W) Check for updates

Received: 18 January 2023 Revised: 5 March 2023 Accepted: 21 March 2023

DOI: 10.1002/cche.10665

. CEREALS
b(f\&GRAINS
ASSOCIATION

RESEARCH ARTICLE

Bioplastic film making properties of quality protein maize
(QPM) zein

Julia T. Baloyi | Janet Taylor | John R. N. Taylor

Department of Consumer and Food
Sciences, University of Pretoria, Pretoria,
South Africa

Abstract
Background and Objective: Quality protein maize (QPM) has abundant

Correspondence y-zein, which crosslinks itself and other zeins through disulfide bonding. The
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work aims to develop zein bioplastics with better functionality by using QPM
zein. Physical properties of cast QPM zein films from QPM maize were
compared with zein films from regular maize types and commercial zein, all
without added plasticizers.

Findings: QPM zein contained 3.8% cysteine compared with 1.8%-2.7% in
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regular maize zeins and 1% in commercial zein and the QPM zein had a much
higher proportion of y-zein. QPM zein films cast from glacial acetic acid
(GAA) were opaque but absorbed the least liquid (=16%) and swelled less
(=11%) after buffer immersion than the other zein films and aqueous ethanol-
cast films. Notably, the GAA-cast QPM zein films became highly flexible after
ambient storage, whereas the other zein films remained brittle.
Conclusions: The low buffer uptake and swelling of QPM zein films is
attributed to crosslinking involving the cysteine-rich y-zein polypeptides. Their
flexibility is attributed to better solubilization of the zein in GAA and water
molecules bound to the y-zein polypeptides acting as a plasticizer.
Significance and Novelty: QPM zein can enable the formation of flexible
zein bioplastics without added plasticizers.
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1 | INTRODUCTION Despite these attributes, the utilization of QPM as a

food and feed grain is low. Reasons for this include the

Quality protein maize (QPM) has better protein
nutritional quality than regular maize due to its high
lysine and tryptophan contents (Babu et al., 2015).
Unlike the original high lysine maize, it has similar
endosperm hardness to regular maize due to its high
content of cysteine-rich y-zeins (Wu et al.,, 2010).

high price of QPM grain compared with regular maize
(Nyakurwa et al., 2017). Therefore, additional applica-
tions are required to increase demand for QPM and
hence drive greater cultivation by farmers and thereby
reduce its cost. A potential application is to use QPM
for bioethanol production. The protein-rich distillers
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dried grain and solubles coproduct would be more
valuable for animal feed because of its better protein
quality. Additionally, its zein could have novel
applications because of its high content of y-zein.

Prolamin proteins, in particular zein, are the subject
of intensive study as bioplastic materials such as
polymeric films for food packaging. This is because of
zein's relative hydrophobicity, insolubility, and barrier
properties to moisture and solutes (Bayer, 2021; Egea
et al., 2021). Unplasticized zein bioplastic films, however,
have limited applications in food and nonfood industries,
because they are generally brittle and stiff with high
water vapor permeability (Dubey & Dubey, 2020;
Turasan & Kokini, 2017). Plasticizers are added to induce
flexibility in zein films (Huo et al., 2018; Masamba
et al., 2016).

Recent research has focussed on crosslinking the
protein molecules to improve zein film strength and
barrier properties. Using crosslinked plasticized zein
films, Turasan et al. (2018) proposed that glutaraldehyde
(a crosslinking agent) displaced oleic acid molecules (the
plasticizer used) bound at the amine ends of glutamine in
zein, inducing cross-linkages between zein polypeptides
to form a compact structure that restricts movement of
water molecules. Although plasticizers and crosslinking
agents improve bioplastic film properties, one drawback
is that some agents may be toxic when used in food or
biomedical applications (Azeredo & Waldron, 2016;
Wang et al., 2021). Moreover, common synthetic plastics
such as polyethylene and polypropylene are flexible and
do not require the inclusion of plasticizers (Cadogan &
Howick, 2012).

The high proportion of the y-zein class in QPM
zein (Holding, 2014) may be beneficial in improving
the properties of zein-based bioplastics because of
its high content of cysteine residues, which form
inter- and intramolecular disulfide crosslinks (Fass &
Thorpe, 2018). Kafirin bioplastic films have been
shown to have better tensile strength, barrier propert-
ies, and film water vapor characteristics than films
from commercial zein (Gillgren & Stading, 2008),
which is essentially a-zein (Lawton, 2002). These
properties of kafirin films have been attributed to
disulfide bond cross-linking involving the cysteine-
rich B- and y-kafirins (Anyango et al., 2011; Xiao
et al., 2017). With respect to zein, Nonthanum et al.
(2012) found that y-zein pellets formed a continuous
film structure after solvent evaporation. This was
attributed to cross-linkages between cysteine-rich
y-zein polymers. Therefore, the objective of this work
was to determine dry and wet functional properties of
unplasticized bioplastic films made from zein isolated
from QPM maize.

2 | MATERIALS AND METHODS

2.1 | Materials

Three maize types were used: (i) whole grain white QPM,
Ethiopian variety MHQ 138; (ii) whole grain regular white
maize, Ethiopian variety MH 140 (both kindly donated by Dr
K. Abegaz, Hawassa University); and (iii) refined white
maize meal (80% extraction rate) (Pride Milling) obtained
from a local store. They were coded QPM, Eth RM, and SA
RM, respectively. Commercial zein was obtained from
Sigma-Aldrich (Product code: Z3625).

2.2 | Methods

2.2.1 | Zein extraction

The maize grains were milled to a flour of maximum
particle size of 0.5 mm using a laboratory hammer mill.
Total zein (i.e., comprising ao-, -, y- and &-zein) was
extracted from the flour (500 g) using 70% (w/w) aqueous
ethanol containing 1.0% (w/w) sodium metabisulfite and
0.35% (w/w) acetic acid at a ratio of one part flour to five
parts solvent (w/w). The metabisulfite was included to
break disulfide bonds to solubilize the cross-linked zein
(Anderson & Lamsal, 2011) and the acetic acid was
included to enable direct precipitation of the zein
without additional pH adjustment (Muhiwa et al., 2017).
Extraction was at 70°C for 1 h with continuous stirring.
This temperature was used as the efficiency of zein
extraction is improved at elevated temperature
(Anderson & Lamsal, 2011; Lawton, 2002). The slurry
was centrifuged at 1000g for 5min at 25°C. The clear
supernatant containing the zein was then decanted into a
shallow stainless-steel tray and placed in a fume hood
overnight for solvent evaporation at ambient temperature
(=25°C). After which, cold distilled water (8°C) was
added to precipitate zein. Then, the wet protein
concentrate was filtered under vacuum before air drying
in a fume hood overnight at ambient temperature. The
zein preparations were then defatted with hexane at
25°C, then air-dried again. After which they were milled
into a powder of similar particle size to commercial zein
using an air-cooled knife-type laboratory mill and stored
in ziplock polyethylene bags at 9-10°C.

2.2.2 | Zein film preparation

Zein films were cast as described by Anyango et al.
(2011) but without inclusion of plasticizers. Zein (1.2 g
protein equivalent) was dissolved in the casting solvent



BALOYT ET AL.

(8.8 g) (glacial acetic acid, i.e., pure acetic acid (GAA)
at 30°C or 70% (w/w) aqueous ethanol at 70°C) by
continuous stirring for 10 min in a covered flask. The
zein solution was then cooled to ambient temperature
and additional GAA or aqueous ethanol was added to
replace the solvent lost during evaporation. Zein
solutions (3 g) were weighed into rectangular silicone
baking trays (28 mm X 69 mm) then gently swirled for
30s to distribute the liquid evenly. The trays were
placed on a level surface in an oven (not forced draft)
and held at 50°C overnight. Zein films were weighed
before being photographed by scanning, then stored in
ziplock bags at 9-10°C.

2.3 | Analyses

2.3.1 | Moisture and protein contents

Maize moisture content was determined by AACC Method
44-15A (AACC, 2000). Protein content (N X 6.25) of the
maize and zein preparations was determined by a Dumas
total combustion method, AACC Method 46-30
(AACC, 2000). Zein preparation yield was calculated as
the weight of total protein recovered divided by grain
protein content X 100.

2.3.2 | Cysteine and methionine contents

The cysteine and methionine contents of the zein
preparations were determined using a modified PICO
TAG method (Waters Millipore). Zein was first oxidized
with performic acid to convert cysteine and methionine
quantitatively to cysteic acid and methionine sulfone,
respectively. The oxidized zein was hydrolyzed with 6 M
HCI for 24h and then derivatized with phenylisothio-
cyanate to produce phenyltiocarbamyl amino acids.
High-performance liquid chromatography analysis was
performed using a Waters Millipore C-18 reversed-phase
column (3.9 mm X 150 mm) at a 101.5 ml/min flow rate.
Cysteic acid (Sigma-Aldrich, C-7630) and methionine
sulfone (Sigma-Aldrich, M-0876) were used as standards.

2.3.3 | Two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE)

Zein was first solubilized in a buffer solution containing
Ampholite and DeStreak Rehydration Solution. Iso-
electric focusing (IEF) was performed using a ZOOM®
IPG System (Invitrogen) according to the manufacturer’s
instruction manual. Immobilized pH gradient ZOOM®

strips (7 cm; pH 3-10, nonlinear) were hydrated with the
protein solution, then placed in a ZOOM® IPG Runner
TMMini Chamber and focused on steps at 200V for
20 min, 450V for 15min, 750V for 15 min, and 2000 V
for 45min. After IEF, alkylation was performed with
iodoacetamide. Sodium dodecyl sulfate-PAGE (SDS-
PAGE) was carried out in the second dimension at a
contact voltage of 200V, 80 mA, and 10 W for 1h until
bands were closer to the lower level of the gel. Gels were
stained with Coomassie Brilliant Blue R-250. After
destaining, the gels were photographed using a scanner.

234 | SDS-PAGE

The zeins were analyzed by SDS-PAGE in an unreduced
form and after reduction by 2-mercaptoethanol using
4%-12% Novex NuPAGE?® polyacrylamide gradient gels at
a protein loading of 10pug, as described by Elhassan
et al. (2018).

2.3.5 | Film exposure to ambient conditions
Freshly prepared zein films were placed on a poly-
urethane varnished wooden laboratory benchtop indoors
and stored under ambient conditions for 72 h. The mean
temperature over the storage period was 26°C and mean
relative humidity was 62%. During the storage period, the
films were observed visually and at the end of the period
their flexibility was assessed by carefully manually
manipulating them.

2.3.6 | Film immersion in buffer

Buffer uptake by the films was determined as described
by Anyango et al. (2011). Weighed films were immersed
in 0.2M sodium phosphate buffer (pH 6.8) at 39°C for
12 h with gentle agitation in a waterbath with a rotating
platform. After which, they were removed from the
buffer, gently blotted with paper towels to remove buffer
on the surface. They were then weighed and photo-
graphed using a flatbed scanner. Buffer uptake was
calculated as follows:

Buffer uptake (%)
Filmweight after immersion (mg)

— Film weight before immersion (mg)

Film weight before immersion (mg)

X 100.
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2.3.7 | Scanning electron microscopy (SEM)
Zein films (before and after immersion) were dried in a
silica gel desiccator for 48 h. Pieces of the dried films
(5mm X 5mm) were mounted on an aluminum stub
with double-sided tape and coated with carbon before
viewing using a Zeiss Ultra PLUS Field Emission SEM
(Carl Zeiss) at an operating voltage of 3.0kV.

2.3.8 | Statistical analyses

All experiments were performed twice. One-way analysis
of variance was performed using STATISTICA 8 software
(StatSoft). The means were compared at a 95% level of
confidence using Fisher's least significant difference test.

3 | RESULTS AND DISCUSSION

3.1 | Zein characterization

The amount of zein extracted from QPM was less than
from the regular maize types, on both a grain and protein
basis (Table 1). The lower zein content of QPM can be
attributed to delayed zein synthesis due to the expression
of the opaque-2 genes (Larkins et al., 1984), which results
in the proportion of zein in QPM being almost 50% less
than that of regular maize types (Holding, 2014).

The cysteine content of the QPM zein was considerably
higher (3.8%), compared to the zein preparations from the
regular maize types (1.8% and 2.7%) and much higher than
that of the commercial zein (1.0%). In contrast, the
methionine contents of the regular maize zeins and
commercial zein were considerably higher (1.5%-3.1%)
than that of the QPM zein, (0.8%). The high cysteine
content and low methionine content of QPM zein is as a
result of the pleiotropic effect of the opaque-2 modifier
genes that increase the synthesis of cysteine-rich y-zein
(Geetha et al., 1991), while subsequently reducing the
expression and accumulation of methionine-rich 8-10 kDa
zein (Hunter et al., 2002).

2D-PAGE showed that the QPM zein had less o;-zein
(24 kDa), abundant y-zein (27 kDa), and a fewer higher
molecular weight y-zein spots (~55 kDa), compared with
the regular maize zeins (Figure 1). The 27 and 55kDa
y-zeins are two different forms of y-zein that are
expressed in maize, having similar amino acid composi-
tion but differing in their number of amino acid residues,
204 and 278, respectively (Woo et al., 2001). The higher
proportion of y-zein in the QPM zein was expected and is
consequence of the opaque-2 modifier genes that
enhance duplication at the 27 kDa locus in chromosome

TABLE 1 Yield, purity, and cysteine and methionine contents of the zein preparations.

Amino acid content

(g/100 g protein)

Zein preparation

Zein purity

Maize grain

Zein extracted Zein yield (g protein/100 g

Protein content

Cysteine Methionine

(g/100 g protein) preparation) (db)

(g/100 g maize) (db)

2.90

(g/100 g maize) (db)

9.72° +0.01

Zein type

QPM

0.84" +0.06

+ 3.80%+0.32

72.9* +1.0

29.8

1.50° + 0.03

1.83°+0.11

81.5° +0.2

52.4

5.26

10.00° + 0.21

Eth RM

3.09% +0.07

2.69°+ 0.04

5.70 68.3 73.0*+0.3

8.35*+0.12

SA RM

2.02°+0.03

+ 0.98* +0.02

92.4°+0.3

NA

NA

NA

Commercial zein

Note: Mean + SD of two replicate determination. Mean values in the same column with a different letter in superscript are significantly different at p < .05.

Abbreviations: db, dry basis; Eth RM, whole grain regular white maize, Ethiopian variety MH 140; NA, not applicable; QPM, whole grain white QPM, Ethiopian variety MHQ 138; SA RM, refined white maize meal

(80% extraction rate).
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Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) of the different zein preparations. (a) Whole grain white

QPM, Ethiopian variety MHQ 138 (QPM zein); (b) whole grain regular white maize, Ethiopian variety MH 140 (Eth RM zein); (c) refined
white maize meal (80% extraction rate) (SA RM zein); (d) commercial zein. [Color figure can be viewed at wileyonlinelibrary.com]

7 where the y-zein locus (QTL) (qy27) is located (Liu
et al., 2016). No y-zein was evident in the commercial
zein. This was due to it being removed during the sulfite
steep in the maize wet milling process, where the corn
gluten co-product serves as the source of commercial
zein (Yang et al., 2005).

3.2 | Zein film properties under
ambient conditions (before immersion
in buffer)

All the zein preparations, including the QPM zein, could
form films from both the aqueous ethanol and GAA casting
solvents (Figure 2A,B, respectively). However, when first
prepared, the films from all the zein types were brittle and

fractured very readily (Figure 2Aa-d), as plasticizers were
omitted to directly compare the film properties of the
different zeins. The fragility of the films precluded the
application of testing methods that could quantify their
mechanical- and certain other physical properties. The
brittleness was due to the zeins being largely in their glassy
state, as the glass transition temperature of zein in its dry
state is around 160-167°C (Di Gioia et al. (1999). The zein
films were ~160 um thick. However, it was not possible to
obtain meaningful comparative thickness data for the
different types of films as several contained particles and
all were somewhat wrinkled, in addition to being brittle
and fragile (Figure 2Aa-d,Ba—d).

The QPM zein films cast from aqueous ethanol
were somewhat more yellowish-brown in color and
translucent when compared to the Eth RM zein and SA
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FIGURE 2 Appearance and relative of size of the cast films
from the different zein types before and after immersion in pH 6.8
phosphate buffer for 12 h. (A) Films cast from 70% aqueous ethanol
solution. (B) Films cast from glacial acetic acid solution. (a-d)
Surfaces of films before immersion in buffer. (e-h) Surfaces of films
after immersion in buffer. Eth RM, whole grain regular white
maize, Ethiopian variety MH 140; QPM, whole grain white QPM,
Ethiopian variety MHQ 138; SA RM, refined white maize meal
(80% extraction rate). [Color figure can be viewed at
wileyonlinelibrary.com]

RM =zein films, with particles within the films
(Figure 2A). There were also particles in the SA RM
films. The variation in color of the films from the
different white maize types was presumably due to them
containing differing amounts of carotenoid pigments,

which were responsible for the strong yellow color of the
commercial zein films. The translucency of the QPM zein
films was likely due to poorer solubility of the QPM zein
in 70% ethanol due to its high y-zein content, as y-zein is
more hydrophobic than a- and -zein (Belton et al., 2006).
The particles in the QPM and SA RM films were probably
due to nonzein impurities as the protein contents of the
preparations of their zein (=73%) were considerably
lower than that of the Eth RM zein (81.5%).

The QPM zein films cast from GAA were more opaque
than the Eth RM and SA RM zein films (Figure 2B), and
also had particles in them, as with the aqueous ethanol cast
films (Figure 2A). The opaqueness of the QPM zein films
was likely due to the observed relatively poor solubility of
the QPM zein in the GAA casting solvent, as with aqueous
ethanol, which was presumably a consequence of its much
higher content of y-zein (Figure 1a).

SEM showed that all zein films had smooth surfaces
with particles of differing size on their surfaces
(Figure 3a). There was no evident difference between
the different zein types. By SEM, all the films cast from
GAA also appeared very similar, all having particles on
their surface (Figure 3b). As stated, the presence of
particles on the surface of the films is likely due to
insoluble impurities.

In preliminary work, it was noticed that the QPM zein
films became flexible over time. This was studied more
systematically. After keeping the films for 72 h at ambient
temperature and relative humidity, the QPM zein films cast
from GAA had become highly flexible, to the extent that
they could be manually bent into an arc and stood on both
ends without breaking (Figure 4). However, the regular
zein and commercial zein films cast from GAA remained
brittle, as did all the zein films cast from aqueous ethanol.
The development of a flexible prolamin film without the
inclusion of plasticizers is a novel finding, which can be
attributed to QPM zein's high y-zein content in combina-
tion with the GAA casting solvent.

y-Zein, despite its high hydrophobicity (Belton
et al., 2006), is soluble in water and salt solutions when
reduced into its polypeptide monomers (Wilson et al., 1981),
unlike the other zein classes. As explained, the zein was
extracted from the three maize types using aqueous
ethanol, plus acetic and sodium metabisulfite as a reducing
agent to inter- and intermolecular disulfide bonds. When
the preparations were subjected to SDS-PAGE in an
unreduced form, there was evidence of y-zein monomers
in both the Eth RM zein and QPM zein preparations, the
band of M, ~27k (Esen, 1987) (Figure 5a) directly above
the strong and very faint 22k al-zein monomer bands in
the Eth RM =zein and QPM zein (Tracks 3 and 4,
respectively). These are indicated by dashed arrows. The
intensity of the QPM zein y-zein band was higher than that
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(b) QPM zein Eth RM zein SA RM zein Commercial zein

QPM zein

Eth RM zein SA RM zein Commercial zein

2 pm ; .
" -- i

(C) QPM zein Eth RM zein SA RM zein Commercial zein (d) QPM zein Eth RM zein

2 pm

FIGURE 3 Scanning electron microscopy (SEM) showing the effects of zein type and immersion in buffer on the surface appearance of
the cast zein films. FS, folded surface; P, pit(s); PoS, particle(s) on surface; SSw, surface swelling(s). (a) Films cast from 70% aqueous ethanol
solution. (b) Films cast from glacial acetic acid (GAA) solution. (c) Films cast from 70% aqueous ethanol solution after immersion in buffer.
(d) Films cast from GAA after immersion in buffer.

FIGURE 4 Appearance and flexibility of the zein films cast from glacial acetic acid when kept for 72 h at ambient temperature
(average 26°C) and relative humidity (average 62%). Eth RM, whole grain regular white maize, Ethiopian variety MH 140; QPM, whole
grain white QPM, Ethiopian variety MHQ 138; SA RM, refined white maize meal (80% extraction rate). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the different zein preparations. (1) Molecular
weight standards. (2) Refined white maize meal (80% extraction rate) (SA RM zein) (3) Whole grain regular white maize, Ethiopian variety
MH 140 (Eth RM zein). (4) Whole grain white QPM, Ethiopian variety MHQ 138 (QPM zein). (a) Electrophoresis of the zeins in an
unreduced form. (b) Electrophoresis of the zeins in a reduced form. Dashed arrows = 27 k y-zein band (Esen, 1987), Solid arrow = Possibly

50-55k y-zein band (Woo et al., 2001). [Color figure can be viewed at wileyonlinelibrary.com]

of the Eth RM zein y-zein band, which is consistent with
the high proportion of y-zein in QPM zein (Holding, 2014).
It is proposed that under the prevailing highish relative
humidity (average 62%) conditions, these y-zein poly-
peptide monomers bound water molecules from the
atmosphere and, as a consequence, the bound water acted
as a plasticizer, resulting in the QPM zein films being
highly flexible. That this only occurred when the QPM zein
films were cast using GAA and not aqueous ethanol can be
attributed to the fact that GAA is a better zein solvent than
aqueous ethanol due to it causing the molecules to unfold
to a greater extent (Li et al., 2012). Consequently, the zein
molecules were probably in a more ordered conformation.
Shi et al. (2009) using atomic force microscopy observed
that the surface morphology of zein films cast from GAA
was smoother than that of films cast from aqueous ethanol.

3.3 | Zein film properties after
immersion in buffer

All the zein films remained whole after immersion in pH
6.8 buffer for 12h with agitation, that is, they did not

disintegrate, and all the films became more opaque
(Figure 2A,B). All the zein films cast from 70% aqueous
ethanol increased moderately in surface area (Figure 2A
and Table 2) and absorbed relatively similar amounts of
buffer (Table 2). SEM showed that the Eth RM and SA RM
zein films cast from aqueous ethanol exhibited considerable
surface pitting after immersion (Figure 3c). This was
presumably as a result of zein being leached out by the
buffer during immersion. In contrast, the QPM zein films
exhibited surface swelling. This may have been a conse-
quence of hydration of individual y-zein polypeptides,
which are water and salt soluble (Wilson et al., 1981)
There were significant differences in the film area
and buffer absorbed by the different zein films cast from
GAA after immersion (Figure 2B and Table 2). The QPM
zein films cast from GAA absorbed the least buffer
(~16%) and the film surface area increased the least,
~11%. In contrast, the Eth RM zein and commercial zein
films cast from GAA absorbed much higher amounts of
buffer (~207% and 123%, respectively, and the surface
areas of their films increased very substantially, by nearly
144% and 101%, respectively [Table 2 and Figure 2B]).
Notably, these zeins when cast into films using GAA
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