lupin flour (%) Lupin flour (g) Water (g) Oil (g) Oil (%) 

Sample to oil 

ratio (SOR) 

Estimated protein concentration 

(%) ∗ 

Full fat (FFE) Defatted (DFE) 

0.25 0.38 142.13 7.5 5 0.05 0.078 0.082 

0.50 0.75 141.75 7.5 5 0.10 0.156 0.164 

0.75 1.13 141.38 7.5 5 0.15 0.234 0.245 

1.00 1.50 141.00 7.5 5 0.20 0.313 0.327 

∗ Estimated protein concentration (%) was calculated from the protein content of full-fat and defatted lupin flour samples. 

Fig. 6. Surface mean diameter d 32 ( 𝜇m) and volume mean diameter d 43 ( 𝜇m) of (A) FFS, (B) DFS, (D) FFE and (E) DFE as a function of concentrations (0.25%, 

0.5%, 0.75% and 1.0%) of flour of narrow-leafed lupin. Droplet size distribution profiles of (C) FFS and DFS and (F) FFE and DFE at concentrations of 0.25% and 

1.0% of flour of narrow-leafed lupin. All measurements were made immediately after preparation of the suspensions and emulsions. Vertical error bars represent the 

standard deviation of the means ( n = 3 ). 
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here was a risk of clogging the laboratory microfluidizer at higher flour

oncentration ( > 2%). The composition of the lupin flour emulsions with

heir estimated protein content is shown in Table 3 . 

FFS had lower surface mean diameter ( d 32 ) and higher volume mean

iameter ( d 43 ) than DFS ( Fig. 6 A and B). The highest droplet sizes in sus-

ension were found in the 0.75% concentration ( d 32 = ∼19 𝜇m in FFS

nd ∼20 𝜇m in DFS; d 43 = ∼50 𝜇m and ∼49 𝜇m, respectively). Droplet

izes were similarly small in the 0.25% and 1.0% concentrations of both

FS and DFS ( d 32 = ∼18 𝜇m; d 43 = ∼42 – 46 𝜇m), but the size distribu-

ion was narrower in the 1.0% samples than in the 0.25% ones ( Fig. 6 C).

ll of the peaks showed a shoulder at a diameter about 10 𝜇m ( Fig. 6 C).

article size of the suspension is important because it influences the

mulsifying ability, physical and chemical stability of the future applica-

ions ( Lo et al., 2021 ). The smallest droplets are usually the most stable

ver time because of their lower settling speed ( McClements, 2007 ). 

The oil droplets of the emulsions were smaller and more stable

han the particles of the corresponding suspensions. The average oil

roplet sizes of the emulsions ( d 32 and d 43 ) decreased with increasing

our concentrations. The emulsions with the lowest flour concentration

ad the largest individual oil droplets ( d 32 = ∼2.6 𝜇m; d 43 = ∼31 in

FE and ∼39 𝜇m in DFE). Similarly, pea flour emulsion showed a de-
8 
rease in oil droplet size at higher protein concentration ( ≥ 0.2 wt%)

 Sridharan et al., 2020 ). At lower flour concentration ( ≤ 0.5%), there

ere insufficient quantities of particles to cover the large fraction of oil

roplets present (5%). In this condition, good homogenization did not

nsure better emulsification or stabilization. 

Particle size distributions of FFE 1.0% and DFE 1.0% presented a

houlder peak while particle size distributions of FFE 0.25% and DFE

.25% displayed two shoulder peaks (multi-modal distribution; Fig. 6 F).

he presence of the shoulder peak in high flour concentration indicated

he existence of non-emulsified materials such as various sizes of cell

all materials (insoluble polysaccharides). 

The 𝜁 -potential of FFS and DFS decreased with the increasing flour

oncentrations (0.25% to 1.0%) ( Fig. 7 A) and values were greater in

FS than DFS. According to Walstra (2003) , a dispersion with 𝜁 -potential

alue of ± 25 mV is electrostatically stabilized, and none of these samples

eached that value. A suspension of lupin protein isolate at pH 7 had a

-potential of -35 mV and the value increased to -28 mV when heated to

21 °C ( Berghout et al., 2015b ). Since our flour was not fractionated, the

-potential values could have been affected by the high concentration

f polysaccharides in the suspensions. 



A.N. Arzami, D.M. de Carvalho, F. Vilaplana et al. Future Foods 6 (2022) 100192 

Fig. 7. 𝜁 -potential and viscosity (at shear rate 10 s − 1 ) of FFS and DFS samples (A and B), and, FFE and DFE samples (C and D) at different flour concentrations 

(0.25%, 0.5%, 0.75% and 1.0%). Vertical error bars represent the standard deviation of the means ( n = 2 ). Different lowercase letters in the figures indicate significant 

differences ( p < 0.05). 
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Similarly, the 𝜁 -potential values of the emulsions decreased with the

ncreasing flour concentrations. The emulsions with higher flour con-

entrations (0.75% and 1.0%) were more negatively charged and hence

ore electrostatically stable than those at the lower flour concentra-

ions. The proteins and fibre components were adsorbed on the oil-water

nterface, providing a layer with electrostatic and/or steric repulsive

orces between emulsion droplets, thus stabilizing the emulsion systems.

o significant difference ( p < 0.05) in 𝜁 -potential was observed between

FE and DFE samples at the highest flour concentration (1%). 

The impact of surface charge on suspension or emulsion stability is

lso related to viscosity. At a shear rate of 10 s − 1 , the viscosity values

f FFS and DFS samples increased with the increase of flour concentra-

ions ( Fig. 7 B). This is due to the increased protein-fibre interactions in

he aqueous solutions at higher flour concentrations. In other legumes

e.g., pea, soybean and lentil), starch is the main contributor to the

hickening ability of the suspension or emulsion ( Sridharan et al., 2020 ;

asqualone et al., 2021 ; Zhao et al., 2021 ). Since lupin samples have

ery low starch content, the main thickening agent in their suspension

nd emulsion systems is concluded to be pectin ( Fig. 1 and 2 ). 

The viscosity of the emulsions ( Fig. 7 D) was much higher than that of

he corresponding suspensions. The presence of oil droplets in the emul-

ions increases the protein-fibre-oil interactions via hydrogen bonding
9 
nd hydrophobic interactions, thus strengthening the emulsion matrix

nd leading to higher viscosity values ( Johansson et al., 2021 ). The vis-

osity of the emulsions increased with increasing flour concentrations.

t the two lower flour concentrations (0.25% and 0.5%), extensive oil

roplet flocculation occurred due to insufficient coverage of the droplets

y the protein and fibre materials, thus lowering the viscosity of the

mulsions. At the higher concentrations, DFE viscosities were higher

han those of FFE (2210–3716 mPa.s), and this was attributable to their

igher water solubility and water-holding capacity. 

TSI showed that FFS 1.0% was the most stable suspension (lowest

SI values during 7 days of storage time) followed by DFS 1.0% and FFS

.75% ( Fig. 8 A). FFS 0.25% had the highest TSI values, so it was the least

table sample followed by DFS 0.25%. All of the suspensions showed

hase separation ( Fig. 8 B) after 7 days of storage at room temperature

nd both DFS 0.25% to 0.75% showed a serum phase in addition to

he aqueous and sedimentation phases. Cell wall fragments that may

ediment during storage were visible in the suspension samples ( Fig. 9 )

 In this situation, although the defatted flour suspension had higher

olubility ( Fig. 5 ) due to the exposure of active binding sites, the strength

f the bonds with the water molecules may be weaker than those in full-

at flour suspensions, leading to faster destabilization of the DFS samples

ompared to the FFS samples. 
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Fig. 8. Turbiscan stability index (TSI) as a function of time (days) during storage at room temperature of (A) suspensions (FFS and DFS) and (C) emulsions (FFE and 

DFE) made with different concentrations (0.25%, 0.5%, 0.75% and 1.0%) of flour of narrow-leafed lupin. Vertical error bars represent the standard deviation of the 

means ( n = 2 ). Photographs of the (B) suspensions (FFS and DFS) and (D) emulsions (FFE and DFE) after 1 week of storage at room temperature. Double-headed 

arrows in D show emulsion phase separated from the creaming phase. 
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The emulsions showed some similarities to the suspensions in the TSI

nalysis. Higher concentrations were more stable than lower concentra-

ions, but in this case, the full-fat samples were more stable than the

efatted ones except at the lowest concentration ( Fig. 8 C). All emulsion

amples showed phase separation into creaming and emulsion phases

fter 7 days of storage at room temperature ( Fig. 8 D). The formation of

he creaming phase (an indication of droplet flocculation) was clearer

t lower flour concentrations than at higher ones, due to the presence

f larger oil droplets ( Fig. 6 D and E) that easily destabilize the emulsion

uring storage. These differences in oil droplet size were confirmed by

icroscopy ( Fig. 9 ) 

FFS 1.0% was thus the most stable suspension with the lowest TSI

alue (7.5; during 7 days of storage time; Fig. 8 A), 𝜁 -potential (-22.7 mV;

ig. 7 A) and droplet size ( d 32 = ∼18 μm; d 43 = ∼46 μm; Fig. 6 A and B)

long with the highest viscosity (707 mPa.s; Fig. 7 B). This is attributable

o the presence of more pectin at higher flour concentrations, which in-

reases its thickening ability and contributes to the resistance of grav-

tational forces (sedimentation) during storage. Furthermore, at higher

our concentrations, the protein-fibre interaction was more electrostat-

cally stable, further contributing to its stability. In the emulsion sys-

ems, FFE 1.0% was the most stable, with the lowest TSI value (8.1;

uring 7 days of storage time; Fig. 8 B), 𝜁 -potential (-26 mV; Fig. 7 C)
10 
nd droplet size ( d 32 = ∼2.1 μm; d 43 = ∼28.0 μm; Fig. 6 ; D and E) along

ith high viscosity ( ∼3800 mPa.s; Fig. 7 D). Similarly to the suspension

ystem, the higher viscosity at higher flour concentrations slowed down

he phase separation (creaming). Compared to defatted emulsion sam-

les, the full-fat emulsion samples were more stable due to stronger and

ore electrostatically stabilized protein-oil-polysaccharide interactions,

aused by the higher solubility and water holding capacity in the sam-

les ( Fig. 5 A and B). 

This study has demonstrated the possibility to produce stable oil-

n-water emulsion from the flour of whole lupin seeds without further

ractionation of its components. Dehulling and milling of lupin seeds,

hen defatting the flour and subjecting it to a wet fractionation process,

nvolves considerable water, chemical and energy inputs so its environ-

ental sustainability is questionable ( Berghout et al., 2015b ). This study

as also showed that the fibre fraction from the whole lupin seed con-

ributed to the emulsion stability. Flour concentrations higher than 2.0%

ay clog the microfluidization step due to the high content of cell wall

aterials. Joseph et al. (2020) found that > 3 wt% of lupin hull pow-

er can create very firm gels and clog a microfluidizer. However, an

ndustrial-scale microfluidizer (ISM) can further increase the solubility

f legume flours ( He et al., 2021 ). The results in this study demonstrated

he possibility to support sustainability by utilizing flour from the whole



A.N. Arzami, D.M. de Carvalho, F. Vilaplana et al. Future Foods 6 (2022) 100192 

Fig. 9. Micrographs of selected suspensions (FFS and DFS) and emulsions (FFE and DFE) made with different concentrations (0.25% and 1.0%) of flour from 

narrow-leafed lupin. Magnification was 40 × . Scale bars correspond to 20 μm. 
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eed in future industrial applications (e.g., food, cosmetics and pharma-

euticals). 

. Conclusion 

Lupins have a higher content of fibre than most other crops. Sugar

nalysis indicated that the main polysaccharide in the fibre fraction

enzymatically fractionated) is a pectin having homogalacturonan and

hamnogalacturonan-I domains. The presence of rhamnogalacturonan-

, with branches of galactan and arabinan, is in line with the exist-

ng model of lupin fibre structure but the presence of a linear and

nbranched (homogalacturonan) region is novel. For the efficient val-

rization of lupin, a better understanding of its chemical and nutri-

ional attributes is vital, including the polysaccharide, protein and fat

ractions. In addition, this study physically characterized both whole

eed full-fat lupin flour (unrefined) and defatted lupin flour (minimally

efined) in dispersion and emulsion phases. The solubility and water

olding capacity of the flours increased significantly with mechanical

reatments (high-speed and high-pressure homogenization). Stable oil-

n-water emulsions were produced using unrefined and minimally re-

ned lupin flour, despite the presence of non-protein materials (insolu-

le and soluble polysaccharides). Suspensions and emulsions at higher

our concentrations (0.75% and 1.0%) were more stable than those at

ower concentrations (0.25% and 0.5%). The insights from this study can

nhance the use of unrefined whole lupin seed as emulsifiers, leading to

impler and more sustainable processing steps during the production of

uture industrial applications. 
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