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Abstract The physicochemical and emulsifying properties of
legume protein isolates prepared from chickpea (CPI), faba
bean (FPI), lentil (LPI) and soy (SPI) were investigated in the
presence and absence of genipin. Solubility was highest for
CPI (~94 %), followed by LPI (~90 %), FPI (~85 %) and SPI
(~50 %). Surface characteristics revealed similar zeta poten-
tials (~−47 mV) for CPI, LPI and FPI, but lower for SPI (~−
44 mV). Contrastingly, surface hydrophobicity was greatest
for CPI (~137 arbitrary units, AU), followed by SPI/LPI
(~70 AU) and FPI (~24 AU). A significant (from 16.73 to
~8.42 mN/m) reduction in interfacial tension was observed in
canola oil–water mixtures in the presence of non-crosslinked
legume protein isolates. The extent of legume protein isolate-
genipin crosslinking was found to be similar for all isolates.
Overall, creaming stability increased in the presence of
genipin, with maximum stability observed for SPI (65 %),
followed by FPI (61 %), LPI (56 %) and finally CPI (50 %).

Keywords Legume . Protein . Emulsion . Genipin .

Crosslinking

Introduction

Food emulsions maybe oil-in-water or water-in-oil sys-
tems, whereby one phase is dispersed as micron-sized
droplets within the other (Friberg and Larsson 1997;
Damodaran 2005; McClements 2007). Emulsions can be
stabilized through the addition of low molecular weight
emulsifiers or high molecular weight proteins, which act to

inhibit separation into a more thermodynamically stable
state (McClements 2007). Emulsifiers are comprised of
both hydrophobic and hydrophilic moieties that become
integrated into the oil–water interface to lower the interfa-
cial tension (Bos and van Vliet 2001). The effectiveness of
protein-based emulsifiers is dependent on properties of the
protein (e.g., source, size, solubility, concentration, con-
formation and surface characteristics) (Schwenke 2001;
McClements 2007); emulsification conditions (e.g., level
and duration of shear, oil/water ratio, and type of homog-
enizer) and solvent effects (e.g., temperature, pH and the
presence of salts) (McClements 2004; Can Karaca et al.
2011). Proteins are ideal materials for improving emulsion
stability due to their amphiphilic nature (i.e., having both
hydrophilic and hydrophobic moieties), enabling them to
align at, or unfold at the oil–water interface to lower
interfacial tension and form a cohesive viscoelastic
coating/film around the droplets (Tcholakova et al. 2006).
Electrostatic repulsive forces and steric interactions be-
tween neighboring droplets, and increases in continuous
phase viscosity in the presence of proteins, all play a role in
stabilizing oil-in-water emulsions (Lam and Nickerson
2013). Since emulsions are thermodynamically unstable,
breakdown over time will occur based on several
established mechanisms including: creaming, flocculation,
coalescence and Ostwald ripening (Damodaran 2005;
McClements 2007).

The use of plant proteins as emulsifiers has been
underutilized by the food industry due to insufficient phys-
icochemical information relating to their structure, and to
their functionality in food matrices (McClements 2004).
While soy is the current market standard for vegetable
proteins, several legume proteins are becoming of interest
as ingredients due to their nutritional value, renewability,
availability, low cost and functionality. Can Karaca et al.
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(2011) investigated the emulsifying properties of chickpea,
faba bean, lentil and pea protein isolates prepared by iso-
electric precipitation and salt extraction, to find both the
legume source and production method to influence their
performance. Emulsion capacities for the various protein
solutions at pH 7.0 ranged between 476 and 542 g oil/g
protein, with the lentil proteins giving the highest mea-
sured values. The authors also reported emulsions formed
using isoelectric-precipitated chickpea and lentil protein
isolates produced the smallest droplets with relatively high
surface charge leading to comparable creaming behavior
and emulsification activity/stability indices as soy. The
emulsifying properties of other legume proteins have also
been explored, including pea (Ducel et al. 2004), lupin
(Jayasena et al. 2010), broad bean and pea (Tsoukala
et al. 2006).

The role of cross linking in improving emulsification
has largely been unexplored as it relates to possible food
applications. Tang et al. (2013) investigated the use of
transglutaminase to set a soy protein stabilized emulsion
to form a gel for increased stability. Herrero et al. (2011)
also saw improved emulsion stability with the addition of
transglutaminase to soy protein isolates. However the
choice of fixatives for use in the food industry is quite
restricted. Genipin is a novel naturally derived crosslinking
agent obtained from the Gardenia fruit via enzymatic hy-
drolysis from its parent compound, geniposide, by β-
glucosidase (Butler et al. 2003; Nickerson et al. 2006b).
Historically, Gardenia fruits have been used in traditional
Chinese medicine for their anti-inflammatory, diuretic and
haemostatic properties (Butler et al. 2003). Although
genipin has not received food-safe status in North America
it is currently approved for use in food products in Japan,
Korea and Taiwan (Nickerson et al. 2006c). Genipin forms
inter- and intra-molecular covalent bonds with primary
amine groups (e.g., lysine) so as to modify protein struc-
ture (Butler et al. 2003). Genipin has been extensively used
to crosslink a variety of proteins including but not limited
to: gelatin, bovine serum albumin (BSA), whey and
gelatin-carrageenan mixtures (Butler et al. 2003; Annan
et al. 2008; Huang et al. 2009; Devi and Maji 2010).

To the best of our knowledge, limited published infor-
mation is available on the crosslinking potential of
genipin as a means to improve protein-stabilized emul-
sions, and further on its affinity to various legume pro-
teins (e.g., derived from chickpea, faba bean, lentil and
soy). Hence, the overall goals of this research were to
characterize the physicochemical properties of the afore-
mentioned legume protein isolates, investigate their
crosslinking ability with genipin, and determine the po-
tential of genipin induced legume protein crosslinking as
a means for improving the stability of protein-stabilized
emulsions.

Materials and methods

Raw material

Chickpea (CDC Frontier), faba bean (SSNS) and green lentil
(CDC Grandora) seeds used in this project were donated by
the Crop Development Centre (Saskatoon, SK). Commercial-
ly defatted soy flour (Cargill: Prolia 200/70) was purchased
from Cargill Limited (Winnipeg, MB). Genipin powder (98 %
by HPLC) was purchased from Challenge Bioproducts Co.,
Ltd (Yun-Lin Hsien, Taiwan R.O.C.), whereas canola oil was
purchased from Loblaw Companies Ltd. (Brampton, ON,
Canada). All chemicals used in this study were purchased
from VWR International (Mississauga, ON, Canada). All
water used in this research, labeled as MQW, was produced
from a Millipore Milli-Q™ water purification system
(Millipore Corporation, Milford, MA, USA).

Legume isolate production and proximate analysis

Legume seeds were initially ground employing a bowl grinder
(CuisinartMini-Prep Plus), followed by a fine grind (IKAA11
basic. IKAWorks Inc., Wilmington, NC) to give flour. In the
case of soy, commercially available defatted flour was used as
the starting material. Legume flours from seed were defatted
in hexane (L’Hocine et al. 2006) and then concentrated utiliz-
ing a modified isoelectric precipitation procedure (Mondor
et al. 2009; Boye et al. 2010; Papalamprou et al. 2010). In
brief, the defatted legume flour was dispersed in MQWat a 1
to 10 (w:v; flour:MQW) ratio, followed by pH adjustment to
9.0 with 1.0 M NaOH so as to facilitate protein dissolution.
The resulting mixutre was stirred at 1,000 rpm (Ikamag Ret-G,
IKA Labortechnik, Germany) for 1 h, and then centrifuged at
5,000×g for 20 min at 4 °C (Sorvall RC6+; Thermo Fisher
Scientific, Waltham, MA, USA). The supernatant was collect-
ed for later use, and the process was repeated with a 1 to 5
(w:v) pellet:MQW ratio. Supernatants from both extractions
were pooled and adjusted to pH 4.6 with 1.0 M HCl so as to
facilitate protein precipitation. The precipitate was collected
following centrifugation (5,000×g, 20 min, 4 °C); washed
with 25 mL of MQW, frozen (−30 °C), and then freeze dried
(Labconco FreeZone, Kansas City, MO) to yield a free
flowing powder. Protein isolates were stored at 4 °C in sealed
tubes for later use. The crude ash, lipid, moisture and protein
(%N × 6.25 for chickpea, faba bean and lentil (Makri et al.
2006; Lee et al. 2007; Papalamprou et al. 2010); ×5.70 for soy
(Kolakowski 2001) contents for each isolate were determined
according to the Association of Official Analytical Chemists
(AOAC 2003) methods: 923.03, 920.85, 925.10, and 920.87,
respectively. The carbohydrate content was determined on the
basis of percent differential from 100 %. All proximate anal-
ysis results were performed in triplicate for each protein
isolate preparation.
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Amino acid composition

The amino acid composition of each protein isolate was
determined employing AOAC Official Methods 985.2 and
988.15 (Landry and Delhaye 1993; White et al. 1986;
AOAC 2003). This work was conducted by POS Bio-
Sciences Corp. (Saskatoon, SK). Briefly, to individual
20×150 mm screw cap Pyrex tubes was added 20 mg of
legume protein isolate. To each tube was added 15.00 mL
of 6 N HCl for total amino acids, or 10 M NaOH for
tryptophan, followed by sample flushing with N2. Tubes
were then capped and placed into an oven at 110 °C±
0.5 °C for 20 h. Following acid digestion, the individual
amino acids were quantified using high pressure liquid
chromatography employing the pico-tag amino acid anal-
ysis system (Waters Corporation, Milford, MA). Sample
amino acid concentration was normalized for each isolate
based on its crude protein content.

Physicochemical properties

All protein isolates were prepared in MQWand were adjusted
to pH 7.0 using 0.1 M NaOH and/or 0.1 M HCl (Accumet pH
meter, Fisher Scientific, Waltham, MA, USA) followed by
mechanical stirring at 1,000 rpm for 2 h at room temperature
(22–23 °C) prior to testing, except where noted. All experi-
ments were conducted with adjusted (based on the crude
protein results for each isolate) protein concentrations on a
weight basis. All results are reported as the mean±one stan-
dard deviation (n=3).

Protein solubility

Protein solubility was determined using the following
modified (Morr et al. 1985) micro-Kjeldahl analysis pro-
tocol. To a protein content weight of 0.20 g for each
protein isolate was added 18.00 g of MQW and the
resulting suspension was adjusted to pH 7.0 with 0.1 N
HCl and/or 0.1 N NaOH. Sample pH was monitored and
maintained throughout a 1 h stirring (1,000 rpm) period at
room temperature (22–23 °C). The total weight of the
sample solution was brought to 20.00 g with MQW to give
a final protein concentration of 1.00 % (w/w). The sample
solution was then allowed to remain static for 10 min
before being transferred to a 50 mL tube and centrifuged
for 10 min at 7,200 rpm (Morr et al. 1985). A 5.00 g
aliquot of the supernatant was taken for micro-Kjeldahl
analysis (Labconco Micro Digester and Labconco Rapid
Distillation Apparatus; Labconco Co., Kansas City, MO,
USA). Protein solubility was determined by dividing the
nitrogen content of the supernatant by the total nitrogen in
the sample (×100 %).

Zeta potential

Overall surface charge of each protein isolate was determined
by measuring electrophoretic mobility (UE) of prepared pro-
tein solutions at pH 7.0 using a Zetasizer Nano-ZS90
(Malvern Instruments, Westborough, MA, USA). The zeta
potential (ζ) was determined from UE values employing the
Henry equation:

UE ¼ 2εζ f καð Þð Þ
.
3η ð1Þ

where: ε is the permittivity, f(κα) is a function related to the
ratio of particle radius (α) and the Debye length (κ), and η is
the dispersion viscosity. For this work, the Smoluchowski
approximation f(κα) of 1.5 was used. Protein solutions
(0.05 %,w/v) were prepared for each legume isolate. A 1 mL
syringe was used to inject an aliquot of the sample into the
zetasizer sample cell. A refractive index (RI) of 1.450 was
used for each protein sample, and water was used as the
dispersant with a viscosity of 0.8872 cP; the RI was 1.330
and the dielectric constant was 78.5. An equilibrium time of
120 s was used for each analysis followed by 10–100 mea-
surements until an acceptable standard deviation was reached,
typically 10 measurements were required.

Surface hydrophobicity

Surface hydrophobicity for each legume isolate was deter-
mined using the fluorescent probe, 8-anil ino-1-
naphthalenesulfonic acid (ANS) (Kato and Nakai 1980) with
modifications developed by Wang et al. (2005). Protein solu-
tions (0.10 %, w/v) were prepared by dispersing the powder in
10 mM sodium phosphate buffer (pH 7.0) for 2 h using a
magnetic stirrer (1,000 rpm). Each solution was subsequently
diluted to obtain protein concentrations of 0.02 %, 0.04 %,
0.06 %, 0.08 % and 0.10 % (w/v). To 4 mL of each protein
solution (0.02 %–0.10 %; w/v) was added 20 μL of 8 mM
ANS solution (in 10 mM sodium phosphate buffer at pH 7.0)
and the resulting solution was vortexed (Baxter Diagnostics
Inc., Deerfield, IL, USA) at setting 10 for 10 s. Samples were
then placed in the dark for 15 min. Fluorescent intensity (FI)
was measured using a FluoroMax-4 Spectrofluorometer
(HoribaJobin Yvon, Kyoto, Japan) with an excitation wave-
length and slit width of 390 nm and 1 nm, respectively and an
emission wavelength and slit width of 470 nm and 1 nm,
respectively. FI measurements were also obtained for an
ANS blank and protein blanks (without ANS) at each con-
centration. The FI values of these controls were both
subtracted from the FI values of the ANS-protein samples.
The initial slope of the plot of FI against % protein
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concentration was calculated by linear regression analysis and
used as an index of average sample surface hydrophobicity.

Interfacial tension

The interfacial tensions between prepared protein isolate so-
lutions (0.10 %; w/w) and canola oil was determined accord-
ing to the Du Noüy ring method using a semi-automatic
tensiometer (Lauda TD2, GmbH & Co., Lauda-Königshofen,
Germany). This value was then compared to the interfacial
tension between MQW and canola oil (without protein iso-
lates). In this procedure, 40 mL of a prepared protein isolate
solution was stirred overnight (16–18 h) at room temperature.
To this solution was added 30 mL of canola oil and the
interfacial tension between the two discontinuous phases
was determined. Interfacial tension was calculated from the
maximum force (Fmax) exerted on the ring as it was pulled
through the interface using the following equation:

γ ¼ Fmax

.
4πRβð Þ ð2Þ

where, γ is the interfacial tension, R is the radius of the ring
(9.55 mm), and β is a correction factor that is dependent on
the dimensions of the ring and the density difference of the
liquids used (in these experiments β=0.1 g/cm3).

Protein crosslinking with genipin

Individual legume protein isolate solutions at a concentration
of 0.10 % (w/w) were prepared in MQW. After stirring,
genipin powder was added to each solution set to achieve
final concentrations of: 2.5, 5.0, 7.5, and 10.0 mM. The
resulting solutions were stirred (1,000 rpm) for 1 h at room
temperature and then allowed to crosslink statically for 24 h.
An aliquot of each solution was removed and sample absor-
bance at 288 nm was measured using a UV/Vis Spectropho-
tometer (Optizen 2120UV. Mecasys Co. Ltd, Korea.). Blanks
consisting of each legume protein isolate solution (0.10%w/v)
without added genipin were run in conjunction with all sample
sets. The initial slope of the plot of absorbance at 288 nm
versus genipin concentration was calculated by linear regres-
sion analysis and was used as an index of the average genipin
induced crosslinking of the legume protein isolates.

Creaming stability

Legume protein isolate solutions were prepared with
(10.0 mM) and without genipin to determine the impact of
crosslinking on creaming stability. Oil in water emulsions
(10.0 mL) were prepared by homogenizing 5.0 mL of pre-
pared protein solution (0.50 % w/w) with 5.0 mL of canola oil

at 13,000 rpm for 5 min using a homogenizer (Polytron® MR
PT 2100, Kinematica Inc. Bohemia, NY, USA). Immediately
after preparation, emulsions were transferred to a 10 mL
sealed graduated glass cylinder and subsequent sample sepa-
ration into an opaque cream layer (top) and a turbid aqueous
layer (bottom) after 24 h of static treatment at room tempera-
ture was determined. Percent creaming stability (CS) was
calculated using the following equation:

CS %ð Þ ¼ VB–VAð Þ
.
VB

� �
� 100 ð3Þ

where, VB is the volume of the aqueous protein solution
(5.0 mL) before emulsification and VA is the volume of the
turbid aqueous layer that has ‘fallen out’ of the emulsion after
24 h.

Statistical analysis

All sample data are reported as the mean±one standard devi-
ation. A one way analysis of variance (ANOVA) with a
Scheffe post-hoc test was used to determine statistical differ-
ences between the various protein-types, as it related to pro-
tein levels within the isolate (proximate analysis) and physi-
cochemical properties (solubility, surface charge, surface hy-
drophobicity and interfacial tension). For creaming stability, a
two-way analysis of variance was performed to test the effect
of protein-type and genipin. A Pearson comparison and a
general linear model with backwise stepwise regression were
used to determine the relationship between the physicochem-
ical properties of legume protein isolates (without genipin)
and creaming stability. All statistical analyses were performed
using Systat 10.0 software (Systat Software, Inc. Chicago, IL).

Results and discussion

Composition of legume protein isolates

Protein isolates were prepared from raw chickpeas, faba beans
and lentils as well as defatted soy flour using isoelectric
precipitation. Proximate compositions of the resulting isolates
are shown in Table 1. Protein content (on a wet weight basis
(w.b.)) was determined to be ~85.8 %, ~86.3 %, ~83.8 % and
~90.9 % for CPI, FPI, LPI and SPI, respectively, however
differences between isolates were not significant (p>0.05). As
there is no universal scheme for classifying legume protein
products, all materials were deemed to be an ‘isolate’ rather
than a concentrate in the present study. In the case of soy,
Pearson (1983) developed criteria requiring a minimum pro-
tein content of 85 % on a dry weight basis (6.25 nitrogen
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conversion factor) to be classified as an isolate. When protein
levels were converted from a wet to dry basis in the present
study, the legume protein levels were ~87.6 %, ~89.8 %,
~91.6 %, and ~97.1 % (dry weight basis) for CPI, FPI, LPI
and SPI, respectively. The isoelectric precipitation method for
protein extraction typically involves first hydrating defatted
flour at alkali pH (9.0) to solubilize the proteins, followed by
centrifugation to remove insoluble matter (e.g., fibre, carbo-
hydrates), followed by pH adjustment to near the legume
protein’s isoelectric point (pI) to induce precipitation. At the
pI (~4.5–5.0), legume proteins assume a net neutral charge
and tend to aggregate and fall out of solution. Isoelectric
precipitation typically yields mainly globulin proteins
(Papalamprou et al. 2010), whereas other extraction methods,
such as salt extraction, yield isolates comprised of a mixture of
globulins and albumins (Liu et al. 2008). Protein levels in the
present study were comparable to others found in literature.
For example, Can Karaca et al. (2011) using similar legumes
and a similar extraction method reported protein levels of
~85.4 %, ~84.1 %, ~81.9 %, and ~87.6 % for CPI, FPI, LPI
and SPI respectively. In addition, protein levels on a dry
weight basis of ~90.2 % and ~78.0 % have been reported for
LPI (Joshi et al. 2012) and CPI (Sánchez-Vioque et al. 1999)
respectively, when prepared using similar isoelectric precipi-
tation extraction procedures.

Proximate analysis revealed very low lipid levels
(≤0.83 %) within the isolates due to the defatting procedure.
These low lipid levels are not expected to hinder the disper-
sion of isolates in solution (MQW) during physicochemical
testing. Removal of lipids prior to the extraction process helps
reduce protein-lipid interactions from occurring, which would
inhibit dissolution of proteins and therefore limit isolation
(Leyva-Lopez et al. 1995). Moisture levels for isolates were
found to be ~2.4 %, ~3.9 %, ~6.4 % and ~8.5 % for CPI, FPI,
SPI and LPI, respectively, reflecting either the efficiency of
the freeze drying process or the relative strength of protein-
water interactions (Table 1). Ash contents of ~2.2 %, ~3.8 %,
~3.9 % and ~4.4 % (w.b.) for SPI, LPI, FPI and CPI respec-
tively and carbohydrate levels of ~0.5 %, ~3.1 %, ~6.0 %, and
~6.9% (w.b.), by differentiation from 100%, for SPI, LPI, FPI
and CPI respectively were determined for these materials
(Table 1). Select proximate analysis literature values for le-
gume protein isolates produced by similar isoelectric precip-
itation procedure are: ~78.0 %, ~3.3 %, 3.5 %, ~2.9 % and

~11.8 % for protein, moisture, lipid, ash and carbohydrate (by
difference), respectively on a dry weight basis for CPI
(Sánchez-Vioque et al. 1999); ~90 %, ~4.0 %, ~0.0 %,
~6.0 % and ~4.2 % for protein (%N × 6.25), moisture, crude
fat, ash and carbohydrate, respectively for a winged bean
protein isolate; and ~97.0 %, ~4.7 %, ~0.0 %, ~3.4 % and
~0.0 %, for protein, moisture, crude fat, ash and carbohydrate,
respectively for an industrially produced SPI.

Amino acid profiles for each protein isolate (normalized to
100 % based on the protein content of each sample) are given
in Table 2. Lysine content is of particular importance because
of its reactivity with the genipin, the natural crosslinking agent
used in this study (Butler et al. 2003; Nickerson et al. 2006a, b;
Maji and Hussain 2009). Lysine contents for the CPI, FPI, LPI
and SPI products were found to be ~6.3 %, ~6.0 %, ~6.8 %
and ~5.7 % respectively. Similar lysine contents should cor-
respond to similar crosslinking potential with genipin, how-
ever, within a MQW in oil emulsion setting, lysine residue

Table 1 Proximate composition
of chickpea (CPI), faba bean
(FPI), lentil (LPI) and soy (SPI)
protein isolates. Carbohydrate
levels were determined based on
the percent difference from
100 %. Data represents the mean
±one standard deviation (n=3)

Sample Protein

(%, w.b.)

Moisture

(%)

Lipid

(%, w.b.)

Ash

(%, w.b.)

Carbohydrate
(%, w.b.)

CPI 85.76±0.26 2.39±0.00 0.83±0.04 4.41±3.64 6.89

FPI 86.30±1.26 3.85±0.05 0.00±0.00 3.89±1.35 5.96

LPI 83.81±1.32 8.48±0.05 0.77±0.01 3.83±1.27 3.11

SPI 90.86±5.20 6.41±0.01 0.00±0.08 2.19±0.07 0.54

Table 2 Normalized amino acid profiles (%) of chickpea (CPI), faba
bean (FPI), lentil (LPI) and soy (SPI) protein isolates

Amino acid CPI FPI LPI SPI

Phenylalanine 6.40 4.42 5.70 5.02

Isoleucine 4.28 4.38 4.82 4.20

Tryptophan 0.83 0.91 0.83 1.29

Leucine 7.76 7.82 8.19 7.11

Valine 4.22 4.64 4.96 3.93

Methionine 1.50 0.80 0.95 1.31

Tyrosine 2.99 3.88 3.79 3.54

Cysteine 1.17 0.96 0.77 1.31

Alanine 3.85 3.99 4.03 3.23

Threonine 3.34 3.81 3.77 3.57

Histidine 3.04 3.09 2.90 2.95

Glycine 3.63 4.12 3.84 3.76

Serine 6.88 6.77 6.97 6.46

Arginine 9.51 9.72 8.76 7.81

Lysine 6.31 5.95 6.75 5.68

(Glutamic acid + Glutamine) 16.68 17.59 16.45 20.82

Proline 4.27 4.52 4.24 4.98

(Aspartic acid + Aspargine) 13.34 12.63 12.28 13.02

100 100 100 100
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exposure to genipin (within the aqueous phase) may be altered
as proteins unfold and re-orientate at the oil–water interface
(McClements 2004; Damodaran 2005). Lysine levels are
comparable to those reported for protein isolates in literature.
For example, Vioque et al. (2012) reported a ~7.0 % lysine
level for a FPI prepared by isoelectric precipitation, and
Okezie and Bello (1988) reported that an industrially pro-
duced SPI had a lysine content of 6.1 %. In addition, Iqbal
et al. (2006) report lysine contents (adjusted on the basis of
protein content) for four legumes with values of: ~7.2 %
(chickpea), ~7.5 % (cowpea), ~7.0 % (lentil) and ~8.1 %
(green pea).

Physicochemical properties of legume protein isolates

Surface characteristics

The surface charge or zeta potential values for CPI, FPI, LPI
and SPI products at pH 7.0 are shown in Fig. 1. An analysis of
variance showed that all isolates were statistically similar
(p>0.05), at −47.7, −46.4, −47.2 and −44.3 mV for CPI,
FPI, LPI and SPI, respectively. Proteins carry a net negative
charge at pH 7.0, as all are above their isoelectric point (where
zeta potential is 0 mV). The net negative charge at pH 7.0
arises primarily from the negatively charged R groups found
on the aspartate (pKR=3.65) and glutamate (pKR=4.25) ami-
no acids spatially located on the protein surface (Nelson and
Cox 2005). Can Karaca et al. (2011) and Tang and Sun (2011)
reported the isoelectric point of legume globulin proteins to be
approximately at pH 4.5. Surface charge values from this
study were similar to those reported in literature. For example,
Joshi et al. (2012) reported the surface charge of LPI at pH 7.0
to be −43.3 mV compared to values of~−55 mV for WPI and
BSA. In addition, Tang and Sun (2011) reported zeta potential

values at pH 7.0 of~−40 mV for legume vicilin proteins
isolated from kidney, red and mung beans. Having a high
protein surface charge is important during the formation of
emulsions, as it promotes protein solubility (caused by elec-
trostatic repulsion between negatively charged proteins), pro-
motes greater hydration of proteins in solution (or protein-
water interactions) and migration to the oil–water interface
(Schwenke 2001; McClements 2004; Damodaran 2005).
High surface charges also play a role in maintaining emulsion
stability, as they induce an electric charge (dependant on pH)
to the viscoelastic film surrounding the discontinuous drop-
lets. A charged emulsion droplet surface repels others, with a
similar charge, to inhibit coalescence and flocculation (mech-
anisms for instability) (McClements 2004; Damodaran 2005).

Fluorescence spectroscopy can be employed as a sensitive
tool for protein analysis (e.g., structural changes, folding,
aggregation, surface hydrophobicity) based on the intrinsic
protein fluorescence from the amino acid tryptophan (and
tyrosine to a lesser extent), and through the extrinsic fluores-
cence from fluorescent dyes such as ANS. The interactions of
extrinsic fluorescent dyes with proteins leads to changes in
fluorescence after excitation, which is the basis of protein
characterisation by this method (Hawe et al. 2008). ANS has
very low fluorescence in aqueous solutions, but becomes
highly fluorescent when adsorbed onto hydrophobic binding
sites spatially distributed on protein surfaces. Ion pairing
between the negatively charged sulfonate groups of ANS
and positively charged amino acids (histidine, lysine and
arginine) also plays a role in dye adsorption to the protein
surface. When absorption of light excites electrons of the dye
molecule, there are several mechanisms including, but not
limited to: vibrational relaxation, solvent relaxation and fluo-
rescence to return electrons to their ground state. In the case of
fluorescence, emission occurs when electrons fall from the
lowest vibrational state to the ground state (Hawe et al. 2008).
The magnitude of fluorescence can be influenced by solvent
polarity, viscosity and temperature, or processing factors that
impact the proteins conformation and exposure of buried
hydrophobic groups.

The average surface hydrophobicity was determined by the
ANS fluorescent probe binding method for CPI, FPI, LPI and
SPI products at pH 7.0 and is given in Fig. 2. An analysis of
variance indicated that CPI was significantly higher (~137.5
arbitrary units, A.U.) (p<0.05) than the other isolates, follow-
ed by SPI (~72.8 A.U.) and LPI (~70.4 A.U.) which were
similar in magnitude (p<0.05), and then FPI (~24.4 A.U.)
(p<0.05). Surface hydrophobicity values were different from
those reported in literature for these particular legume proteins
(potentially due to the use of different protein concentrations
in generating the slope), but Can Karaca et al. (2011) reported
the same pattern of decreasing hydrophobicity with: CPI >
LPI = SPI > FPI. However, Tang and Sun (2011) report a
similar surface hydrophobicity magnitude, as determined in

Fig. 1 Zeta potential (mV) of chickpea (CPI), faba bean (FPI), lentil
(LPI) and soy (SPI) protein isolates at pH 7.0. Data represent the mean±
one standard deviation (n=3). Data with same letters signifies no statis-
tical differences (p>0.05)
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this study, for vicilin isolates produced from kidney, red and
mung beans of between ~149 and ~259 AU. The low hydro-
phobicity of FPI found in the present study relative to the other
legume proteins examined is thought to reflect both protein
conformation in solution and their aggregation behavior,
resulting in less of the hydrophobic moieties being exposed.

A protein with high surface hydrophobicity can readily
align at the oil–water interface, and re-orient itself such that
its hydrophobic moieties position themselves towards the oil
phase and the hydrophilic moieties towards the aqueous phase
(Schwenke 2001; Damodaran 2005). Depending on its amino
acid sequence and the level of folding/unfolding of a protein at
the interface, various loops or tails can develop in which
sections of the protein extend from the surface of the droplet
into the continuous phase creating a steric hindrance which
reduces the likelihood of aggregation, flocculation and coa-
lescence between neighboring droplets. (Schwenke 2001;
McClements 2004; Damodaran 2005). The surface character-
istics of a protein, within an emulsion, are reliant on the extent
of protein interaction with both its dispersive solvent/phase,
and with the interface. Accessible surface area, unfolding and
re-orientation at the interface may explain how protein isolates
with different physicochemical properties may exhibit similar
emulsification properties and vice versa (Schwenke 2001).

Protein solubility

Percent protein solubility at pH 7.0 was determined for all
legume protein isolates (Fig. 3). An analysis of variance
revealed that all isolates displayed significantly different
(p<0.05) solubility values, which were found to be the highest
for CPI (~94 %), followed by LPI (~90 %), FPI (~85 %) and
SPI (~50 %). Similar solubility for legume protein isolates
prepared by isoelectric precipitation has been reported in

literature for CPI (>80 %) by Sánchez-Vioque et al. (1999),
and for CPI, FPI and LPI (all >80 %) by Carbonaro et al.
(1997). Solubility is mediated by the balance of protein-
protein and protein-solvent (aqueous phase) interactions, the
latter promoting solubility, which can further be influenced by
environmental factors (e.g., temperature, pH, ionic strength)
(McClements 2007; Can Karaca et al. 2011) and by process-
ing (e.g., extraction or post-extraction treatments) (Kinsella
1979). High surface charges are important for fostering suffi-
cient electrostatic repulsion between proteins, such that they
can overcome electrostatic and van derWaals attractive forces,
to remain dispersed in solution. In the present study, SPI
displayed the lowest surface charge (~−44 mV) relative to
the other three isolates (Fig. 1), whichmay have contributed to
its reduced solubility. However, solubility of proteins is influ-
enced by other factors, such as salts, conformation, pH, level
of association/disassociation and hydrophobicity (Carbonaro
et al. 1997; McClements 2004; Damodaran 2005). In general,
proteins that have higher surface hydrophobicity tend to be
negatively correlated to solubility (Can Karaca et al. 2011),
however in the present study, CPI showed both the highest
solubility and surface hydrophobicity which reflects the com-
plexity behind fully understanding the structure-function
mechanism related to solubility. This could be a factor not of
the average surface characteristics (e.g., charge vs. hydropho-
bicity), but rather of the apparent surface characteristics,
which are influenced by the frequency and distribution of
charges on the folded protein surface (Schwenke 2001; Tang
and Sun 2011).

Interfacial properties

During emulsion formation, proteins migrate to the oil–water
interface and re-align to allow positioning of hydrophobic

Fig. 2 Average surface hydrophobicity (arbitrary units, A.U.) of chick-
pea (CPI), faba bean (FPI), lentil (LPI) and soy (SPI) protein isolates at
pH 7.0. Data represent the mean±one standard deviation (n=3). Data
with same letters signifies no statistical differences (p>0.05)

Fig. 3 Protein solubility (%) of chickpea (CPI), faba bean (FPI), lentil
(LPI) and soy (SPI) protein isolates at pH 7.0. Data represent the mean±
one standard deviation (n=3). Data with same letters signifies no statis-
tical differences (p>0.05)
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groups towards the oil phase and hydrophilic groups towards
the aqueous phase, followed by the formation of a viscoelastic
film that resists flocculation or coalescence through electro-
static repulsive forces (depending on the pH) and steric stabi-
lization (Schwenke 2001; McClements 2004; Damodaran
2005; Joshi et al. 2012). The ability of a protein to align at
the interface can be described by its ability to reduce interfa-
cial tension between oil and water phases. Interfacial tension
is a measurement of the force (i.e. energy) required to move a
probe (e.g., du Nöuy ring) through an interface (Can Karaca
et al. 2011). Its ability to reduce this tension will enable
smaller emulsion droplets to form, to give a more stable
emulsion (Damodaran 2005). In the present study, interfacial
tension was measured through aMQW-canola oil interface for
CPI, FPI, LPI and SPI products at pH 7.0, and is shown in
Fig. 4. Each of the four legume protein isolates, when added to
the aqueous phase, were shown to reduce the interfacial ten-
sion of a MQW-canola oil interface from 16.73 mN/m to
values ranging from 8.23 to 8.62 mN/m (Fig. 4), however
no difference in interfacial reduction was found regardless of
protein type (p>0.05). Values were similar to those reported in
the literature for a protein induced reduction of interfacial
tension between water and oil, although materials and/or
methods differed. For example, Joshi et al. (2012) report the
interfacial tension, as measured by the pendant drop method
for an olive oil–water mixture with LPI added at 10 mg/mL to
be ~12 mN/m, reduced from ~22 mN/m without protein. This
was reported to be typical for other non-legume globular
proteins at an oil–water interface and the reduction of ~10
mN/m is comparable to the ~8.3 mN/m reduction caused by
the addition of legume protein isolates in this study. Can
Karaca et al. (2011) also reported a similar magnitude in the
reduction of interfacial tension (~6.1 mN/m) at a flaxseed oil–

water interface with the inclusion of CPI, FPI, LPI and SPI
(0.25 % w/w), when compared to water–oil alone.

Affinity of genipin to the legume protein isolates

Genipin is considered a novel, non-toxic covalent crosslinking
agent extracted fromGardenia fruit (Sung et al. 1999;Mi et al.
2000; Butler et al. 2003; Nickerson et al. 2006b). Researchers
have used genipin to crosslink a variety of materials including,
but not limited to: bovine serum albumin (BSA), chitosan,
gelatin, gelatin-carrageenan mixtures, soy proteins and whey
proteins for purposes including: wound dressings, hydrogels
and micro/nanoparticles and films (Butler et al. 2003; Annan
et al. 2008; Huang et al. 2009; Devi and Maji 2010). To our
knowledge, there has been little work on its affinity to legume
proteins and potential for use in stabilizing emulsions. To
investigate the affinity of genipin to our legume protein iso-
lates absorbance was read at 288 nm, using a spectrophotom-
eter as a function of genipin concentration. A linear increase
(R2 range of 0.870–0.967) was found as genipin concentra-
tions increased from 2.5 to 10 mMwhen in the presence of the
proteins (Fig. 5). As such, the slopes were taken as an index of
legume protein isolate-genipin crosslinking affinity. Slopes
for CPI, FPI, LPI and SPI-genipin reactions were determined
to be similar at 0.0369, 0.0377, 0.0305 and 0.0378, respectively.
The differences observed in the spectroscopic results for the four
legume protein isolates may be explained by differences in the
spatial arrangement and surface exposure of lysine groups, as
well as protein flexibility. Spectrophotometric results have been
used previously to measure polymer crosslinking with genipin.
For example, Butler et al. (2003) found that an absorbance peak
developed at 605 nm in a glucosamine-genipin mixture, which
increased in intensity as a function of reaction time. The authors

Fig. 4 Interfacial tension (mN/m) of chickpea (CPI), faba bean (FPI),
lentil (LPI) and soy (SPI) protein isolates at pH 7.0 for a MQW-canola oil
interface. Data represent the mean±one standard deviation (n=3). Data
with similar letters signifies no statistical differences (p>0.05)

Fig. 5 Absorbance at 288 nm of mixtures of chickpea (CPI), faba bean
(FPI), lentil (LPI) and soy (SPI) protein isolates, as well as a genipin
(GP)-MQW blank, as a function of genipin concentration at pH 7.0. Data
represent the mean±one standard deviation (n=3)
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also reported the development of peaks at 240 and 280 nm in
chitosan:genipin mixtures, which they related to polymer
crosslinking.

The proposed mechanism for protein-genipin crosslinking
involves the following two reactions: (1) a nucleophilic sub-
stitution to the dihydropyran ring of genipin followed by a
Schiff’s base reaction; and (2) a separate Schiff’s base reaction
with the ester group of the genipin molecule. For both reac-
tions, a primary amine group from the protein is required for
crosslinking with genipin (Butler et al. 2003). The first reac-
tion is initiated by nucleophilic attack at C3 of genipin by a
primary amine group on the protein that results in
dihydropyran ring opening and formation of an aldehyde
group and secondary amine. The ring then closes as the
secondary amine reacts with the aldehyde group, to form a
heterocyclic ring bound to a protein molecule (Butler et al.
2003). The second reaction is a SN2 nucleophilic attack at the
ester group on the genipin molecule by a primary amine on the
protein so as to produce an amide linkage. The evidence for
these two reaction mechanisms was based on 13C nuclear
magnetic resonance (NMR), infrared spectroscopy (IR) and
rheological data collected during genipin crosslinking exper-
iments with chitosan, BSA, gelatin and glucosamine (Butler
et al. 2003).

Creaming stability

The creaming stability of MQW–canola oil emulsions, stabi-
lized with CPI, LPI, FPI and SPI were investigated over a 24 h
period with and without genipin at pH 7.0, and are given in
Fig. 6. A two-way analysis of variance revealed that overall
only the main effects of protein-type and genipin (p<0.001)
were significant, whereas their interaction was not (p>0.05).
Overall, protein stabilized emulsions prepared with genipin
showed increased stability (57.7 %) relative to those without
(51.08 %). Emulsion stability was also found to be signifi-
cantly higher for soy (~61.3 %), followed by FPI (~55.0 %)
and LPI (~54.0 %), and then CPI (~47.3 %) (Fig. 6). When
relating the physicochemical results to creaming stability
(without genipin) using the Pearson correlation, it was found
that only solubility was (negatively) correlated (r=−0.795,
p<0.01). A backward stepwise regression model, which was
able to explain 63.2 % of data variability, found a similar
conclusion where only solubility was a significant factor
(F=17.142, p<0.01):

CS ¼ −0:229� solubility½ � þ 69:326: ð4Þ

Overall, only solubility was found to be significantly
(p<0.01) correlated with creaming stability. Unexplained var-
iance may be due to protein source. Reduced solubility asso-
ciated with the SPI may reflect the formation of a more

cohesive viscoelastic film at the interface, and a more viscous
continuous phase, which will inhibit the rate of creaming. In
contrast, more soluble proteins may remain in the bulk solu-
tion, with less aggregation occurring at the interface. The
effect on continuous phase viscosity will also be less if the
protein remained in solution.

Creaming stability refers to the ability of a protein stabi-
lized emulsion to resist creaming, where oil droplets flocculate
and coalescence, then migrate upwards due to the density
difference from MQW (Damodaran 2005; Liu et al. 2010;
Can Karaca et al. 2011). The ability of an emulsion to resist
creaming is largely dependent on droplet size and density
contrast between phases (McClements 2007). In the present
study, it was hypothesized that legume proteins acted to sta-
bilize the emulsions by first migrating to, and then re-aligning
at the canola oil-MQW interface to form a viscoelastic film
during emulsion formation. This film maintains droplet size
by resisting flocculation and coalescence through electrostatic
repulsive forces (negative zeta potential) and steric hindrance,
and in the presence of genipin, was presumed to become
stronger and more resistance to punctures, etc. (Damodaran
2005; McClements 2007).

Conclusions

Overall, legume protein isolates were able to act as emulsifiers
due to their amphiphilic nature (i.e., having both hydrophobic
and hydrophilic moieties) to stabilize MQW-canola oil emul-
sions, which was enhanced in the presence of genipin, and had

Fig. 6 Creaming stability (%) of chickpea (CPI), faba bean (FPI), lentil
(LPI) and soy (SPI) protein-stabilized canola oil-MQW emulsions at
pH 7.0, with and without 10 mM genipin (GP) after 24 h. Data represent
the mean±one standard deviation (n=3). Data with same letters signifies
no statistical differences (p>0.05) for legume proteins for only the main
effect of protein type. The effect of genipin was also significant, however
was not denoted by letters in the figure, whereas the interaction term was
deemed not to be significant
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similar affinity to all of the legume proteins tested. However, a
full understanding of the impact of the protein’s physicochem-
ical properties on emulsion stability was difficult, reflecting
the complexity of the system. To be an effective emulsifier, the
protein needs to have sufficient surface charge to remain
soluble in solution, such that it can migrate to the oil–water
interface, and have enough surface hydrophobicity to align
and re-orient once there (Schwenke 2001; Damodaran 2005).
Based on these criteria, it would have been presumed that CPI
would give the best emulsion stability based on its high
solubility and surface hydrophobicity relative to the other
proteins. However, CPI displayed the lowest stability (under
the experimental conditions used) of the four legume protein
isolates used in this study. In this study, genipin is thought to
covalently crosslink the exposed lysine groups of proteins
positioned at the oil–water interface so as to strengthen the
formed viscoelastic film. In the case of genipin, crosslinking is
not instantaneous and most likely occurs after the emulsions
are protein stabilized. Further, it is hypothesized that genipin
will induce crosslinking with neighboring proteins remaining
in the bulk solution so as to increase the continuous phase
viscosity that leads to enhanced emulsion stability. The latter
is not thought to be substantial since bridging flocculation did
not arise, which would cause emulsion instability relative to
those without genipin. To better understand structure-
function-mechanisms in legume protein stabilized emulsions,
further studies on the role of protein characteristics (e.g.,
conformation, concentration and level of denaturation), sol-
vent effects (e.g., pH, temperature, salts), processing factors
(e.g., homogenization rates and duration), emulsion character-
istics (e.g.., oil–water ratio, droplet size) and genipin-legume
protein crosslinking studies are needed.
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