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Plant proteins, and specifically those from legume crops, are increasingly recognised as sustainable and func
tional food ingredients. In this study, we expand on the knowledge of Bambara groundnut (Vigna subterranea (L.)
Verdc.) [BGN] proteins, by characterising the composition, microstructure and rheological properties of BGN
protein isolates obtained via wet extraction and protein-enriched fractions obtained via dry fractionation. The
BGN protein isolates were compared in the context of the major storage protein, vicilin, as previously identified.
Molecular weight analysis performed with gel electrophoresis and size-exclusion chromatography coupled to
light-scattering, revealed some major bands (190 kDa) and elution patterns with molecular weights
(205.6–274.1 kDa) corresponding to that of BGN vicilin, whilst the thermal denaturation temperature (Tp
91.1 ◦ C, pH 7) of BGN protein isolates also coincided to that of the vicilin fraction. Furthermore, the concen
tration dependence of the elastic modulus G’ of the BGN protein isolates, closely resembled that of BGN vicilin
(both upon NaCl addition); suggesting that vicilin is the main component responsible for gelation. Confocal laser
scanning and scanning electron micrographs revealed inhomogeneous aggregate structures, which implies that
fractal scaling were better suited for description of the BGN protein isolate gel networks. Concerning the BGN
protein-enriched fractions, both rotor and impact milling with air jet sieving and air classification, respectively,
were successfully applied to separate these fractions from those high in starch; as evident from compositional
analysis, particle size distributions and microscopic imaging. When considering sustainability aspects, dry
fractionation could thus be a viable alternative for producing BGN protein-enriched fractions.

1. Introduction

becomes of more importance as food sources which are able to mitigate
and adapt to climate change (Calles et al., 2019).
Bambara groundnut (Vigna subterranea (L.) Verdc.) [BGN] is one such
pulse crop which fulfils the aforementioned criteria. Largely cultivated
in West Africa, BGN is a drought-tolerant and high-quality protein crop
which compares favourably in terms of protein content (up to 27% re
ported) to other legumes such as soybean (36.5%) and yellow pea (25%)
(Arise, Amonsou, & Ijabadeniyi, 2015; Boye et al., 2010; Feldman, Ho,
Massawe, & Mayes, 2019). BGN is increasingly recognised as a crop to
be valorised; this is seen through the concerted efforts amongst inter
national organisations who are focussed on optimising the crop’s per
formance under various climatic conditions (Feldman et al., 2019).
Noteworthy in terms of protein functionality, is the foaming capacity
and emulsifying ability of BGN protein isolates and concentrates which
were found to be similar (if not higher) compared to soybean protein

Pulses are recognised as an important class of legumes due to their
nutrient-rich composition and associated health benefits. In recent
years, there have been an increased effort in highlighting the importance
of pulses, as seen by the declaration from the United Nations for 2016 as
the International Year of the Pulses (Calles, Xipsiti, & del Castello,
2019). Similarly, research efforts are increasingly geared towards
establishing ingredient functionality of pulse crops, with a large focus on
protein functionality. This focus stems from the necessity of producing
protein-rich foods from plant proteins as opposed to animal proteins, to
contribute positively to not only a nutritious diet, but also to food se
curity and sustainability (Boye, Zare, & Pletch, 2010; Day, 2013; Stone,
Wang, Tulbek, & Nickerson, 2019). Nowadays in the current context of
climate change, the utilisation of pulses as “climate-smart crops”
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isolates (Adebowale, Schwarzenbolz, & Henle, 2011). Here it should be
noted that soybean proteins are the most widely used and commercially
available plant proteins; known for their ability to impart various
functionalities such as gelation, emulsification and water-binding in
food systems (Day, 2013; Nishinari, Fang, Guo, & Phillips, 2014; Thrane,
Paulsen, Orcutt, & Krieger, 2017). This oilseed can therefore be
considered as a benchmark for comparison to new plant protein sources.
Another relevant functionality of BGN proteins is their gelling behav
iour, which was mostly investigated in terms of establishing the protein
concentration above which a solid-like material is formed, without any
further characterisation of the gels (Adebowale et al., 2011).
There are various techniques used for the fractionation of proteinenriched pulse flours or protein concentrates and isolates (Boye et al.,
2010). The extraction of protein concentrates and isolates is usually
associated with wet fractionation techniques which are the most widely
used industrially, whereas fractionation of pulse flours is carried out
with a combination of milling and air classification processes. Protein
concentrates and isolates are characterised by higher concentrations
(50–90%) compared to protein-enriched flours (30–50%) (Schutyser,
Pelgrom, van der Goot, & Boom, 2015; Stone et al., 2019). Furthermore,
differences are also observed in functionality—proteins obtained from
wet fractionation have been subjected to harsh conditions which leads to
a partial loss of native functionality. In comparison, the functionality of
dry fractionated protein-enriched flours is largely determined by the
extent of detachment of protein bodies from other non-protein cell
components, which is determined by the milling process (Pelgrom,
Vissers, Boom, & Schutyser, 2013). Various milling techniques are used
for processing of seeds into flour; in our study both rotor and impact
milling were investigated. In rotor milling, particle size reduction is
achieved through both the impact of the material against the rotor teeth
and shearing between the sieve and spinning rotor teeth; whereas in
impact milling this is achieved through collisions between the material
particles and the mill wall (Pelgrom et al., 2013; Pollard et al., 2008).
When taking into consideration the sustainability aspect of plant protein
production, dry fractionation techniques are favoured as they are less
resource- and energy-intensive (Schutyser et al., 2015).
Research to date on BGN proteins is largely focussed on the char
acterisation of the wet extracted concentrates and isolates, whereas
research on the protein-enriched dry fractions is still lacking. In our
previous paper we have explored the gelation functionality of vicilin as
the major storage protein present in BGN seeds. The purity of this pro
tein fraction was considered to be high (91% protein content) and gel
formation was evident at low protein concentrations, with the resulting
gels characterised as weak link fractal type structures (Diedericks, de
Koning, Jideani, Venema, & van der Linden, 2019). Similarly in this
paper, the aim was to determine the physicochemical properties of the
less purified wet-extracted BGN protein isolates and to compare their
gelation functionality to that of the high purity vicilin fraction. Through
this approach, we were able to establish the role of vicilin in the struc
ture–function behaviour of BGN protein isolates. In addition, we have
also investigated the suitability of dry fractionation techniques to obtain
BGN protein-enriched fractions. This is the first attempt, as per our
knowledge, to obtain protein-enriched BGN fractions via dry fraction
ation, including an evaluation on the structural and rheological prop
erties of these fractions.

2.2. Extraction of Bambara groundnut protein isolates and solutions
preparation
Protein isolates were extracted from the defatted flour through the
commonly utilised isoelectric precipitation method (Boye et al., 2010).
Briefly, defatted flour (approximately 150 g per extraction batch) was
dispersed in deionised water (1:10 w/v), adjusted to pH 9.5 with 1 M
NaOH and stirred for 2 h at 4 ◦ C. After stirring the dispersion was
centrifuged at 4 ◦ C (4000g, 30 min) with an Avanti J-26 XP centrifuge
(Beckman Coulter, USA). The supernatant containing the solubilised
proteins, sugars and soluble non-starch polysaccharides were adjusted to
pH 41 with 1 M HCl for isoelectric precipitation, stirred for 2 h at 4 ◦ C
followed by centrifugation. The residue obtained after centrifugation
was dispersed in deionised water (1:5 w/v), adjusted to pH 7 with 1 M
NaOH and stirred overnight at 4 ◦ C; after which it was freeze-dried and
designated as the BGN protein isolate (BGN-PI). The total yield is
expressed as the dry weight of BGN-PI per weight defatted flour,
whereas the protein yield is expressed as the total protein weight frac
tion in the final freeze-dried product.
All BGN-PI solutions were prepared in deionised water at varying
concentrations at pH 7 (adjusted with 1 M NaOH or HCl), with and
without 200 mM NaCl. Dispersions were stirred overnight and stored at
4 ◦ C in the presence of 0.02% (w/w) NaN3 to prevent microbial spoilage.
For protein solutions at varying pH, BGN-PI was prepared in McIlvaine
buffer at the desired pH to a final protein concentration of 9.2% (w/w).
2.3. Preparation of Bambara groundnut dry fractionated material
BGN protein- and starch-enriched fractions were obtained through
dry fractionation by either impact milling or rotor milling. Dehulled
seeds were pre-milled into grits with a pin mill (Condux-Werk LV 15 M,
Wolfgang bei Hanau, Germany) before milling a batch quantity of
approximately 150 g with the impact mill (ZPS50 Hosokawa-Alpine,
Ausburg, Germany) at 8000 rpm. The impact mill is fitted with a
rotating classifier wheel, through which finer particles are passed and
coarser particles retained for further milling. The classifier wheel speed
was set at 3000 rpm, the screw feeder rate at 5 rpm and the airflow at 52
m3/h. The impact milled (IM) flour was further air classified (ATP50
Hosokawa-Alpine, Ausburg, Germany) at a classifier wheel speed of
6000 rpm whilst the screw feeder rate and airflow were kept at the same
settings. Through air classification, a protein-rich fine fraction and a
starch-rich coarse fraction were obtained (Pelgrom, Boom, & Schutyser,
2015a).
BGN black-eye seeds were also dehulled and coarse-milled before
rotor milling (Fritsch GmbH Pulverisette 14, Idar-Oberstein, Germany)
with a 0.5 mm mesh sieve ring at 18000 rpm. The resultant rotor milled
(RM) flour was defatted and subjected to air jet sieving (E200 LS
Hosokawa-Alpine, Ausburg, Germany) with a sieve mesh size of 20 µm
at 3000 Pa for 3 min, to obtain a protein-rich fine fraction and a starchrich coarse fraction as comparison to the IM flour fractions. The milling
yield was expressed as the dry weight of the milled flour per weight of
BGN grits, whereas the yield of the fine and coarse fractions were
expressed per weight of the starting flour material.
2.4. Compositional analysis of Bambara groundnut protein isolates and
dry fractionated flours

2. Materials and methods

BGN dry-fractionated flour fractions were evaluated for protein,
starch and moisture content whilst fat, ash and carbohydrate content
were additionally determined for BGN-PIs. The Dumas nitrogen com
bustion method (FlashEA 1112 series, Thermo Scientific, The
Netherlands) was used for determination of the protein content

2.1. Materials
Bambara groundnut black-eye variety seeds were purchased from
Thusano Products (Louis Trichardt, Limpopo, South Africa). The seeds
were screened for defects, dehulled and milled into flour (particle size
D0.5 = 20.7 ± 0.1 µm), followed by defatting with n-Hexane as previ
ously described (Diedericks et al., 2019) which reduced the fat content
from 7.5% to 0.5% (w/w). All chemicals used were of analytical grade.

1
At pH 4 the maximum amount of proteins were precipitated, as verified by
the dry weight of the pellet.
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(nitrogen-to-protein conversion factor 5.7; N × 6.25 was calculated to
allow comparison to literature reported values). The Soxhlet extraction
method with petroleum ether as extraction solvent was used to deter
mine the fat content. Protein and fat determination were carried out in
at least triplicate measurements. The moisture and ash contents were
determined in duplicate through gravimetric analysis, by oven drying at
105 ◦ C overnight and igniting at 525 ◦ C for 6 h, respectively. Carbo
hydrate content was calculated by difference and total starch content
was analysed with the Megazyme Total Starch/α-Amylase Assay Kit
(Megazyme International Ltd., Bray, Ireland).

(0.2 µm filter), followed by injection of 200 μl onto the columns. Three
detectors were used, i.e. static light scattering (DAWN HELEOS II, Wyatt
Technologies, USA) measured at 665 nm and 15 angles (32–144◦ ) for
characterisation of molecular weight distribution, UV absorption (1260
series, MWD, Agilent Technologies) for detection of proteins and poly
phenols at 280 nm, and refractive index (RI) detection (ERC-7510, Erma
Optical Works) at a fixed temperature of 35 ◦ C for characterisation of
sample concentration. Bovine serum albumin (Mw 67 kDa) was used as
reference material for normalization, alignment and band broadening.
ASTRA 6 software (Wyatt Technologies) was used for all data collection
and processing.

2.5. Particle size distribution and microstructure of Bambara groundnut
dry fractionated flours

2.7. Isoelectric point (pI) determination of Bambara groundnut protein
isolates

The particle size distributions of BGN flour fractions were analysed
with a laser diffraction particle size analyser fitted with an Aero S dry
dispersion unit (Mastersizer 3000, Malvern Instruments Ltd., UK). A
pressure of 200 kPa was applied and all measurements performed in
triplicate. Furthermore, all fractions were imaged with a desktop SEM
(Phenom G2 Pure, Phenom-World BV, The Netherlands) for evaluation
of their microstructure. The samples were attached on aluminium pin
stubs with carbon adhesives (SPI Supplies/Structure Probe Inc., USA)
and the stubs subsequently placed on sample holders for analysis. An
acceleration voltage of 5 kV was applied.

The electrophoretic mobility of BGN-PI solutions (0.1% w/v, no
added salt) was measured in duplicate with three readings per mea
surement using the ZS Zetasizer Nano (Malvern Instruments Ltd., UK),
from this the zeta (ζ-) potential and the pI was determined. Samples (1
ml) were injected into the capillary cell and measured at room tem
perature in a pH range of 3.5–7.5.
2.8. Thermal stability analysis of BGN protein isolates and dry
fractionated flours
The thermal properties of BGN-PI (12% w/v dry matter, varying pH
3.5–7.5) and BGN fractionated flour (12% w/v dry matter) were
measured with a differential scanning calorimeter (PerkinElmer STA
6000, USA), by weighing 60 mg of each sample suspension in stainless
steel pans which were hermetically sealed before analysis. Samples were
heated from 10 to 120 ◦ C and subsequently cooled to 10 ◦ C at a rate of
10 ◦ C/min. From the thermograms, the onset temperature (T0), peak
temperature (Tp—indicating starch gelatinisation or protein denatur
ation) and enthalpy of transitions (ΔH) were analysed using the manu
facturer software (Pyris, PerkinElmer, USA).

2.6. Molecular weight determination of Bambara groundnut protein
isolates and dry fractionated flours
2.6.1. Polyacrylamide gel electrophoresis (PAGE)
Native-PAGE and (reducing) SDS-PAGE were performed as previ
ously described (Diedericks et al., 2019) to determine the electropho
retic profile of BGN proteins in their native state and to obtain
information on the protein subunits, respectively. Briefly, BGN-PI solu
tion (0.04% w/v, pH 7, no added salt) and BGN flour fractions (0.1% w/
v) were mixed with the NativePAGETM sample buffer 4× (Invitrogen,
USA). This technique is based on Blue Native Polyacrylamide Gel Elec
trophoresis (BN PAGE) that uses Coomassie G-250 as a charge-shift
molecule. The proteins were resolved on a 4–16% Bis-Tris gel in a mo
lecular weight range of 15–1000 kDa, at a constant voltage of 200 V. The
NativeMarkTM unstained protein standard (Invitrogen, California, USA)
with a molecular weight range of ~20–1200 kDa was used as molecular
weight markers.
Similarly, SDS-PAGE analysis was performed under reducing condi
tions by mixing BGN-PI solution (0.04% w/v, pH 7, no added salt) and
BGN flour fractions (0.1% w/v) with the NuPAGE® LDS sample buffer
(Invitrogen, USA) and NuPAGE® reducing agent. Heat was applied to
the sample mixture (70 ◦ C, 10 min) before the proteins were resolved on
a 4–12% Bis-Tris gel in the molecular weight range 2–200 kDa. Sepa
ration was performed at a constant voltage of 200 V and the Mark12TM
unstained standard used as molecular weight markers. Both NativePAGE and SDS-PAGE gels were stained with a Coomassie® G-250
stain, followed by destaining after which they were scanned with a
calibrated densitometer (Bio-Rad GS-900TM, USA).

2.9. Gelation functionality of BGN protein isolates and dry fractionated
flours
2.9.1. Minimum gelling concentration
The test tube inversion method was used as previously described to
experimentally determine the minimum gelling concentration of BGN-PI
(pH 7, with and without 200 mM NaCl addition) and BGN proteinenriched fractions. Samples were prepared in 3 ml tubes at various
concentrations by heating in a water bath at 95 ◦ C for 30 min, before
cooling to room temperature for 1 h and overnight at 4 ◦ C. After cooling,
the tubes were inverted to determine the lowest concentration where the
sample does not flow (O’Kane, Happe, Vereijken, Gruppen, & van
Boekel, 2004).
2.9.2. Small deformation rheology
BGN-PI solutions at various concentrations (pH 7, with 200 mM NaCl
and without added salt) and varying pH conditions (pH 3.5–7.5, 9.2%
w/w protein concentration), and BGN protein-enriched fractions pre
pared at 12% (w/v) dry matter suspensions were subjected to oscillatory
shear measurements using either a MCR502 or MCR302 controlled stress
rheometer (Anton Paar, Austria) fitted with a sandblasted concentric
cylinder (CC17) geometry, at a strain of 1% and a frequency of 1 Hz. The
storage (G’) and loss (G”) moduli were recorded within the linear
viscoelastic regime as a function of temperature—samples were initially
heated from 20 to 95 ◦ C, kept at 95 ◦ C for 30 min before they were
cooled to 20 ◦ C (3 ◦ C/min) and monitored at this temperature for 25
min.

2.6.2. High performance size-exclusion chromatography coupled with
multi-angle light scattering (HPSEC-MALLS)
HPSEC-MALLS analysis was performed as previously described
(Diedericks et al., 2019). Briefly, the HPSEC system consisted of an inline vacuum degasser (1200 series degasser, Agilent Technologies,
USA), pump (1200 series binary pump, Agilent Technologies) and four
TSK gel analytical columns—PWXL guard, G6000 PWXL, G4000 PWXL
and G3000 PWXL (Tosoh Bioscience LLC, USA)—connected in series at a
fixed temperature of 35 ◦ C. The filtered (0.2 µm filter and in-line over a
0.25 µm filter) mobile phase consisting of 100 mM NaNO3 and 0.02%
NaN3 were eluted over the columns at a flow rate of 0.5 ml/min. BGN-PI
solutions (0.5% w/w) were centrifuged and the supernatants filtered

2.9.3. Theoretical models describing gelation of BGN protein isolates
Two models (percolation and fractal) were applied as previously
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described for BGN vicilin gels (Diedericks et al., 2019), to characterise
the gelation and rheological behaviour of BGN protein isolates (pH 7,
with 200 mM NaCl and without added salt). In the percolation model G’
scales with protein concentration according to:
(
)t
G’ ̃ c − cp
(1)

non-protein component with other minor components of fat (0.3%),
moisture (2.2%) and ash (4.5%). These values are comparable to those
previously reported for isoelectric precipitated BGN proteins (Kaptso
et al., 2015; Kudre, Benjakul, & Kishimura, 2013), although in our
samples a lower amount of fat was detected as a result of the defatted
flour. The BGN-PI constitutes a mixture of proteins as previously iden
tified (Diedericks et al., 2019), which highlights that it is considerably
different in comparison to the vicilin fraction. The dry weight yield and
the protein yield of BGN-PI were 15.5 g and 11.6 g, respectively, per 100
g defatted flour.
BGN pre-milled seeds were subjected to two types of milling before
preparation of protein-enriched fractions through dry fractionation. The
composition of the resultant flour fractions are shown in Table 1.
Although having a significantly higher protein content, the milling yield
of impact milled flour (28.9%) was much lower compared to that of the
rotor milled flour (77.4%). The impact mill is a pilot scale mill which in
itself is not ideal for processing of smaller batches, as particles are
known to accumulate on the mill’s inner walls (Pelgrom, Berghout, van
der Goot, Boom, & Schutyser, 2014). In comparison, the rotor mill is
considered suitable for small scale grinding under cryogenic conditions
(Meghwal & Goswami, 2014). Furthermore, protein-enriched fractions
with protein contents of 28.6% for the air classified impact milled flour
and 32.6% for the rotor milled air jet sieved flour were obtained. The
protein content of the impact milled protein-enriched fine fraction are
lower compared to that reported for yellow pea (42.9 g/100 g dry
matter) and lupine (46.2–53.7 g/100 g dry matter), which could be
attributed to the different classifier wheel speeds and the larger batch
sizes used for processing (Pelgrom et al., 2014, 2015a). The protein
content of the rotor milled protein-enriched fractions were however
comparable to that reported for quinoa varieties (32–32.7 g/100 g dry
matter), obtained at higher sieve mesh sizes during rotor milling and air
jet sieving (Opazo-Navarrete, Tagle Freire, Boom, Janssen, & Schutyser,
2018). Both impact milled and rotor milled protein-enriched (fine)
fractions were characterised with a significantly lower starch content in
comparison to the starch-enriched (coarse) fractions, which indicates
that separation of these fractions can be achieved through air classifi
cation and air jet sieving. BGN flour is thus suitable for dry fractionation
through the techniques employed.

where the ~ symbol indicates “proportional to”, c is the protein con
centration in the system, cp is the critical percolation threshold con
centration and t the scaling exponent.
In the fractal model, G′ is given by:
G’ ∼ cw

(2)

where the scaling exponent w is related to the fractal dimension (Df) of
the gel network (implicitly cp is assumed to be zero). In our study Df was
determined through rheological parameters in relation to the scaling
exponents by using the models of Shih, Shih, Kim, Liu, and Aksay (1990)
and Wu and Morbidelli (2001).
2.10. Microstructure of BGN protein isolate gels
2.10.1. Confocal laser scanning microscopy (CLSM)
BGN-PI gels were prepared for microstructural analysis by noncovalent labelling of various BGN-PI solutions (pH 7, 200 mM NaCl)
with the fluorescent dye Rhodamine B (0.005% w/w final concentra
tion). The solutions were heated for 30 min at 95 ◦ C in sealed glass
chambers (Gene Frame 125 µl adhesives, Thermo Fisher Scientific, UK)
before cooling for 1 h at room temperature and overnight at 4 ◦ C. Im
aging was done with a Zeiss LSM 510 META confocal microscope
equipped with an Axiovert 200 M inverted microscope (40× 1.3 oil
immersion objectives). Rhodamine B was excited at 543 nm (He-Ne
laser).
2.10.2. Scanning electron microscopy (SEM)
BGN-PI gels were prepared for SEM analysis in 10 ml pre-lubricated
syringes through heat-induced gelation at 95 ◦ C for 30 min. Gels were
evaluated at three concentrations (6.0%, 8.7% and 11.9% w/w) at pH 7
and in the presence of 200 mM NaCl. Imaging was performed as
described by Urbonaite et al. (2016). Briefly, proteins were crosslinked
by submerging the cut gel pieces in an aqueous glutaraldehyde solution
(2.5% v/v) for 8 h. After removal of the glutaraldehyde with deionised
water and subsequently with ethanol, the gel pieces were subjected to
critical point drying (Leica Automated Critical Point Dryer EM CPD300,
Leica, Austria), fractured and attached to sample holders with Carbon
Adhesive (Electron Microscopy Sciences, USA). Before analysis in a field
emission SEM (Magellan 400, FEI, The Netherlands), the solvent was
evaporated and a 15 nm thick layer of Tungsten (MED 020, Leica,
Austria) sputter coated onto the samples. The SEM was operated at a
working distance of 4 mm with 2 kV and 13 pA SE detection.

3.2. Particle size distribution and microstructure of BGN dry fractionated
flours
The particle size distributions of BGN dry fractionated flours are
shown in Fig. 1. The rotor milled flour had a wider size distribution and
higher volume-averaged particle diameter (D0.5 41.0 µm) compared to
the impact milled flour (D0.5 27.4 µm). The literature reported volumeaveraged particle diameter of various impact milled legume flours, ob
tained at a similar classifier wheel speed (2900 rpm) as used in our
study, ranged from 12.4 to 17.1 µm (Pelgrom, Boom, & Schutyser,

2.11. Statistical analysis

Table 1
Composition and milling yield of Bambara groundnut fractions obtained
through dry fractionation.a

Analysis of variance (ANOVA) was performed on the data of the dry
fractionated samples, obtained from at least duplicate measurements.
Duncan’s multiple range test was used to determine significant differ
ences (p ≤ 0.05) among the means (IBM SPSS Statistics 25, Chicago,
USA).

Protein (N × 5.7)b

Moisture

Starch

Yield (dw)

29.2 ± 0.8a
37.5 ± 3.3b
31.0 ± 0.1a
39.0 ± 0.2b
5.0 ± 0.7c
9.1 ± 0.6c

28.9
77.4
3.6
80.5
9.4
16.2

(g/100 g)
IM flour
RM flour
IM coarse
RM coarse
IM fine
RM fine

3. Results and discussion
3.1. Compositional analysis and yield

a

21.7 ± 0.2
17.7 ± 0.0
17.7 ± 0.5
15.4 ± 0.1
28.6 ± 0.2
32.6 ± 0.2

(23.8)a
(19.4)b
(19.4)b
(16.9)c
(31.4)d
(35.7)e

2.5
2.5
2.5
2.0
2.0
1.5

± 0.5a
± 0.5a
± 0.5a
± 0.0a
± 0.0a
± 0.5a

Protein, moisture and starch content presented as means ± standard de
viations; means within a column followed by the same superscript letter are not
significantly different (p > 0.05). IM: impact milled, RM: rotor milled, dw: dry
weight.
b
N × 6.25 indicated between brackets.

The isoelectric precipitated protein isolates had a protein content of
76.4 ± 1.3 g/100 g (N × 5.7) or 83.8 ± 1.4 g/100 g (N × 6.25). Similar to
what was found for the major BGN storage protein vicilin, BGN-PI car
bohydrates (9.3–16.6%, calculated by difference) constituted the largest
4
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Fig. 1. Particle size distribution of Bambara groundnut impact milled (IM) and rotor milled (RM) flour, and their corresponding dry fractionated fine (protein-rich)
and coarse (starch-rich) fractions.

2015b). The differences in particle size were attributed to seed hardness,
with harder seeds characterised with a higher D0.5. The higher D0.5
obtained for the BGN impact milled flour could thus be attributed to the
hardness (hard-to-cook and hard-to-mill phenomena) associated with
BGN seeds (Mubaiwa, Fogliano, Chidewe, & Linnemann, 2017). After air
classification of the impact milled flour, the shift in particle size distri
bution curves of the protein-enriched fine fraction (D0.5 24.4 µm) and
the starch-enriched coarse fraction (D0.5 222.3 µm) could be clearly
distinguished. Similarly, after air jet sieving of the rotor milled flour, the
protein-enriched fine fraction had a smaller volume-averaged particle
diameter (D0.5 17.9 µm) compared to the starch-enriched coarse fraction
(D0.5 45.5 µm). Both dry fractionation techniques are thus suitable for
obtaining BGN flour rich in protein, with the rotor milling and air jet
sieving combination giving a higher separation under the applied con
ditions. In addition, the SEM micrographs as shown in Fig. 2, confirms
the partial separation of the protein-rich cell fragments from the intact
smooth and oval-shaped starch granules after air classification and air
jet sieving. This is in agreement to the compositional and particle size
distribution data, which have shown that separation of the fine proteinenriched and the coarse starch-enriched fractions was achieved.
3.3. Molecular weight characterisation of BGN protein isolates and
fractionated flours
3.3.1. Gel electrophoresis
Native-PAGE and SDS-PAGE profiles of BGN-PI and dry fractionated
BGN flour are shown in Fig. 3. The patterns in the Native-PAGE revealed
similar bands for all samples, although lower protein concentrations in
the flour samples resulted in lighter bands. The major bands of
approximately 190 kDa and 360 kDa were identified in all samples. As
previously reported, the band of 190 kDa relates to the trimeric structure
of BGN vicilin, with a known molecular weight of 196 kDa (Diedericks
et al., 2019). The band at 360 kDa is indicative of legumin, an hexameric
globulin storage protein with a reported molecular weight range be
tween 320 and 380 kDa which consists of six subunit pairs linked by
disulphide bonds (Barac et al., 2010; Shewry, Napier, & Tatham, 1995).
Under reducing SDS-PAGE, the low molecular weight proteins pre
sent in BGN-PI (lane 7) are not recovered in the flour fractions, which
could be as a result of the lower protein concentration of these samples.
The major bands in the approximate range of 50–63 kDa corresponds to
the β and α subunits of BGN vicilin, as previously identified (Diedericks
et al., 2019). The lower molecular weight band at 25 kDa could be
attributed to the basic subunit of legumin, whereas the band observed
around 97 kDa is indicative of lipoxygenase as identified by Barac et al.
(2010) for pea protein isolates. The electrophoretic profile of BGN-PI is
similar to that previously reported for isoelectric precipitated proteins
from different BGN varieties (Adebowale et al., 2011).

Fig. 2. Scanning electron micrographs of Bambara groundnut impact milled
(IM) and rotor milled (RM) fine and coarse fractions. Starch granules are
indicated with arrows; scale bars correspond to 200 µm, 80 µm and 20 µm,
respectively.

3.3.2. Size-exclusion chromatography
HPSEC analysis was used to characterise the molecular weight of
BGN protein isolates. The protein isolates were characterised with a
wide molecular weight distribution indicative of a heterogeneous pro
tein population, as determined from combined MALLS and RI signals
(Fig. 4). BGN-PIs obtained from different extraction batches had mostly
similar peaks which reveals the reproducibility of the extraction process.
The major peak, previously identified as the BGN vicilin fraction (Mw
196 kDa) (Diedericks et al., 2019), was present as the largest peak in
both BGN-PIs. The molecular weights were calculated as 205 kDa and
274 kDa respectively, with the higher Mw of the latter batch caused by
the presence of some larger oligomers as seen from the concave shape of
5
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Fig. 3. (Left) Native-PAGE and (Right) reducing SDS-PAGE patterns in lane 1—Impact milled [IM] flour, lane 2—rotor milled [RM] flour, lane 3—RM fine fraction,
lane 4—RM coarse fraction, lane 5—IM fine fraction, lane 6—IM coarse fraction and lane 7—BGN protein isolate (pH 7).

Fig. 4. Molar mass profiles (solid lines above/across peaks) as obtained from MALLS (continuous solid lines) and RI (dashed lines) responses of Bambara groundnut
protein isolates, from two different extraction batches as indicated by the black and grey lines.

the Mw slope (Pothecary, Ball, & Clarke, 2012) and confirmed by the
higher radius of gyration (Rg = 35 nm). In this BGN-PI batch, a higher
degree of aggregate formation was evident as also seen from the peak
eluting earlier at the void volume, which gave a large light scattering
signal with almost no RI and UV responses.
3.4. Isoelectric point (pI) determination of BGN protein isolates
The isoelectric point of BGN-PI was determined around pH 4.3 where
the ζ-potential was neutral, as shown in Fig. 5. This is in the typical pI
range for legume proteins (~pH 4–5), which is advantageously used to
precipitate proteins and hence the term isoelectric precipitation (Boye
et al., 2010). At increasing pH from 3.5 to 7.5, the electrophoretic
mobility changed from positive to negative, with absolute measurement
values comparable to those previously reported for BGN isoelectric
precipitated proteins (Busu & Amonsou, 2018). Considering the
compositional differences and the nature of the measurement, the pI of
BGN-PI was as expected different compared to that of the vicilin fraction
as previously reported (Diedericks et al., 2019).

Fig. 5. Electrophoretic mobility of BGN protein isolates as a function of pH.

3.5. Thermal properties of BGN protein isolates and dry fractionated flour
The thermal transition parameters of BGN-PI obtained from differ
ential scanning calorimetry are shown in Fig. 6. The onset and peak
denaturation temperatures of BGN-PI increased sharply up to pH 4.5
6
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3.6. Gelling properties of BGN protein isolates and dry fractionated flour
The viscoelasticity of BGN-PI gels was probed by dynamic oscillatory
measurements at various protein concentrations (with and without the
addition of 200 mM NaCl). Gel formation as indicated by the G’/G”
cross-over point was observed during isothermal heating at 95 ◦ C for all
BGN-PI concentrations in the absence of salt, except for the 6.9% (w/w)
solution where G” remained higher than G’ indicating predominant
viscous (liquid-state) behaviour. The cross-over point was independent
of ionic strength. However, upon salt addition gel formation occurred at
lower concentrations (5.2% w/w), presumably as a result of decreased
electrostatic repulsion which allows attractive interactions to dominate
(Ikeda, Foegeding, & Hagiwara, 1999), and overall higher gel strengths
were observed. This observation is also seen in the minimum gelling
concentrations (see insets Fig. 8), which were found at 8.6% (w/w) and
5.5% (w/w) for BGN-PI without salt and BGN-PI in the presence of 200
mM NaCl, respectively. Furthermore, the shift to higher G’ values for the
BGN-PI gels with 200 mM NaCl and at similar protein concentrations as
the samples to which no salt was added (Fig. 7), indicates a higher
gelation efficiency of BGN-PIs in the presence of salt. The gelation
behaviour of BGN-PI (pH 7, 200 mM NaCl) is also similar to that of BGN
vicilin under the same conditions (Diedericks et al., 2019), which im
plies that the vicilin fraction controls the gelation of the isoelectric
precipitated protein isolates. The linear viscoelastic region was mostly
independent of protein concentration with a limiting strain (γ0) around
50% for BGN-PI gels without salt, whereas in the presence of 200 mM
NaCl the γ0 decreased to around 20% (Fig. 8). The strain sweeps are
comparable to that found for BGN vicilin gels in three distinct concen
tration regimes (Diedericks et al., 2019).
In addition, the viscoelasticity of BGN-PI gels (9.2% w/w) was
determined as a function of pH (Fig. 9). Gel formation was evident at all
pH values, with the G’/G” cross-over point observed during the first 15
min of the initial heating step (20–95 ◦ C) for BGN-PIs in the pH range
3.5–6, whereas at higher pH (7 and 7.5) the sol–gel transition was
observed after 32 min during isothermal heating (95 ◦ C). The delayed
sol–gel transition at pH 7 and 7.5 is as a result of the higher thermal
stability of BGN-PI at this pH, as discussed in Section 3.5. Furthermore,
gels in the acidic pH range were characterised with higher elasticity
compared to those at neutral/alkaline pH. The more acidic gels (pH
3.5–5) were also characterised with a lower limiting strain (γ0 ~ 5%)
compared to gels at pH 6 (γ0 ~ 30%) and pH 7 and 7.5 (γ0 ~ 60%).
The minimum gelling concentration of BGN protein-enriched fine
fractions as obtained from impact milled and rotor milled flour, were
determined at 12% (w/v) dry weight and 11% (w/v) dry weight,
respectively. Taking into consideration the protein content of these
fractions, self-supporting gels were visually observed at minimum pro
tein concentrations (N × 5.7) of 3.4% for the impact milled protein-

Fig. 6. Thermal properties of BGN-PI solutions (9.2% w/w) as a function of pH.
T0: onset temperature; Tp: denaturation temperature; ΔH: enthalpy.

(close to the pI) before reaching a maximum at pH 5 (Tp 93.3 ◦ C), fol
lowed by a gradual decrease to a plateau at neutral pH (Tp 91.1 ◦ C). The
enthalpy of denaturation showed an opposite trend, with a plateau at
acidic pH up to pH 5 (ΔH 0.48 J/g) before sharply increasing to pH 6 and
reaching a maximum at pH 7 (ΔH 0.91 J/g). The thermal stability of
(plant) proteins is known to be affected by changes in pH. Arntfield and
Murray (1981) observed the same effect of pH on fababean proteins and
attributed the lower Tp and ΔH at acidic pH to the increased positive
charges which weakens the protein structure (due to unfolding); whilst
maximum values were recorded around the pI at net neutral charge. The
highest thermal stability for canola protein isolates was determined at
pH 7, which was attributed to an increase in covalent and non-covalent
interactions (Kim, Varankovich, & Nickerson, 2016). The Tp of BGN-PI
at pH 7 is similar to that previously reported for BGN vicilin (Tp
92 ◦ C), which highlights the presence of vicilin as the major protein
fraction in BGN-PI (Diedericks et al., 2019).
The BGN protein-enriched fine fractions were characterised with
higher Tp and lower ΔH values compared to the flour and starchenriched coarse fractions (Table 2). Compared to the peak denatur
ation temperature and enthalpy of BGN-PI at neutral pH, the proteinenriched fractions were characterised with lower values. This is as ex
pected for heterogeneous systems, where thermal transitions are influ
enced by exothermic and endothermic contributions from both protein
and starch components (Henshaw, McWatters, Akingbala, & Chinnan,
2003). The impact and rotor milled BGN flour and coarse fractions were
characterised with a Tp in a similar range as previously reported for
starches (Tp 73.1–81.7 ◦ C) from different BGN varieties (Kaptso et al.,
2015; Oyeyinka, Singh, & Amonsou, 2017). Compared to impact milled
pea flour and their fine fraction, where two distinct peaks attributed to
starch gelatinisation (Tp 66.3–70.3 ◦ C) and protein denaturation (Tp
88.2–89.2 ◦ C) were observed (Pelgrom et al., 2015a), only one distinct
peak could be measured for all BGN flour and fractions.

Table 2
Thermal properties of dry fractionated Bambara groundnut flours.a
T0 (◦ C)
IM flour
RM flour
IM coarse
RM coarse
IM fine
RM fine

73.8
69.9
74.6
71.8
82.4
72.0

± 0.2a
± 0.5b
± 0.1a
± 0.3c
± 0.2d
± 0.1c

Tp (◦ C)
79.2 ±
76.5 ±
79.5 ±
77.5 ±
86.2 ±
80.8 ±

ΔH (J/g)
0.0a
0.1a
0.1a
0.0a
0.3b
4.4ab

0.63
0.63
0.57
0.71
0.17
0.34

± 0.19a
± 0.06a
± 0.02a
± 0.15a
± 0.02a
± 0.26a

a
Values are means ± standard deviations; means within a column followed by
the same superscript letter are not significantly different (p > 0.05). T0: onset
temperature, Tp: peak temperature, ΔH: enthalpy, IM: impact milled, RM: rotor
milled.

Fig. 7. Elastic moduli (G′ ) dependence on Bambara groundnut protein con
centration as influenced by salt addition. ○—BGN-PI (without salt), ●—BGN-PI
(200 mM NaCl), ×—BGN vicilin (200 mM NaCl).
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Fig. 10. Minimum gelling concentration determination of (A) impact milled
and (B) rotor milled Bambara groundnut protein-enriched flour fractions.
Increasing dry weight concentrations 8–12% (w/w) from left to right.

respectively. The impact milled flour are thus characterised with a
higher gel strength compared to the rotor milled flour, under the specific
conditions used.
3.7. Applicability of gelation models to BGN protein isolate gels
3.7.1. Percolation approach
The percolation model was applied to determine the dependence of
the elastic moduli (G’) on BGN protein concentrations. Through a multistep fitting procedure as described by Van der Linden and Sagis (2001)
for various protein systems, the critical percolation concentration (cp)
and the scaling exponent (t) as defined from Eq. (1) were determined. As
shown in Table 3, BGN-PI gels with 200 mM NaCl addition were char
acterised with lower cp and t values compared to the gels without added
salt. This t value (t = 2.0) is also lower compared to that found for the
major BGN protein fraction vicilin (t = 4.91), whilst it is comparable to
predictions from the isotropic percolation model (Mitescu & Musolf,
1983). This implies that the elasticity of BGN-PI gels in the presence of
salt can be predicted with the percolation model, which is indicative of a
system with an homogeneous structure. The decrease in cp from 6.5% to
2.9% is comparable to that reported for protein isolates from kidney
bean at pH 2, where a decrease in critical percolation concentrations
were observed at increasing ionic strengths (Zhang et al., 2010). Simi
larly, a decrease in cp was observed for ovalbumin gels in the presence of
salt, which is attributed to the change in electrostatic interactions
favouring protein-protein attraction (Van der Linden & Sagis, 2001).

Fig. 8. Strain sweep of Bambara groundnut protein isolate solutions at pH 7.
(A) without added salt at various concentrations (Ж12.2%, ◆11.5%, □10.7%,
○9.9%, –9.2%, △8.4%, ×7.6%, +6.9%); the inset depicts the minimum gelling
concentration determination with increasing protein concentrations (3.7%,
5.5%, 7.4%, 8.6%, 10%) from left to right. (B) in the presence of 200 mM NaCl
at various concentrations (◆11.9%, □10.5%, ○10.1%, –8.7%, △7.2%, ×5.2%,
+3.6%); minimum gelling concentration determination depicted in the inset
with increasing protein concentrations (2.8%, 3.7%, 5.5%, 7.4%, 8.6%, 10%)
from left to right.

3.7.2. Fractal scaling
The elastic moduli (G’) plotted as a function of protein concentration
revealed a power-law relation as shown in Fig. 11, from which positive
scaling exponents (w) could be extracted as defined from Eq. (2). The
scaling exponents were used to determine the fractal dimensions (Df)
from the Shih et al. (1990) and Wu and Morbidelli (2001) models, whilst
additional parameters (β—constant which ranges between 1 and 3 + x
depending on value of α; α—elastic constant used a measure to validate
the actual gel regime) were also calculated from the latter model as
shown in Table 3. In addition, a negative critical strain (γ0) exponent

Fig. 9. Effect of pH on the elasticity (G’) of heat-induced Bambara groundnut
protein isolate gels (9.2% w/w protein concentration). Different symbols indi
cate BGN-PIs at different pH: ×3.5, +4.0, □4.5, △5.0, –6.0, ◆7.0, ○7.5.

Table 3
Scaling parameters of BGN protein isolate gels at pH 7 as obtained with the
percolation and fractal scaling models.

enriched fraction and 3.6% for the rotor milled fraction as shown in
Fig. 10. These fractions were further probed with dynamic oscillatory
measurements at their observed minimum gelling concentrations. In
both protein-enriched fractions, no clear sol-gel transition was observed
as G’ remained higher than G” throughout the measurements. The
average final G’ values for the impact milled and rotor milled proteinenriched fractions were 292.5 ± 103.5 Pa and 80.5 ± 32.6 Pa

NaCl (mM)
0
200

Percolation parameters

Fractal scaling parameters

cp

t

w

Dfa

β

α

6.50
3.70

2.72
2.00

8.43
4.43

2.49
2.77

0.94
1.05

1.02
0.98

a
Fractal dimensions as determined with the Shih et al. (1990) and Wu and
Morbidelli (2001) models.
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vicilin gels were observed in a range of length scales from 3 µm down to
0.3 µm, which was attributed to inhomogeneous aggregate structures.
This apparent inhomogeneity thus highlights the inconsistencies of the
percolation approach, where homogeneous structures were implied
from the scaling exponent.
4. Conclusions
Protein isolates were extracted from Bambara groundnut black-eye
seeds through isoelectric precipitation. Molecular weight analysis
revealed that vicilin was the major fraction present in BGN-PI, which
was also supported by the denaturation temperature of the protein iso
lates at pH 7 coinciding with that of BGN vicilin. Furthermore, the role
of BGN vicilin as the major protein fraction in the protein isolate mixture
was also identified in their gelling behaviour. Upon 200 mM NaCl
addition, a clear shift in G’ patterns was observed for BGN-PI gels which
was consistent with that of BGN vicilin gels at the same salt concen
tration. In terms of characterisation of the gel networks, two scaling
models (isotropic percolation and fractal scaling) were applied which
appeared to both be applicable in describing the gel network structures.
However, the microstructural images revealed inhomogeneous struc
tures which highlighted the inconsistencies of the percolation model. As
such, caution should be applied when using these scaling models in
drawing conclusions on the processes governing the gelation of BGN-PIs.
Furthermore, we were also able to successfully apply dry fractionation
techniques to obtain protein-enriched BGN fractions. Two milling
techniques, i.e. impact milling with air classification and rotor milling
with air jet sieving were evaluated, with the latter providing a fraction
with higher yield and protein content under the conditions applied. In
terms of functionality, gel formation was evident at low protein con
centrations for both impact milled and rotor milled fractions (3.4% and
3.6%, respectively), with the impact milled fraction characterised with a
higher gel strength (G’) as measured at the minimum gel concentration.

Fig. 11. Scaling behaviour of storage modulus G′ as a function of BGN-PI
concentration. ○—BGN-PI (without salt), ●—BGN-PI (200 mM NaCl).

(− 0.37) was found for BGN-PI gels without salt addition, whilst a pos
itive slope (0.72) was found for gels in the presence of 200 mM NaCl.
According to the Shih et al. (1990) model, this is indicative of a stronglink and a weak-link regime, respectively. Taking into consideration the
α parameter, which is close to 1, a weak-link regime is confirmed (Wu &
Morbidelli, 2001) for both BGN-PI gel systems. These gels are thus
characterised as rigid aggregate structures, which are in agreement to
the findings for BGN vicilin gel systems (Diedericks et al., 2019).
Considering the apparent applicability of both the percolation and
fractal scaling models to BGN-PI gels, it can be concluded that pre
dictions from these two models do not provide a clear picture in terms of
the critical gelling concentration (cp) and fractal dimensions of these
systems. Here the microstructural images as discussed in the following
Section 3.8, were valuable as an additional technique in identifying
which model was better suited for characterisation of the gel structures.
3.8. Microstructure of BGN protein isolate gels

CRediT authorship contribution statement

CLSM and SEM (Fig. 12) were used to probe the microstructure of
BGN protein isolate gels at 200 mM NaCl concentration, as a means of
comparison to the microstructures of BGN vicilin gels as previously re
ported (Diedericks et al., 2019). From the CLSM images (length scale 50
µm), some inhomogeneities are visible at higher protein concentrations,
which was not observed in the case of BGN vicilin gels. In the corre
sponding SEM images, comparable structures as were found for the BGN
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Fig. 12. Microstructure of BGN protein isolate gels at various protein concentrations (pH 7, 200 mM NaCl) on different length scales as imaged with CLSM (first
column) and SEM (last three columns). For the CLSM images the inserted scale bar corresponds to 50 µm, whilst for the SEM images the scale bars correspond to 3 µm,
0.5 µm and 0.3 µm, respectively.
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