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Abstract: Recent research has investigated the plasticization of wheat flour as a non-food alternative
application. In this work, we analyzed the performances of thermoplastic films obtained using
flours of two bread wheat cultivars (Bologna and Bora) grown in fall–spring under four nitrogen
(N) fertilization treatments: (1) continuously well-N-fed (N300 = 300 kg N ha−1, split throughout
the growth cycle); (2) N-fed only very early (N60-0 = 60 kg N ha−1, just one month after sowing);
(3) N-fed only extremely late (N0-120 = 120 kg N ha−1 at pollination); (4) unfertilized control (N0).
Flours were characterized for glutenin and gliadin fractions, Chopin’s alveograph parameters, Field
Emission Scanning Electron Microscopy (FESEM) images, and thermogravimetric analysis (TGA),
while films were evaluated for mechanical properties (tensile strength at break, σb; elongation at
break, εb; Young’s modulus, E) and FESEM images. Differences among treatments for absolute and
relative abundances of gluten fractions and alveographic parameters were extremely marked and
gave rise to differences in tensile properties of thermoplastic films. Within each cultivar, the ranking
of treatments for εb values was N0 > N60-0 > N0-120 > N300. Thus, εb was inversely correlated
with crop N availability and total gluten content of the flour. The σb was less variable among N
treatments; however, in both cultivars, it was high in N0 and N300 and appreciably lower in N0-120.
Overall, the best mechanical performances were obtained with flours from crops not subjected to
imbalances in N nutrition (N0, N300). Our work demonstrates that bioplastic engineering needs to
take into consideration the variability of biological source material like that caused by different crop
N availability.

Keywords: Triticum; gluten; alveograph; thermoplastic; tensile properties

1. Introduction

Although wheat is thought to be used for human or animal feeding, there might be
circumstances involving alternative non-food uses, e.g., due to unsold stocks, the presence
of toxins or pesticides, etc., so that the grains or flours would ultimately represent a mate-
rial to dispose of. One possible non-food alternative of wheat flours is the production of
thermoplastics [1]. These have been found to be highly affected by flour characteristics. In
particular, the proteins and bran may play an important role since they work as reinforce-
ment, therefore affecting the mechanical properties of either thermoplastic films or bulk
samples [2,3]. As far as proteins are concerned, most of those contained in the grain are
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storage proteins, better known under the name of gluten. Leblanc et al. [1] suggested flours
with less than 10% protein as more suitable for plasticization. More recently, Puglia et al. [4]
and then Benincasa et al. [2] demonstrated that the tensile performances of thermoplastics
derived from wheat refined flours, more than on the total protein content, depend on the
kind of proteins and their structural organization in the grain, as revealed by the grain
hardness and the Chopin’s alveograph parameters (P, L, P/L, W), commonly used to de-
scribe flour’s baking properties. Wheat gluten is composed of two major protein groups,
glutenins and gliadins [5], referred to as prolamines. Glutenins, representing about 45%
of the total protein in the endosperm of bread wheat, are polymeric proteins ranging in
molecular weight from 80 to several million kDa, in which many subunits are cross-linked
by disulphide bonds. These subunits can be fractionated, after reduction, by SDS-PAGE,
and they subdivide into high-molecular-weight subunits (HMW-GS, 80–120 kDa) and
low-molecular-weight subunits (LMW-GS, 30–50 kDa). Gliadins account for approximately
30% of the total kernel protein, they are monomeric, having molecular weight lower than
80 KDa, and they are represented by a large family of proteins which can be classified as α-
and β-gliadins (30–35 kDa), γ-gliadins (35–45 kDa), andω-gliadins (45–75 kDa), based on
their electrophoretic mobility. It is the absolute abundance of each fraction and the relative
abundance among fractions that affects the baking properties of flours [6,7] and, likely, the
mechanical properties of derived thermoplastics.

The accumulation of gluten fractions in the wheat grain depends on the genotype
(i.e., the “cultivar”, contraction of “cultivated variety”) and the environment sensu latu,
including either the soil and climate or the cultivation practices. No doubt, the genotype
plays a primary role. Thus, for example, Benincasa et al. [2] tested a total of 24 single-
cultivar flours in a wide range of baking properties and discovered relationships with the
mechanical properties of derived thermoplastic films. However, the environment may
also have an important effect. There is a body of literature on the effect of the rainfall
and temperature regimes during grain filling and the effect of these variables on current
photosynthesis and assimilate translocation to the grain. In this regard, it is worth noting
that, in most cultivated areas, wheat is a rainfed crop, grown without irrigation; therefore,
the grain filling is highly dependent on the rainfall regime and soil water capacity [8,9].
Similarly, there is a body of literature on the effect of cultivation choices (soil tillage, sowing
density, nitrogen fertilization rate and timing, crop defense against pathogens) on wheat
grain yield and quality [10].

For a given genotype in a given environment, the nitrogen (N) fertilization schedule
is probably the most important factor affecting the content and kind of proteins in the
grain. The N requirement for a wheat crop yielding 6–7 Mg ha−1 (the orientative yield
of a rainfed crop in plains of temperate countries with developed agriculture) is around
150–200 kg ha−1, whereas the amount of N available in the soil generally accounts for a
few tens of kg ha−1. The missing amount is supplied with N fertilization. N promotes first
the size and functioning of the photosynthetic apparatus (i.e., the source of assimilates) and
then the grain set and filling (i.e., the final sink for assimilates). Since N is relocated within
the plant from the vegetative apparatus to the grains, the total crop N uptake, and thus
the total N fertilization rate, is the primary factor affecting the grain protein content [11].
Nonetheless, the timing of N fertilization may also have an effect, since late more than early
N availability contributes to the accumulation of proteins in the grain [12–14]. Moreover,
glutenins and gliadins, due to their different molecular weight, have different accumulation
dynamics in the grain and, again, the timing of N fertilization, combined with the rainfall
regime, may favor one or the other fraction, with effects on gluten composition that vary
year by year for the same locality.

In a recent work aimed at investigating the effect of the timing of N availability
on the wheat grain development, Benincasa et al. [15] imposed different N fertilization
schedules, differing for total N rates and application timing. Part of the grains harvested
were milled and flours were destined to produce thermoplastics. Hence, the aim of this
work was to evaluate the effect of N fertilization schedules on the protein content, gluten
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subunit composition, and alveographic parameters of wheat flours and on the mechanical
properties of derived thermoplastics.

2. Materials and Methods
2.1. Origin of the Source Grains: The Field Trial and Crop N Fertilization Treatments

The wheat (Triticum aestivum L.) grains used as the source of the flours used for
plasticization were harvested in June 2018 from a field experiment carried out at the
experimental station of the Department of Agricultural, Food, and Environmental Sciences
of the University of Perugia, located in Papiano (43◦ N, 12.3◦ E, 165 m a.s.l.), in the middle
Tiber Valley, Central Italy. A detailed description of the field trial and crop management is
reported in Benincasa et al. [15].

Briefly, two hexaploid bread wheat cultivars were used: Bora (BR), producing large
grains (about 50 mg each), and Bologna (BL), producing small grains (about 35 mg each),
which had been already studied for plasticization in the experiment by Benincasa et al. [2].
The different cultivars were exposed to different fertilization schedules, according to a
split-plot design with four replicates (randomized blocks), with the cultivar allotted to the
main plot and the N fertilization treatment allotted to the sub-plot. The source grains of
the flours used here for plasticization were harvested from the following four fertilization
treatments: (1) continuously well-N-fed (N300), i.e., fertilized with 300 kg N ha−1, split
into five applications of 60 kg N ha−1 each, on 16 December (early tillering), 10th January
and 12th February (tillering phase), 15th March (early shoot elongation), and 8th April (late
shoot elongation); (2) N-fed only very early (N60-0), i.e., fertilized only in one application
of 60 kg N ha−1 on 16th December; (3) N-fed only extremely late (N0-120), i.e., fertilized
only in one application of 120 kg N ha−1 on 2nd May (pollination in the main spike);
(4) unfertilized control (N0).

The four fertilization treatments were effective and differences among them were very
marked for both cultivars, resulting in very different grain yield and yield components
(spikes per m2, grains per spike, grain weight), as reported in Benincasa et al. [15]. It is
worth noting that rainfall during the fall–winter season was very high, and this allowed
the desired imbalance in crop N nutrition in treatments 60-0 and 0-120, which is unusual,
but possible, in wheat cultivation practice. In particular, in N0 and N300, the crop could
set a number of grains adequate to the photosynthetic capacity allowed by its constant N
availability (low and high in N0 and N300, respectively), while in N60-0, the crop set a
number of grains greater than required by the low late photosynthetic capacity, and finally,
in N0-120, the crop was somehow “surprised” by an unexpected sharp increase in late N
availability and could only fill up the few grains available with a large amount of new
resources. In particular, N300 produced over 6 tons of grains per hectare, while N0-120
produced just 2 tons per hectare (thus, N compounds concentrated in this small amount of
grains). Further details on agronomic and crop physiology aspects can be referred to in
Benincasa et al. [15].

2.2. Grain Morphology and Microstructure of Flours

The morphology of different wheat grains and the microstructure of flours were
investigated by FESEM (field emission scanning electron microscopy, Supra 25-Zeiss,
Oberkochen, Germany, accelerating voltage 2 kV). The flour grains were deposited on
adhesive tape, gold-sputtered, and then analyzed without staining, in accordance with
Roman-Gutierrez et al. [16].

2.3. Grain Milling and Determination of Flour Alveographic Parameters

Sample grains from the four field replicates of each of the eight treatments
(2 cultivars × 4 crop N fertilization schedules) were regrouped and accurately mixed
to obtain an average sample for each treatment. Then, grains of each treatment were
separately milled with a laboratory mill (Labormill, 4.RB., R. Bona srl, Monza, Italy) by the
ASSAM (Agenzia Servizi Settore Agroalimentare delle Marche) laboratory of Jesi (Ancona
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Province) with standardized calibration and procedure. Chopin’s alveograph (Alveolink
NG, Chopin, France) parameters (P, L, P/L, W) of the dough obtained by mixing flour with
a 2.5% NaCl water solution were recorded on five dough disks according to a standard
procedure (method UNI EN ISO 27971:2015). The mean outputs of the five replicated
alveograms as provided by the alveograph, without SD values, were taken, provided that
the five curves were very similar; otherwise, the test was repeated on five new dough disks.
A more detailed description of alveographic parameters is reported in Puglia et al. (2015) [4].

2.4. Analysis of Gluten Content and Gluten Fractions

Gluten content determination was conducted on two analytical replicates with the
Glutomatic 2200 (Perten Instruments) according to the AACC method 38-12 [17] and
expressed as dry matter (d.m.).

Storage proteins were obtained from 50 mg of whole meal flour for 1 h at room
temperature in a solution containing 0.0625 M Tris–HCl, pH 6.8, 2% (w/v) SDS, 40% (w/v)
glycerol, and 5% β-mercaptoethanol. The extracts were incubated at 80 ◦C for 10 min
and then centrifuged. A total of 10 µL of supernatant was added onto an SDS-PAGE
gel prepared with 10% acrylamide (T = 10%, C = 0.05%), 0.375 M Tris–HCl, pH 8.4, and
0.1% (w/v) SDS; proteins were fractionated for 2 h at 200 V. Gliadins were extracted and
fractionated by A-PAGE as described by Pogna et al. [18]. A 0.25% (w/v) solution of
Coomassie Brillant Blue R250 in 6% trichloracetic acid was utilized to fix and stain the
gel. After destaining for 24 h in distilled water, the gels were scanned with a UVIpro
densitometer (Uvitec, Cambridge, UK) using the UVIpro Bronze software. High-molecular-
weight glutenin subunits (HMW-GS) were numbered according to the nomenclature of
Payne and Lawrence [19] and low-molecular-weight glutenin subunits (LMW-GS) with
different relative mobilities were numerically named. HMW-GS and LMW-GS and gliadin
classes (α/β, γ, andω, named according to Bushuk and Zillman [20]) were quantitatively
compared by calculating their pixel volumes. All the determinations were repeated twice,
and the k pixel volumes data were expressed as the mean of two replications.

2.5. Thermal Analysis of Wheat Flours

Thermal degradation of the different wheat flours was carried out by thermogravimet-
ric analysis (TGA, Seiko Exstar 6300, Tokyo, Japan) applying a thermal profile from 30 ◦C
to 600 ◦C at 10 ◦C/min. About 5 mg of each sample was used, and dynamic tests were
carried out under nitrogen flow (200 mL/min). Mass loss (TG) and derivative mass loss
(DTG) curves for each tested material were determined.

2.6. Plasticization, Filming, and Measurements on Films

Plasticization of the flour samples was performed with an Xplore Microcompounder
5 and 15 cc extruder (DSM, Sittard, The Netherlands) by using suitable amounts of glycerol,
water, and other additives to facilitate the process: flour (68%, w/w), glycerol (23%, w/w),
PVA in aqueous solution PVA/water 1:20 (2%, w/w), sorbitol (5.2%, w/w), and magnesium
stearate (1.8%, w/w). The different contents of additives were chosen regardless of the
specific characteristics of the wheat flour and applied for all flours without any variation,
in order to establish a comparative set of samples. Thermoplastic films were formed by
using a microfilm die for cast film (DSM Film Device). All the materials were firstly mixed
at low speed in a laboratory mixer (planetary mixer, 60 rpm for 3 min), then the mix was
introduced into the extruder and a further mixing was obtained at 120 rpm for 6 min.
A temperature profile of 135–140–145 ◦C was selected for the three areas of the extruder, i.e.,
feeding, metering, and die, according to Puglia et al. (2015) [4], who found that this profile
was the most suitable for the mechanical characteristics (deformability and strain-to-break)
of films. The films had an average thickness of 300 ± 50 µm.
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2.7. Tensile Properties of Produced Films

The mechanical properties of different films tested were measured in tensile mode by
adopting the standard method UNI ISO 527. The different samples were cut into strips
with a test dimension of 50 mm × 10 mm and conditioned for 48 h at 23 ± 2 ◦C and 50%
RH before tests. The tensile tests were performed by using a universal test machine (Lloyd
L30K) analyzer with a 5 N load cell. Initial gauge length was set to 25 mm. The film
strips were tested at a crosshead speed of 5 mm/min. Different parameters, such as elastic
modulus, tensile strength, and elongation at break, were determined. Ten replicates for
each formulation have been considered.

2.8. Statistical Analysis

Gluten content and absolute values of gluten subunits are reported as the means of two
analytical replicates with standard errors. For ratios between gluten subunits, since analyti-
cal replicates of glutenins and gliadins were obtained from different extracts run on different
gels, any association of a replicate of glutenins with a replicate of gliadins would be arbitrary.
For this reason, the associated error (∆X1/X2) was computed by using a standard formula
from the error propagation theory in a ratio [21], i.e., ∆X1/X2 = [(X1 ∆X2) + (X2 ∆X1)]/X2

2.
Data of mechanical tests were analyzed by analysis of variance (ANOVA) using the

Statgraphics Plus 5.1. Program (Manugistics Corp. Rockville, MD, USA). To differentiate
samples, Fisher’s least significant difference (LSD) was used at the 95% confidence level.

3. Results and Discussion

Table 1 summarizes the values of gluten content and alveographic parameters of
flours obtained from grains harvested in the eight treatments (2 cultivars × 4 N fertiliza-
tion treatments).

Table 1. Humidity, gluten content (standard error in brackets), and Chopin’s alveograph parameters
(as described by Puglia et al. [4]) of flours obtained from grains of the two soft wheat cultivars (Bora
and Bologna) grown under four nitrogen fertilization schedules (N0, N60-0, N0-120, N300). N0:
unfertilized control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120: N-fed only extremely
late (i.e., at pollination) with 120 kg N ha−1; N300: continuously N-fed with five applications of
60 kg N ha−1 for a total of 300 kg ha−1. The reported values are the mean outputs of five replicated
alveograms as provided by the alveograph, without SD values. d.m.: dry matter.

Cultivar N Treatment Humidity (%) Gluten Content
(% d.m.) P L W P/L

Bologna 0 14.2 6.02 (0.03) 72 78 215 0.92
60-0 14.5 4.54 (0.04) 88 43 166 2.05

0-120 15.6 12.75 (0.01) 74 202 539 0.37
300 15.8 10.00 (0.11) 96 95 380 1.01

Bora 0 14.7 6.31 (0.01) 83 59 200 1.41
60-0 14.3 5.30 (0.04) 105 32 145 3.28

0-120 15.6 13.14 (0.9) 84 140 361 0.60
300 15.5 9.93 (0.06) 79 114 277 0.69

In both cultivars, the gluten content, as well as the W and L, were low in N60-0 and
N0 and extremely high in N0-120, while N300 showed intermediate (but high in absolute)
values. Differences in alveographic parameters between fertilization treatments were much
greater than expected from the literature for a similar cultivar in the same environment and
year. However, these differences appear to be in agreement with the differences observed
in the gluten content (Table 1) and in the absolute and relative abundances of the different
gluten subunits and gel bands (Table 2).
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Table 2. Pixel volumes (×103) of wheat gluten fractions for the flours of the two cultivars (Bora
and Bologna) grown under four nitrogen fertilization schedules (N0, N60-0, N0-120, N300). N0:
unfertilized control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120: N-fed only extremely
late (i.e., at pollination) with 120 kg N ha−1; N300: continuously N-fed with five applications of
60 kg N ha−1 for a total of 300 kg ha−1. SE: Standard error/errors.

Fractions Bands N0 N60-0 N0-120 N300
Mean SE Mean SE Mean SE Mean SE

Bologna
HMW-GS 2 * 11.5 2.3 9.0 0.9 18.2 2.0 17.3 1.5

5 45.3 4.2 46.4 0.7 59.1 12.5 67.8 5.6
7 81.4 8.5 82.8 1.8 82.1 9.4 92.1 6.4
8 9.8 2.9 7.2 0.6 35.0 3.9 20.9 4.5

10 33.7 5.4 34.3 0.9 55.9 5.4 56.4 8.1
Tot 181.7 23.3 179.7 0.4 250.4 29.2 254.6 26.2

LMW-GS 1 23.0 0.3 24.0 0.6 100.0 6.4 71.6 15.3
2 + 3 91.9 15.1 97.5 5.5 174.9 12.5 150.7 6.4
4 + 5 521.1 2.8 536.2 38.0 584.1 29.7 550.8 12.3

6 60.9 18.9 58.5 8.4 83.2 7.5 85.3 11.6
Tot 696.9 30.8 716.2 23.5 942.2 56.0 858.4 45.7

Gliadins ω 158.4 19.1 144.5 9.3 366.8 16.6 320.8 25.9
γ 274.8 30.5 266.9 8.9 320.0 36.1 400.9 35.3

α + β 317.5 42.4 290.1 32.6 660.3 170.5 693.0 78.1
Tot 750.6 91.9 701.6 14.5 1347.2 223.2 1414.8 139.3

Bora
HMW-GS 1 17.9 2.6 22.7 1.5 46.4 0.0 39.1 2.9

5 45.7 3.7 57.3 3.1 84.6 1.4 79.2 3.6
7 49.5 2.9 62.1 3.9 86.0 1.3 83.5 5.1
8 10.7 0.3 15.3 1.4 39.0 0.5 31.0 0.7

10 34.9 0.2 46.2 2.4 80.6 2.2 67.1 4.5
Tot 158.8 9.3 203.6 12.3 336.6 4.5 300.0 9.6

LMW-GS 1 18.8 2.8 31.2 6.3 97.2 15.0 44.1 3.7
2 + 3 79.8 7.3 118.3 15.2 281.2 45.1 182.5 11.2
4 + 5 254.0 21.5 317.4 26.4 411.2 58.5 311.9 27.2

6 195.5 42.6 242.0 60.6 269.5 10.0 187.6 13.5
Tot 548.2 74.1 708.8 108.5 1059.0 108.6 726.1 55.6

Gliadins ω 152.3 27.8 118.7 9.2 382.2 69.9 179.8 2.8
γ 241.9 27.7 210.3 13.2 258.2 18.5 215.5 6.3

α + β 419.0 90.4 342.5 50.5 815.0 53.4 577.4 3.6
Tot 813.2 145.8 671.5 72.8 1455.4 141.8 972.8 12.7

MEANS OF TOTALS (CV confounded)
HMW-GS Tot 170.2 12.2 191.7 8.6 293.5 27.7 277.3 17.4
LMW-GS Tot 622.6 54.0 712.5 45.4 1000.6 60.2 792.3 48.2
Gliadins Tot 781.9 72.7 686.6 31.5 1401.3 112.4 1193.8 139.8

HMW-GS = high-molecular-weight glutenin subunits. LMW-GS = low-molecular-weight glutenin subunits. The
* in the band 2* means it is expressed by the genome A.

Differences among N fertilization treatments in the absolute values of gluten subunits
were remarkable in many cases. However, differences among N fertilization treatments in
the glutenins/gliadins ratio (to be calculated from data in Table 2) were not very relevant or
consistent for the two cultivars, except for a higher total glutenins/total gliadins ratio and a
higher total LMW-GS/total gliadins ratio in treatment N60-0. However, any ratio between
subunits and gel bands reported in Table 2 deserves to be considered for possible effects
on the baking properties of flours and mechanical properties of derived thermoplastics.
Although any regrouping of fractions and bands might be arbitrary and needs to be further
evaluated, some general trends seem to be worth highlighting, as suggested from ratios
reported in Table 3.
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Table 3. Tentative ratios between gluten fractions for the flours of the two wheat cultivars (Bologna
and Bora) grown under four nitrogen fertilization schedules (N0, N60-0, N0-120, N300). N0: un-
fertilized control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120: N-fed only extremely
late (i.e., at pollination) with 120 kg N ha−1; N300: continuously N-fed with five applications of
60 kg N ha−1 for a total of 300 kg ha−1. The ratios are calculated from mean values reported in
Table 2. SE: Standard error.

Gluten Fractions
N0 N60-0 N0-120 N300

Mean SE Mean SE Mean SE Mean SE

Bologna
Total GLUTENINS/GLIADINS 1.17 0.153 1.28 0.061 0.89 0.210 0.79 0.128
Total HMW-GS/GLIADINS 0.24 0.061 0.26 0.006 0.19 0.052 0.18 0.036
Total LMW-GS/GLIADINS 0.93 0.155 1.02 0.055 0.70 0.157 0.61 0.092
Total HMW-GS/total LMW-GS 0.26 0.045 0.25 0.009 0.27 0.047 0.30 0.046
Total HMW-GS/LMW-GS (1+2+3) 1.58 0.406 1.48 0.078 0.91 0.169 1.15 0.230
HMW-GS (2*+5+7)/HMW-GS (8+10) 3.18 0.951 3.33 0.170 1.75 0.399 2.29 0.549
LMW-GS (1+2+3)/LMW-GS (4+5+6) 0.20 0.031 0.20 0.020 0.41 0.051 0.35 0.047
GLIADINSω/(α + β + γ) 0.27 0.065 0.26 0.028 0.37 0.096 0.29 0.054
GLIADINSω/γ 0.58 0.133 0.54 0.053 1.15 0.181 0.80 0.135

Bora
Total GLUTENINS/GLIADINS 0.87 0.236 1.36 0.327 0.96 0.171 1.05 0.081
Total HMW-GS/GLIADINS 0.20 0.046 0.30 0.051 0.23 0.026 0.31 0.014
Total LMW-GS/GLIADINS 0.67 0.212 1.06 0.276 0.73 0.146 0.75 0.067
Total HMW-GS/total LMW-GS 0.29 0.056 0.29 0.061 0.32 0.037 0.41 0.045
Total HMW-GS/LMW-GS (1+2+3) 1.61 0.257 1.36 0.278 0.89 0.153 1.32 0.130
HMW-GS (1+5+7)/HMW-GS (8+10) 2.48 0.207 2.31 0.281 1.81 0.049 2.06 0.139
LMW-GS (1+2+3)/LMW-GS (4+5+6) 0.22 0.054 0.27 0.080 0.56 0.128 0.45 0.067
GLIADINSω/(α + β + γ) 0.23 0.083 0.21 0.041 0.36 0.089 0.23 0.006
GLIADINSω/γ 0.63 0.187 0.56 0.079 1.48 0.377 0.83 0.038

For example, in both cultivars, the ratio between total HMW-GS and total LMW-GS
was lower in N0 and N60-0 than in N300, while the ratio between total HMW-GS and the
bands 1+2+3 of LMW-GS was higher in N0 and N60-0 and the lowest in N0-120. Among
the HMW-GS, in both cultivars, the ratios between the upper three bands (i.e., 2*+5+7 in
Bologna, 1+5+7 in Bora) and the lower two bands (8+10) were markedly higher in N0 and
N60-0 and the lowest in N0-120. Among the LMW-GS, in both cultivars, the ratio between
the upper bands (1+2+3) and the lower bands (4+5+6) was low in N0 and N60-0 and the
highest in N0-120. Among gliadins,ω-gliadins and the ratio between them and the other
gliadins were low in N0 and N60-0 and much higher in N0-120. Interestingly, the more
ω-gliadins are expressed, the laxer the gluten is, since this group of gliadins acts as a chain
terminator [22]. Thus, data suggest that very late fertilization favors the accumulation of
molecules with intermediate molecular weight (i.e., lower bands of HMW-GS, upper bands
of LMW-GS and ω-gliadins). This trend would be in agreement with [11,12] and with
the very high extensibility of the dough (L) observed in the alveograph test of treatment
N0-120 (Table 1). For most of the aforementioned ratios, N300 showed intermediate values
between those of N0 and N60-0 and those of N0-120.

Although effects of treatments were generally consistent for the two cultivars, some
differences between cultivars were observed, which merits consideration of the different
genetic and physiological traits. Among these, the band 2* of HMW-GS in Bologna (with
respect to the band 1 of HMW-GS in Bora) would be responsible for the better baking
properties (i.e., the higher values of alveographic paramenters) of this cultivar [23]. In
addition, the very different grain size (50 mg for Bora vs. 35 mg for Bologna) might explain
the different accumulation dynamics and timing for gluten subunits having different
molecular weight. However, FESEM images of native flours did not show substantial
differences in gluten accumulation between cultivars (Figure 1).
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Figure 1. Field Emission Scanning Electron Microscopy (FESEM) images at two different magnifica-
tions of wheat flours for the two cultivars Bologna (Panel A) and Bora (Panel B) grown under four
nitrogen fertilization schedules: (N0) (a), (N60-0) (b), (N0-120) (c), and (N300) (d). N0: unfertilized
control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120: N-fed only extremely late (i.e., at
pollination) with 120 kg N ha−1; N300: continuously N-fed with five applications of 60 kg N ha−1

for a total of 300 kg ha−1. Red arrows identify starch granules, while white arrows identify the
protein matrix.

They only revealed differences among N treatments in the amount of proteins around
starch granules, which was greater in the well-N-fed and late N-fed treatments (N300
and N0-120, respectively), confirming findings by Uthumporn et al. [24]. In these FESEM
images, unfractionated starch granules appear to have a classic bimodal pattern, with large
granules surrounded by small granules [25], but no appreciable dimensional differences
among treatments can be observed, although these cannot be excluded in view of a lack of
an adequate number of replicated images per treatment (Figure 1).

The TG/DTG curves of flours (Figure 2) presented two main peaks, the first one
related to water evaporation, the second, centered at 300 ◦C, corresponding to starch
decomposition [26]. The maximum degradation rate at the second peak temperature was
higher, for both cultivars, in treatments never or early/little fertilized (N0 and N60-0) and
lower in treatments constantly or late/well fertilized (N300 and N0-120) (Figure 2a,c),
whereas an opposite ranking of treatments was observed for the residual weight at the end
of the test (900 ◦C) (Figure 2b,d).
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Figure 2. Thermogravimetric analysis (TGA) of wheat flour for the two cultivars Bologna (a,b) and
Bora (c,d) grown under four nitrogen fertilization schedules (N0, N60-0, N0-120, N300). N0: unfertil-
ized control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120: N-fed only extremely late (i.e.,
at pollination) with 120 kg N ha−1; N300: continuously N-fed with five applications of 60 kg N ha−1

for a total of 300 kg ha−1. DTG: derivative thermogravimetry.

Our evidence is not easy to discuss based on the very scarce literature on this subject.
A first claim would be that the thermal stability of flours from treatments having increased
amount of proteins, due to constantly high or late N availability (i.e., N300 and N0-120),
is reduced. Being the thermal degradation of starch superimposed on gluten decomposi-
tions [27,28], the contribution of the two components to the main peak profile cannot be
easily distinguished. Thermal degradation of the two components (protein and starch in
wheat flour) mainly involves breaking of the covalent peptide bonds in the amino acid
residues and cleavage of S–S, O–N, and O–O linkages from protein molecules, as well
as the removal of polyhydroxyl groups from starch. In any case, our hypothesis is that
total protein content is not the only aspect affecting the output. Li et al. [27] reported a
lower degradation temperature for flours with higher glutenin and lower gliadin/glutenin
ratio [29], which substantially supports our findings, although our further splitting of
gluten fractions (Tables 2 and 3) would deserve to be considered. Higher thermal stability
could be correlated to the spherical dimension of gliadins, inducing the chemical bonds
to break and protein molecular chains to stretch [30]. According to Khatkar et al. [31],
the residual mass changes provided information about the variations in the gluten struc-
ture with an increase in weight loss, suggesting the creation of a more open and weak
gluten structure.

The tensile properties of thermoplastic films derived from flours of the eight experi-
mental treatments are shown in Figure 3 and Table 4. As a general trend, Bologna showed
higher σb, lower εb, and higher E values. Within each cultivar, the highest εb values of films
were obtained with flours from the unfertilized treatment (N0), followed by the low and
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early fertilized treatment (N60-0), then the late fertilized treatment (N0-120) and, finally,
the always well-fertilized treatment (N300). Thus, the εb would appear to be inversely
correlated with crop N availability and total gluten content of the flour. The σb was less
variable among N treatments; however, in both cultivars, it was high in N0 and N300 and
appreciably lower in N0-120. Overall, based on the three tensile parameters, the best me-
chanical performance was obtained with flours characterized by a good balance of gluten
subunits, i.e., those obtained from the crop not subjected to imbalances in N nutrition,
independent of low or high N availability (N0, N300). It seems worth clarifying that the
mechanical behavior of a thermoplastic film can be considered satisfying depending on
the specific selected application, which could require alternatively high tensile strength
or high deformability. In all cases, these properties are strongly correlated to the selection
of a specific plasticizer that can finely tune the overall response. However, within the
range of values obtained in this experiment with glycerol, higher values of σb and E can be
considered desirable.

Results on tensile properties and alveographic parameters obtained in this experiment
appear to be in conflict with the results of Benincasa et al. [2], where the maximum σb, εb,
and E of flours in the same group of Bologna and Bora (i.e., those having P > 60, P/L ≥ 0.43,
and W > 170) were positively correlated to P and negatively correlated to P/L and W.
However, it must be pointed out that the work by Benincasa et al. [2] investigated the
effect on tensile properties of plastic films from several cultivars all grown under a similar
N fertilization schedule providing normal crop N feeding (i.e., quite high and constant
throughout the growing cycle), while this work was carried out on purpose for investigating
the effect of extreme differences and imbalances in N nutrition of a same cultivar, just to
point out that bioplastic engineering needs to take into consideration the variability of
biological source material. Moreover, in the present work, further considerations may
be drawn based on both the abundances and the allelic variability of the different gluten
subunits, which likely play a role [32–34].
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Figure 3. Stress–strain curves of tensile tests carried out on plasticized films obtained from wheat
flours of two cultivars, Bologna (left) and Bora (right), grown under four nitrogen fertilization
schedules (N0, N60-0, N0-120, N300). N0: unfertilized control; N60-0: N-fed only very early with
60 kg N ha−1; N0-120: N-fed only extremely late (i.e., at pollination) with 120 kg N ha−1; N300:
continuously N-fed with five applications of 60 kg N ha−1 for a total of 300 kg ha−1. σb: tensile
strength at break; εb: elongation at break.
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Table 4. Mechanical properties (tensile strength at break, σb; elongation at break, εb; Young’s modulus,
E) of the tensile tests carried out on plasticized films obtained from wheat flours of two cultivars,
Bologna (left) and Bora (right), grown under four different nitrogen fertilization schedules (N0, N60-0,
N0-120, N300). N0: unfertilized control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120:
N-fed only extremely late (i.e., at pollination) with 120 kg N ha−1; N300: continuously N-fed with
five applications of 60 kg N ha−1 for a total of 300 kg ha−1.

Source Flours σb (MPa) εb (%) E (MPa)

Bologna
N0 2.31 ± 0.22 c 40.40 ± 6.89 b 48.23 ± 2.42 b

N60-0 1.94 ± 0.05 ab 36.69 ± 1.52 b 41.33 ± 5.03 ab

N0-120 1.73 ± 0.15 a 33.56 ± 4.03 ab 33.28 ± 7.96 a

N300 2.20 ± 0.14 bc 27.80 ± 2.34 a 69.56 ± 9.41 c

Bora
N0 1.29 ± 0.17 a 51.75 ± 6.75 c 19.77 ± 3.53 a

N60-0 1.27 ± 0.17 a 45.01 ± 3.87 bc 22.72 ± 7.32 a

N0-120 1.16 ± 0.04 a 35.40 ± 3.13 ab 20.40 ± 1.83 a

N300 1.32 ± 0.14 a 31.64 ± 6.01 a 23.00 ± 2.99 a

(a–c) Different superscripts within the same column indicate significant differences among formulations for the
source flour (p < 0.05).

Finally, N fertilization schedule might affect not only the protein component of flours
but also the integrity of starch granules, since the amount and structure of the protein
matrix surrounding starch granules might imply a different breaking of granules during
milling. In this regard, it is worth noting that Bora and Bologna have different content
in puroindolines, which are starch membrane proteins. Bora contains both puroindoline
A and B wild type, while Bologna has only puroindoline B. This might have differently
affected the integrity of starch granules during milling with consequent differences in
starch plasticization. Furthermore, different N availability might have caused differences
in starch granule number, size, shape, and composition, but this could not be ascertained in
this work.

Of course, N fertilization in soft wheat is normally scheduled to increase crop yield
and bread-making quality while limiting environmental impact; thus, cultivation practice
is generally aimed at guaranteeing a good and constant N nutrition. However, the need
to limit economic and environmental N fertilization costs, as well as extreme climatic
events, such as unusual heavy rainfall occurring early or late in the growing season, may
give rise to more and more frequent situations of N deficiency or imbalances (e.g., early
N availability followed by severe N deficiency or late N availability after severe early N
deficiency, i.e., our treatments N60-0 or N0-120, respectively).

The results obtained with the mechanical characterization are consistent with the
morphological analysis of the fracture surfaces of the plasticized flour films obtained with
FESEM micrographs (Figure 4). The films obtained from both Bologna (Panel A) and Bora
(Panel B) flours show differences among N fertilization treatments that can be accounted
for by the different gluten and starch content and composition. In particular, in the case of
Bora (Figure 4, Panel B), the films of N0 and 60-0 have a rough fractured surface. Films of
N0-120 are less wrinkled and show a more heterogeneous matrix, with smooth and fragile
sections, alternating rough and deformable parts in which small and poorly interfaced
starch granules are incorporated. The surface of N300 is less rough; starch granules are
well-interfaced with the relatively smooth plasticized matrix, typical of brittle fractures.
In the case of Bologna (Figure 4, Panel A), it is evident that in films of N0 and N60-0, the
plasticization occurred properly, with homogenized sample surface and limited presence
of poorly hydrated starch granules. On the other hand, the increased amount of protein
matrix in N0-120 and N300 made the incorporation of granules less uniform, with the
presence of some intact starch granules and few small cracks in the matrix. The presence
of different gluten content and composition is likely responsible for differences in surface
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roughness and the presence of agglomerates and cracks that might have been formed
during the extrusion and filming process at a different level, involving partial or complete
destructuring of starch granules. In general, a homogeneous surface without cracks and
with small, agglomerated particles indicates a strong interfacial adhesion between the
protein and the thermoplastic matrix.
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Figure 4. Field Emission Scanning Electron Microscopy (FESEM) images at two different magnifica-
tions of plasticized films from wheat flours of the two cultivars, Bologna (Panel A) and Bora (Panel B),
grown under four different nitrogen fertilization schedules: (N0) (a), (N60-0) (b), (N0-120) (c), and
(N300) (d). N0: unfertilized control; N60-0: N-fed only very early with 60 kg N ha−1; N0-120: N-fed
only extremely late (i.e., at pollination) with 120 kg N ha−1; N300: continuously N-fed with five
applications of 60 kg N ha−1 for a total of 300 kg ha−1.

Given the lack of literature, any comment on the effect of absolute and relative abun-
dances of gluten fractions would represent speculation. In any case, it is worth repeating
that, in both cultivars, compared to the constantly well-fertilized treatment (N300), unfertil-
ized or little and early fertilized treatments (N0 and N60-0) had a lower protein content and
a prevalence of the upper bands of HMW-GS, while the late fertilized treatment (N0-120)
had higher protein content and prevalence of lower bands of HMW-GS, upper bands of
LMW-GS, and gliadins. The constantly well-fertilized treatment (N300) had high protein
content and more balanced proportions of gluten subunits. In addition, differences in the
size and shape of starch granules might have been caused by the different amount and
timing of N availability, which would help explain differences in derived thermoplastic
films [31,35–37], but this aspect will need further investigation.
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4. Conclusions

Our results demonstrate that the tensile properties of thermoplastic films derived
from wheat flours greatly depend on the cultivar and the crop nitrogen availability due
to their effect on the protein content and on the absolute and relative abundances of
gluten fractions. Differences among N fertilization treatments in gluten composition and
alveographic parameters were extremely marked and greater than expected, giving rise
to differences in the tensile properties of thermoplastic films. As a general trend, Bologna
showed higher σb, lower εb, and higher E values than Bora. Within each cultivar, the
highest εb values of films were obtained with flours from the unfertilized treatment (N0),
followed by the low/early fertilized treatment (N60-0), then the late fertilized treatment
(N0-120) and, finally, the always well-fertilized treatment (N300). Thus, the εb appeared to
be inversely correlated with crop N availability and total gluten content of the flour. The
σb was less variable among N treatments; however, in both cultivars, it was high in the
flours from N0 and N300. Overall, the best mechanical performance was obtained with
flours characterized by a good balance of gluten subunits, i.e., those obtained from the crop
not subjected to imbalances in N nutrition, independent of low or high N availability (N0,
N300). Our work demonstrates that bioplastic engineering needs to take into consideration
the variability of biological source material like that caused by different N availability,
since the crop may be subjected to different N fertilization schedules (N form, N rate, and
application timing) and, moreover, imbalances in N nutrition, although not desired, may
occur as a consequence of the need to limit economic and environmental N fertilization
costs, as well as due to extreme climatic events such as unusual heavy rainfall occurring
early or late in the growing season.
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