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A B S T R A C T

This study investigated the properties of films or bioplastics fabricated using a wet processing method from yellow
pea protein isolate (YPI) and protein concentrate (YPC) for potential application in food packaging. The wet
processing method included mixing the protein with water and glycerol followed by casting and drying the films
in a humidity- and temperature-controlled chamber. Whey protein isolate (WPI) and a film from a blend of equal
amounts of YPI and WPI, labelled as YPI þ WPI, were also studied. Fourier transform-infra red analysis revealed
that films from YPI, YPC, WPI and YPI þ WPI were formed by protein polymerisation with the plasticiser,
glycerol, via hydrophobic and hydrophilic interactions. The protein films had contact angles of <90� demon-
strating that they had a hydrophilic surface, with YPC < YPI < YPI þ WPI <WPI. The pattern of ultraviolent light
transmission of the films was WPI > YPC > YPI þ WPI > YPI, whereas the mechanical and thermal resilience of
films formulated from YPI, YPC and the protein blend were comparable to the properties of WPI-based films. The
findings demonstrate that yellow pea proteins can be used as biomaterials to develop protein and protein-blend
films or bioplastics for food packaging and edible applications.
1. Introduction

A common phenomenon in the use of conventional plastics is the
migration of potentially toxic compounds from the plastic matrix into
packaged foods and drugs due to photo-oxidation reactions and exposure
to heat (Hahladakis et al., 2018). The shifting global focus to a bio-
economy and the health consciousness of consumers have heightened
interest in development of sustainable plastics that are safe, edible,
biodegradable, and thermally and mechanically resilient (Lambert and
Wagner, 2017; Han et al., 2018). These biodegradable plastics can be
used in food and drug packaging and can also be functionalized to act as
active and intelligent packaging biomaterials (Han et al., 2018; Roohi
et al., 2018; Mlalila et al., 2018). The commonly used biomaterial in the
study of biodegradable plastics are whey proteins, soy proteins, and
polysaccharides, which are moulded via either wet processing techniques
such as casting or dry processing techniques such as thermomoulding
(Cao et al., 2018; Garrido et al., 2014; Ramos et al., 2013).

Pulses are sustainable legume crops and their edible dry seeds are rich
in proteins and dietary fibres with low fat content. Additionally, pulses
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contain several bioactive compounds such as polyphenols and saponins
(Margier et al., 2018). Pulses present environmental benefits such as ni-
trogen fixation to the soil, minimal requirement for fertilizers, low carbon
and food wastage footprints, water efficiency, and low cost of production
(Chan et al., 2019; Lam et al., 2018; Sun et al., 2018). Canada is the
world's largest supplier of pulses with yellow peas (Pisum sativum) being
one of the major pulse crops (Chan et al., 2019; Abdel-Aal et al., 2019;
Pulse Canada, 2019). The presence of split peas and cracked seed coats in
pea samples reduces their market value. This necessitates the expansion
of utilisation to include the development of novel food and value-added
materials, especially due to the high contents of proteins and bioactive
compounds in pulses. Thus, use of pulse proteins for the formation of
edible films presents a sustainable solution for enhancing pulse utilisation
as well as creating environmentally friendly bio-based packaging.

Yellow pea proteins aremade up of 70–80% globulins, namely legumin
(11S), vicilin (7S), and convicilin, and about 10–20% albumins (Lam et al.,
2018; Barac et al., 2010). The legumins consist of two subunits (α-, β-)
covalently connected by disulphide bonds while the vicilins aremade up of
three subunits (α, β, and γ) connected non-covalently by hydrophobic
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interactions. Convicilin is the least abundant of the pea globulins (Lam
et al., 2018). Notably, vicilin and convicilin are potentially allergenic
proteins to some consumers (Sanchez-Monge et al., 2004). Nonetheless,
allergenic epitopes can be potentially deactivated during heat treatment
while forming the protein films and enzymatic digestion of edible protein
films in the gastrointestinal tract (Bloom et al., 2014; Huby et al., 2000).

Thermal treatment of proteins, in the presence of a plasticiser (e.g.,
glycerol), results in their unfolding, irreversible denaturation and in-
teractions to form complex solid networks of proteins and the plasticiser.
Factors affecting the denaturing transition process and variation in extent
of protein crosslinking include the heating temperature and rate, protein
concentration, protein-solvent coupling, solvent pH, structural arrange-
ment of proteins, and presence of thermally resistant amino acids (Wu
and Inglett, 1974; Law and Leaver, 2000). Considering the increasing
global shift towards sustainable biomaterials, there is a knowledge gap
on the properties and utilisation of pulse proteins in fabricating protein
films for packaging applications. Recent studies have demonstrated that
pea protein isolates are suitable precursors for protein film formation
using dry (Carvajal-Pi~nero et al., 2019; Perez et al., 2016; Perez-Puyana
et al., 2016) or wet processing techniques (Kowalczyk et al., 2014).
Additionally, some studies have investigated the use of protein blends in
the formation of edible and biodegradable plastics (Cao et al., 2007; Song
et al., 2014; Ghanbarzadeh and Oromiehi, 2008). Formation of films
from protein blends has the potential to produce synergistic properties in
the newly formed films. There is also the need to reduce the protein
processing steps used in generating the biomaterials, to promote indus-
trial upscaling and reduce processing cost. To the best of our knowledge,
there has been no studies comprehensively investigating the formation
and properties of yellow pea protein (concentrate and isolate) films and a
formulated protein-blend film under the same processing conditions
using the wet processing method. Therefore, the objective of this study
was to investigate the physicochemical properties of yellow pea proteins,
in concentrate and isolate forms, their use in producing edible and
biodegradable protein-based films for packaging applications compared
to films derived from whey protein isolate.

2. Materials and methods

2.1. Materials

The following reagents were purchased from Sigma-Aldrich: glycerol
(�99.0%), glycine (�99.0%), sodium dodecyl sulphate bioreagent (SDS)
suitable for electrophoresis (�98.5%), β-mercaptoethanol (�99.0%),
hydrochloric acid (37%), sodium phosphate monobasic (�98.0%), so-
dium phosphate dibasic (�98.5%), bromophenol blue, and 8-anilino-1-
naphthalenenesulfonic acid (ANS). Sodium hydroxide (�98%) and Tris
base (�99.8%) were purchased from Fisher Scientific, and Coomassie
Brilliant Blue R-250 staining solution from BioRad Incorporation, Can-
ada. Yellow pea seeds were provided by Pulse Canada (Manitoba, Can-
ada), whereas whey protein isolates (WPI) was purchased from Bulk Barn
(Ottawa, Canada).

2.2. Yellow pea protein concentrate (YPC) extraction

To produce the protein concentrate, yellow pea seeds were pulverised
into a flour, dispersed in deionised water (1:10, w/v) at 25 �C, acidified to
pH 4.5 using 2 M HCl to precipitate the proteins, and stirred for 1 h. The
dispersion was then centrifuged at 18,000 g and 4 �C for 30 min. The su-
pernatant was discarded, and the protein concentrate readjusted from pH
4.5 to pH 7.0. The protein concentrate was then frozen at �80 �C for 24 h
followed by freeze drying to obtain a protein concentrate (YPC) powder.

2.3. Pea protein isolation

For the protein isolate, yellow pea flours were dispersed in 2 M NaOH
(1:10 w/v) at 25 �C for 4 h, followed by centrifugation at 18,000 g and
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4 �C for 30 min. The supernatant was then acidified to pH 4.5 using 2 M
HCl for 4 h to precipitate the proteins, followed by centrifugation at
18,000 g and 4 �C for 30 min. Protein precipitates were neutralised to pH
7.0 using 2 M NaOH. The protein isolate was frozen at �80 �C for 24 h
followed by freeze drying to obtain the yellow pea protein isolate (YPI)
powder.

2.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS–PAGE)

Protein profiles of WPI, YPI, YPI þ WPI and YPC, prepared at
4% (w/v) at pH 8.0, were analysed using SDS-PAGE. A gradient resolving
polyacrylamide gel (6%, 9%, 12%, 15%, and 18%) with 3%w/v stacking
gel was cast by adapting the method of Laemmli (1970). Sample buffer
was prepared by using 20% glycerol, 2% SDS, 0.5% bromophenol blue
(dissolved in 62.5 mM Tris-HCl buffer, pH 6.8, 1 M β-mercaptoethanol).
Protein samples were mixed with the sample buffer at 1:1 (v/v), followed
by heat denaturing at 90 �C for 5 min. The treated samples (20 μL) were
loaded into each well and electrophoresis was conducted at 120 V for 2 h.
A standard molecular weight marker (10 μL) ranging from 10 to 250 kDa
was loaded into a separate well in the gel. SDS-PAGE was conducted with
a BioRad Mini-PROTEAN Tetra Cell electrophoresis unit. Thereafter, gels
were gently washed with Milli-Q water followed by overnight staining in
Coomassie brilliant blue solution. Destaining was done with Milli-Q
water under orbital shaking for about 4 h. Image scanning of gels was
done with a ChemiDoc Imaging System (BioRad Inc., Canada).

2.5. Determination of protein surface hydrophobicity

A solution of 8 mM ANS was prepared in 0.1 M phosphate buffer (pH
7.4) in a Falcon tube wrapped with aluminium foil. Five concentrations
(0.25, 0.5, 1, 1.5 and 2 mg/mL) of each sample (200 μL) was mixed with
1 μL of ANS solution in a Grenier UV-Star (96-well) microplate. The
mixture was kept in the dark for 5 min. Fluorescence readings were
measured at excitation and emission wavelengths of 390 and 470 nm,
respectively, using a Spark multimode microplate reader (Tecan,
Switzerland). Slope of the fluorescence vs. concentration plots was taken
to be the surface hydrophobicity of the proteins.

2.6. Particle size and polydispersity index measurement

Prior to casting the films, the particle size and polydispersity index of
the protein powders were measured by dynamic light scattering using a
Zetasizer Nano ZS with non-invasive backscatter optics (Malvern Pan-
alytical Ltd, UK) at 25 �C. The optical parameters used for the mea-
surement include refractive indices of 1.450 and 1.330 for protein and
water dispersant, respectively, and an absorbance value of 0.001.

2.7. Casting of the protein films

Casting of the protein films was done following published methods
(Seydim and Sarikus, 2006; Sharma et al., 2017; Oliveira et al., 2017),
with some modifications. WPI, YPI, YPC and a blend of YPI and WPI (1:1
v/v; YPI þ WPI) at 4% (w/v) were each dispersed in deionised water,
followed by agitation using a magnetic bead stirrer for 10 min. The so-
lution was adjusted to pH 8.0 with 0.1 M NaOH, followed by heating at
75 �C for 30 min in an isothermal water bath shaking at 30 rpm. Glycerol
(50%, w/w) was added to the mixture based on the mass of the starting
protein powders. Thereafter, the solution was kept at room temperature
for 30 min on amagnetic bead stirrer. Formulated solutions (30mL) were
spread on sterile plastic petri dishes (diameter, 90 mm) followed by
drying for 72 h at 25 �C. Dried films were manually removed from the
petri dishes and conditioned in a humidity chamber at 25 � 2 �C, and
50 � 2% relative humidity before further analysis (ASTM and D618,
2000).
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2.8. Thickness, topography and Fourier Transform Infrared spectroscopic
analyses

The thickness of protein-based films was measured with digital Ver-
nier calipers of resolution 0.01 mm at 10 different locations, and average
thickness values were obtained. Surface morphology of the protein films
were imaged using a field emission scanning electron microscope (SEM)
(model JSM-7500F, JEOL, USA). Prior to imaging, samples were coated
with gold to prevent charge formation and increase the signal-to-noise
ratio. Functional groups present in the protein powders and films were
determined using a Cary 630 Fourier Transform Infrared (FT-IR) spec-
troscopy with an Attenuated Total Reflectance (ATR) diamond accessory
(Agilent Technologies, Canada) at wavenumbers of 500–4000 cm�1.
2.9. Contact angle measurement and colour estimation

Surface hydrophobicity of the protein films was measured using the
sessile drop method with a Video Contact Angle System (VCA optima,
AST, USA) by adapting the method of Ramos et al. (2013). Ultrapure
water (2-μL droplet) was released onto the surface of each film using a
1 mL precision syringe. The experiment was done in 10 replicates for
each sample. The contact angle was recorded using the VCA OPtimaXE
software within 10 s upon the release of each droplet and profile
resolved. The colours of the protein films were determined with an Image
Colour Summarizer tool available online http://mkweb.bcgsc.ca/c
olor-summarizer/(Krzywinski, 2019).
2.10. Moisture content and solubility

Moisture content was estimated by measuring the differential mass of
the protein films with a halogen analyser. Solubility was determined by
immersing ~0.5 g of the films in 25 mL of distilled water for 24 h.
Thereafter, the films were removed from the water and dried. Percentage
of the dry films was calculated as shown in equation (1):

%S¼
�
mi � mf

mi

�
*100% (1)

where % S is the percent solubility, mi is the initial dry mass, andmf is the
final dry mass after filtering and drying of the protein-based films.
2.11. Thermal analysis

Thermal behaviour of the protein films was determined by differen-
tial scanning calorimetry (Q1000, TA Instruments, USA). Each sample
(~10 mg) was heated on an aluminium pan from �40 �C to 300 �C at
10 �C/min under inert atmospheric condition (100 mL/min of N2). Star
thermal analysis software was used to obtain the glass transition tem-
perature (Tg), enthalpy of melting (ΔHm), and estimated percentage of
crystallinity relative to pure polyethylene (ΔHm ¼ 293 J/g). The exper-
iment was done in triplicate and an empty aluminium panwas used as the
reference.
Fig. 1. Electrophoretic band profiles for 4% (w/v) protein powders; lane 1,
WPI; lane 2, YPI þ WPI; lane 3, YPI; lane 4, YPC; lane M, standard molecular
weight (10–250 kDa) marker.
2.12. Mechanical properties

The mechanical properties of the protein films, including Young's
modulus (E), elongation at break (EB), and tensile strength (TS), were
determined using an Instron 3000 Universal Tester, with Bluehill 2 Ma-
terials Testing Software, equipped with a 250 N load cell at a crosshead
speed of 5 mm/min. Measurements were done at a temperature- and
humidity-controlled room (23 � 1 �C and 50% � 5% RH) for five
replicate of each protein film with effective length and width of 50 mm
and 10 mm, respectively.
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2.13. Light transmission and film transparency

The ultraviolet (UV) and visible light barrier properties of the protein
films were measured at wavelengths of 300–800 nm at 5 nm intervals
using a Spark multimode microplate reader (Tecan, Switzerland). Protein
film samples were cut into square strips (0.5� 0.5 cm) and placed on the
bottom of a UV-Star 96 well microplate. Average 100% transmittance
values for each sample were plotted against wavelength. Relative trans-
parency (Tr) of the protein films was calculated using equation (2):

Tr ¼A600

X
(2)

where A600 is the absorbance at 600 nm and X is the film thickness (mm).
Three strips of each protein film type were tested.

2.14. Statistical analysis

Experiments were done in triplicate and results expressed as mean
values � standard deviation. Statistical analysis was done using one-way
analysis of variance and significant difference of means was determined
using Tukey's test (Origin 8, OriginLab Corporation, Massachusetts,
USA). The level of significance was set at P < 0.05.

3. Results and discussion

3.1. Protein film preparation from food proteins

The profile of proteins in the powders used for casting of the films is
shown in Fig. 1. The SDS-PAGE profiles are similar to published results
for whey and pea proteins, with the presence of bands corresponding to
molecular weights of ~12–100 kDa (Fig. 1). Specifically, the pea protein
SDS-PAGE profile in this study showed the previously reported bands for
legumin (α-β) subunits, acidic (38–40 kDa) and basic (19–22 kDa); three
vicilin subunits (47–50 kDa); and convicilin subunit (~72 kDa) (Lam
et al., 2018; Shand et al., 2007). SDS-PAGE of WPI showed three major
bands at ~13, 18 and 66 kDa, which correspond to α-lactalbumin,
β-lactoglobulin and bovine serum albumin, respectively. Moreover, the
YPI þWPI blend had a combination of protein bands from both WPI and
YPI, while YPC had similar profiles as YPI but with lower band
intensities.

Thermal treatment of all the protein samples resulted in a reduction in
their particle size distribution and decrease in polydispersity index when
suspended in water (Table 1). Size reduction and lower polydispersity
index of protein suspensions contribute to increased dissolution and
formation of homogenous films from the proteins.

http://mkweb.bcgsc.ca/color-summarizer/
http://mkweb.bcgsc.ca/color-summarizer/


Table 1
Effect of thermal treatment on particle size of aqueous solutions of the yellow pea protein and whey protein samples.

Sample Size before heating (nm) PDI before heating Size after heating (nm) PDI after heating

WPI 292.7 � 3.47b 0.456 � 0.061a 259.8 � 1.13b 0.343 � 0.005a

YPI þ WPI 408.6 � 11.02c 0.839 � 0.07b 347.7 � 12.46d 0.668 � 0.125b

YPI 719.6 � 24.66d 1 � 0.00c 339.5 � 4.10c 0.713 � 0.038b

YPC 293.1 � 1.03a 0.757 � 0.007b 217 � 2.70a 0.669 � 0.07b

Abbreviations: WPI, Whey protein isolate; YPI, Yellow pea isolate; YPC, Yellow pea concentrate. Statistical analysis was performed for each column and same superscript
letter indicate no significant difference (P > 0.05).

Fig. 2. Surface hydrophobicity values for protein samples (4%, w/v solution),
before and after thermal treatment, used for casting the films; WPI, whey protein
isolate; YPI, yellow pea protein isolate; YPC, yellow pea protein concentrate.
Mean values in each column with identical superscript letters are not signifi-
cantly different at P ¼ 0.05.
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Thermal treatment of food proteins causes physical and chemical
changes to their structures. These changes may be reversible at 60 �C or
lower temperatures, whereas denaturation transitions and conforma-
tional changes may occur above 60 �C (Law and Leaver, 2000; Wijayanti
et al., 2014). The structural changes are irreversible once the denatur-
ation temperature of the protein is exceeded. Protein solutions in this
study were thermally treated at 75 �C to unfold the proteins and trigger
the formation of intermolecular bonds in order to form polymeric films.
In addition, thermally treated proteins undergo structural rearrangement
to cause their secondary (α-helix and β-sheets) and tertiary structures to
unfold due to the disruption of hydrogen bonds. The structural rear-
rangement leads to an increased exposure of hydrophobic amino acid
residues hidden in the interior part of the protein structure. In this study,
the increase in surface hydrophobicity after heating, measured using ANS
Fig. 3. (A) FTIR spectra of the protein powders and (B) protein films; WPI, whey
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probe, was significant for YPC only (Fig. 2). The thermally unfolded
proteins are expected to associate with each other by intermolecular
(hydrophobic and disulphide) bonds leading to aggregation and forma-
tion of intact protein films. According to previously reported amino acid
compositions, whey proteins contain a higher proportion of cysteine
residues than yellow pea proteins (Gorissen et al., 2018; Pownall et al.,
2010). As a result, unfolding of proteins is expected to result in the for-
mation of more covalent disulphide (S–S) bonds in whey protein-based
films than in pea protein-based films.

3.2. Intermolecular interactions of proteins in the films

Intermolecular interactions of proteins in the films and their precur-
sor proteins were determined with FTIR spectroscopy. As shown in the
FTIR spectra (Fig. 3), maximum absorbance for the protein isolates (WPI
and YPI) occurred at 1600-1700 cm�1, which corresponds to the C––O
stretching vibration and the backbone conformation of proteins. YPC had
a maximum absorbance at 991.76 cm�1, which was absent in the protein
isolates, corresponding to a strong monosubstituted C

–

–C bending likely
from aromatic rings present in phenolic compounds (Abbas et al., 2017).
All the protein films had a maximum absorbance at ~1034.6 cm�1 cor-
responding to the absorption bands of glycerol, which was absent in the
precursor proteins.

Five absorption peaks were observed from 800 to 1100 cm�1 asso-
ciated with C–C and C–O bonds in the protein films. These characteristic
peaks appeared because of the addition of glycerol to WPI, YPI and YPC
solutions to plasticise the proteins.

The amide A spectral region covers the wavelength range from 3000
to 3600 cm�1. A maximum absorption band for the protein samples
occurred at ~3277 cm�1 for the protein powders. Plasticisation of the
proteins with the same amount of glycerol resulted in a shift in peaks as
follows: 3277 cm�1 to 3275 cm�1 (WPI), 3269 cm�1 (YPI þ WPI),
3277 cm�1 to 3275 cm�1 (YPI), and 3277 cm�1 to 3267 cm�1 (YPC). This
phenomenon is linked to the occurrence of a fermi resonance between
the free and bound O–H and N–H stretching vibrations (Kananenka and
Skinner, 2018). Additionally, absorption bands between 2500 and
3000 cm�1 arise because of the C–H stretching originating from the
protein samples.
protein isolate; YPI, yellow pea isolate; YPC, yellow pea protein concentrate.



Table 2
Thickness and colour estimation of films fabricated with yellow pea and whey
proteins.

Sample Thickness of films (mm) Colour Colour
difference (ΔE)

R G B

WPI 0.23 � 7.2 � 10�3a 178 169 157 1.4
YPI þ WPI 0.23 � 3.3 � 10�3a 193 175 147 1.2
YPI 0.23 � 6.6 � 10�3a 183 160 119 1.6
YPC 0.20 � 6.8 � 10�3b 153 143 128 1.0

Abbreviations: WPI, Whey protein isolate; YPI, yellow pea protein isolate; YPC,
yellow pea protein concentrate. Data with the same superscript letter in a column
indicate no significant difference (P > 0.05).
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Amide I and II are two significant bands from infrared spectra asso-
ciated with the secondary structure of proteins and polypeptides due to
their involvement in hydrogen bonding. However, the amide I region,
which occurs from 1600 to 1700 cm�1, is highly sensitive to protein
conformational changes and linked to C

–

–O and C–N stretching
Fig. 4. Surface morphology of films formulated with 4% (w/v) protein powders at �
protein isolate; YPI, yellow pea protein isolate; YPC, yellow pea protein concentrate
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vibrations. The C
–

–O bonds account for about 70–85% of this band and
are linked to the backbone conformation of protein structures. There
were notable differences in signal intensity in FTIR spectra of the protein
samples at the amide region (WPI > YPI > YPC), which could be due to
the protein sample purity. After casting of the protein films, intensity of
the FTIR peaks for YPI significantly improved relative to the peak in-
tensity of YPC. From the spectra, WPI, YPI and YPC are approximated to
contain mainly β-sheet structures with YPC having the least intensity.
The addition of glycerol caused different shifts in amide I peaks from
1636.8 cm�1 to 1629.3 cm�1 for YPI, whereas YPI þ WPI had an ab-
sorption peak at 1631.1 cm�1 and WPI remained at 1629.3 cm�1. A shift
towards lower wavenumbers is indicative of a stronger protein network
through hydrogen bonding and possibly a higher content of ordered
β-sheets (Ramos et al., 2013; Ullah et al., 2011). On the other hand,
plasticisation of YPC shifted the peak from 1636.7 cm�1 to 1653.5 cm�1,
which is indicative of a reduction in β-sheet interaction with the plasti-
ciser and an enhancement of disordered structures.

Amide II bands occur between 1500 cm�1 and 1600 cm�1 with the
N–H, C–N and C

–

–O groups of the protein conformationally sensitive
150 and � 2000 for (A) WPI, (B) YPI þ WPI, (C) YPI and (D) YPC; WPI, whey
.



Table 3
Moisture content and solubility of films fabricated with yellow pea and whey
proteins.

Sample Solubility (%) Moisture content
before immersion, (%)

Moisture content
after immersion, (%)

WPI 49.3 � 1.89a 2.03 � 0.75a 84.86 � 2.33a

YPI þ WPI 50.4 � 5.01a 3.03 � 0.47a 81.31 � 0.35a

YPI 36.5 � 5.22a 3.21 � 0.42ab 82.78 � 1.45a

YPC 51.6 � 4.84a 5.69 � 0.52b 82.90 � 0.42a

Abbreviations: WPI, Whey protein isolate; YPI, Yellow pea isolate; YPC, Yellow
pea concentrate. Data with the same superscript letter in a column indicate no
significant difference (P > 0.05).
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towards the microenvironment of the solution (Ullah et al., 2011; Zhao
and Wang, 2016). Plasticisation of proteins caused a shift in peaks to-
wards higher wavenumbers in this band for all samples, from
1513.7 cm�1 to 1534.25 cm�1 (WPI); 1523.06 cm�1 to 1541.7 cm�1

(YPI); and 1528.6 cm�1 to 1541.7 cm�1 (YPC). The peak of YPI þ WPI
films spectrum were identical to those of the YPI films spectrum. Com-
parison of peak intensities in this region among the protein films showed
that YPC < YPI < YPI þ WPI <WPI, which demonstrates the occurrence
of more robust hydrogen bonding from hydroxyl groups of the plasticiser
with polypeptide chains.
3.3. Thickness, colour and surface morphology of the protein films

Results of the colour estimate and thickness of the protein films are
presented in Table 2. YPC films had a lower thickness due to the lower
protein content per unit volume when compared to the protein isolate
(WPI, YPI þ WPI and YPI) films. Measurements across the surface of each
film macroscopically showed homogeneity in film thickness. Furthermore,
the source of protein and pH of the protein solution prior to plasticisation
may have influenced the film colour. These properties are crucial when
using the protein films as packaging materials as their appearance must be
acceptable to consumers (Chrysochou and Festila, 2019).

The surface morphology of the protein films is shown in Fig. 4 (A-D).
Notably, visualisation of WPI, YPI þ WPI, YPI and YPC films using a scan-
ningelectronmicroscope revealed thepresenceofparticleson the surfaceof
the polymers. This could be attributed to the high polydispersity index of
Fig. 5. (A) Water contact angle of protein films (n ¼ 10) and (B) characteristic imag
protein isolate; YPC, yellow pea protein concentrate. Mean values in each column w
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protein particles. Dehydration patterns were observed on the surface of the
twofilms formedwithWPI. This could be due to the hydrophilicity ofwhey
proteins, during phase separation in the mould. Furthermore, YPI þ WPI
filmwasobserved tobehomocomposite and formedacontinuous structure,
which was in agreement with previously reported bioplastics formed from
protein blends (Liang and Chen, 2018; Gounga et al., 2007).

3.4. Moisture content and solubility

Moisture content and solubility of the protein films are presented in
Table 3. Due to the presence of carboxyl and hydroxyl groups in proteins,
protein films inherently have high water absorption capacity, which re-
mains a challenge for some food packaging applications (Yue et al., 2012).
Application of bioplastics in food packaging varies depending on the type
of food. Food samples with high moisture content require packaging ma-
terials with high water resistance (Stuchell and Krochta, 1994). Packaging
materials with a high tendency of absorbing moisture may alter the con-
sistency, appearance, taste and shelf-life of packaged foods (Dey and
Neogi, 2019). In contrast, low solubility indicates that the edible packaging
materials would have low digestibility (Stuchell and Krochta, 1994). Thus,
a degree of water resistance and solubility is expected for edible packaging
materials. Substantial amount of the film matter dissolved in water after
immersion, possibly due to the non-protein components or proteins that
were not incorporated into thefilms. Orliac et al. (2003) demonstrated that
the dissolved components of films derived from sunflower proteins were
mainly plasticisers that were weakly bound to macromolecules in the film
network. Prior to immersion, YPI and YPIþWPIfilms had similarmoisture
content to the control WPI, whereas YPC had the highest amount of water
absorbed in the protein film after casting (Table 3). The moisture content
values of the protein films were lower than previously reported values
(Ramos et al., 2013; Gounga et al., 2007), possibly due to the lower protein
density used for film formulation as proteins are hygroscopic. To further
understand the behaviour of protein films under humid conditions and in
contact with moist foods, films were immersed in water for 24 h. It was
observed that the moisture content in protein films increased by ~42 folds
for WPI, ~27 folds for YPI and YPI þ WPI and ~16 folds for YPC.
Furthermore, it was expected that the YPI and YPC films would absorb less
water than the WPI film due to the relatively high hydrophobicity of the
yellow pea protein films. In a previous water absorption kinetic study,
water absorption of 30%–40% was observed for different cottonseed
es of water droplets on protein films; WPI, whey protein isolate; YPI, yellow pea
ith identical superscript letters are not significantly different at P ¼ 0.05.



Table 4
Thermal and mechanical properties of protein films.

Films Tg (�C) ΔHm (J/g) %C E (MPa) T.S (MPa) P.E (%)

WPI 94.6 � 0.34a 103.46 � 15.25b 35.24 � 5.19b 66.63 � 23.56a 1.72 � 0.61a 39.26 � 13.88a

YPI þ WPI 85.3 � 4.95a 22.54.5 � 2.97a 7.67 � 1.01a 28.64 � 12.81b 0.43 � 0.22b 35.57 � 17.79a

YPI 95.5 � 0.30a 73.99.1 � 0.18b 25.2 � 0.06b 6.65 � 2.97c 0.65 � 0.29b 65.64 � 29.35a

YPC 95.8 � 1.35a 42.41 � 2.54ab 14.45 � 0.87ab 0.026 � 0.013d 0.18 � 0.092c 9.69 � 4.844b

Abbreviations: Tg, glass transition; ΔHm, enthalpy of melting; %C, percentage of crystallinity; E, Young's modulus; T.S., tensile strength; P.E., percent elongation. WPI,
whey protein isolate; YPI, yellow pea protein isolate; YPC, yellow pea protein concentrate. Data with the same superscript letter in a column indicate no significant
difference (P > 0.05).

Fig. 6. (A) Light transmittance in the near UV–visible spectrum and (B) transparency of the protein films; WPI, whey protein isolate; YPI, yellow pea protein isolate;
YPC, yellow pea protein concentrate. Mean values in each column with identical superscript letters are not significantly different at P ¼ 0.05.
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protein blends after 1000 min (~17 h) (Yue et al., 2012). Nonetheless, no
difference was observed (P > 0.05) for dissolved matter and moisture
content, and the structural integrity of all the protein films was intact after
removal of the films from water, as previously reported for other protein
films (Ramos et al., 2013; Yue et al., 2012; Kocakulak et al., 2019).
3.5. Surface analysis of the protein films

Measurement of the static contact angle provides an indication of the
extent of hydrophobicity and hydrophilicity of the surface of materials,
by estimating the final state of water droplets released onto the films.
Polymeric surfaces with lower contact angles have lower hydrophobicity
(higher hydrophilicity), higher wettability, and higher surface energy.
Materials with a water contact angle <90� are taken to be hydrophilic
whereas materials with a contact angle >90� are hydrophobic (Mar-
ichelvam et al., 2019). As shown in Fig. 5, the protein films in this study
had contact angles <90� and this could be due to the presence of active
polar groups in the protein structure. Heat treatment of proteins before
film casting causes proteins to unfold. As proteins consist of amino acid
residues with different chemical properties, the heat treatment could
result in different protein interactions in a microenvironment and
different surface energy of the resulting films. The pattern of surface
hydrophilicity of the protein films was YPC < YPI < YPI þ WPI < WPI.
This difference could be due to factors such as the protein types, purity
and amino acid composition of the protein samples. YPC comprises of a
complex mixture of proteins, fibres and possibly phytochemicals, which
reduce the protein content and active polar molecules responsible for
enhancing the disruption of the surface energy of the films. Protein films
have high surface hydrophilicity and are suitable for applications
requiring high wettability and visibility (de Oliveira Gama et al., 2018).
Nevertheless, hydrophobicity of the films can be enhanced by chemical
modifications, such as acetylation of the proteins, and by incorporation of
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nanomaterials to form composite films (de Oliveira Gama et al., 2018; He
et al., 2019).

3.6. Thermal analysis of the protein films

Thermally resilient films are essential to tolerate temperature fluctua-
tions from the outside environment and from inside the packaged food
(Youssef and El-Sayed, 2018). The thermal behaviour of films formulated
from YPI and YPC was compared to that of WPI using differential scanning
calorimetry. DSC thermograms showed two endothermic thermal transi-
tions, viz. glass transition and melting transition, within the thermal scan
range of �40 �C–300 �C. Thus, the protein films had properties of a
partially amorphous polymer. Additionally, the absence of multiple Tg
values indicate that the protein solutions reacted with glycerol to form a
co-polymer (Kurt and Kahyaoglu, 2014; Hamdi et al., 2019). The thermal
transition pattern is similar to data from a previous work of Ramos et al.
(2013) on whey proteins. As shown in Table 4, YPI þ WPI films had the
lowest glass transition temperature, percent crystallinity, and energy
required to break the intermolecular chains. There was no difference in Tg
values for protein films formulated with WPI, YPI and YPC (P > 0.05).
Nevertheless, WPI required higher energy to break the intermolecular
chains to melt the protein films, indicating higher resilience to heat effect.
The lower Tg and estimated crystallinity value observed for YPI þ WPI
film, compared to WPI and YPI films, could be due to the introduction of
weaker intermolecular interactions and increased protein chain mobility
between WPI and YPI in the blend matrix.

3.7. Mechanical analysis of the protein films

Food packaging materials with good mechanical properties preserve
the integrity of the packaged food matrix by providing a physical barrier
during storage and distribution. The mechanical properties are
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characterised based on mechanical resistance, stiffness and extensibility
of the materials, which are measured as E, T.S., and P.E. at break,
respectively (Ramos et al., 2013; Kowalczyk et al., 2014). WPI films
showed better mechanical resistance and stiffness, which corroborated
the infrared spectral peak patterns, followed by protein films formed
from YPI þ WPI, whereas YPI film showed better performance in
extensibility (Table 4). It is evident that, given the same condition, the
proteins interacted differently with the –OH moieties of glycerol.
Notably, a low number of hydrogen bonds between protein molecules
increases the intermolecular space and protein mobility thereby reducing
the mechanical properties of the polymeric material (Ramos et al., 2013).
This was evident in the mechanical properties of YPC protein films,
which also had the lowest protein density. The presence of other
non-protein constituents in the matrix of YPC protein film also made it
brittle compared to the YPI, YPI þ WPI and WPI protein films.
3.8. Light transmission and film transparency

Exposure of food to light may alter the sensory and nutritional qualities
of food due to photocatalytic reactions that produce activated free radicals.
This phenomenon is heightened in the lower regions of the UV–visible
light spectrum. Some of the damaging effects of this process include
oxidation of fats and oils, discoloration of pigments, formation of off-tastes,
and loss of vitamins A, B and C (Han et al., 2018; Nerín et al., 2008).
Nonetheless, controlled UV is utilised actively in food processing to inac-
tivate food spoilage microbes. Films formulated from YPI and YPI þ WPI
did not allow light transmission in the UV-C spectrum (200–280 nm) (data
not shown), making them suitable packaging materials in preventing food
spoilage or contamination due to photodegradation. As a result, mea-
surement of light transmission of the protein films commenced from 300 to
800 nm. As shown in Fig. 6, the pattern of light transmission in the UV
region was WPI > YPC > YPI þ WPI > YPI. The penetrative power of UV
light through a barrier is proportional to the absorption coefficient and can
be reduced through increase in film thickness and decrease in trans-
parency. The films from YPC had the lowest transparency
(WPI > YPI þ WPI > YPI > YPC), which could be attributed to the pres-
ence of phenolic compounds in the sample. However, a higher UV trans-
mission was observed for YPC films due to their lower thickness value.

4. Conclusion

This study explored the use of yellow pea proteins as a biomaterial for
developing films for use in food packaging. Using glycerol as plasticiser
and water as solvent, YPI and YPC formed films with promising physico-
mechanical properties comparable to the properties of WPI films formed
under the same condition. It is likely that the protein films were formed
due in part to hydrogen bonding between hydroxyl groups of the plas-
ticiser and polypeptide chains. WPI films had better thermal and me-
chanical resilience and degree of hydrophilicity, whereas YPI and YPC
films showed better protection in limiting light transmission. Thus, a
blend of the proteins was expected to result in films with the combined
beneficial features. However, YPI þ WPI films had properties that were
not indicative of a synergistic effect of the protein mixtures, possibly
because of an increase in chain mobility of the proteins in the blend
matrix. In addition, the protein films formed in this study had high water
absorption capacity and solubility index due to the existence of carboxyl
and hydroxyl groups in proteins. Future studies will focus on generally
regarded as safe protein modification and cross-linking processes to
minimise the water absorption and solubility index as well as evaluating
the performance of films fabricated with the yellow pea proteins as a bio-
based packaging material for food and biomaterial applications.
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