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1  | INTRODUC TION

Today, the petroleum- based plastics used in the packaging industry 
is one of the most important environmental concerns. Thus, many 
researches have focused on preparing the biodegradable and re-
newable polymers from different biomass sources (Qazanfarzadeh 
et al., 2020; Souza & Fernando, 2016; Souza et al., 2018). The 
biopolymers used in preparing the film and coating often include 
polysaccharides, lipids, proteins, and their combinations (Jahed 
et al., 2017; Sukhija et al., 2016).

Proteins are the biopolymers made of different amino acids 
by peptide bonds and are defined as a stable polymeric network 
strengthen by hydrophobic, hydrogen, disulfide, and electrostatic 
interactions. Protein- based films can be prepare from some bi-
ological resources such as plant seed proteins (e.g., soybean, pea) 

(Han, 2001; Zheng et al., 2016) and animal proteins (e.g., gelatin, 
whey protein) (Mondragon et al., 2014; Sothornvit et al., 2009). 
Among these biological resources, the plant seed proteins are widely 
used due to their advantages such as edibility, combinability with 
other components, non- toxicity, healthy, more abundance and low 
cost (Kalia, 2016).

Quinoa (Chenopodium quinoa) is an old plant that belongs to 
Chenopodiaceae, and was domesticated around 5,000 years ago. 
It is cultivated in the Andes Mountains of Bolivia, Chile, and Peru. 
Quinoa seeds are rich in protein, dietary fiber, B- vitamins, and di-
etary minerals (Fe, Mn, and P) (Martínez et al., 2015). Nutritional 
evaluations indicated that quinoa seed protein content ranged from 
12% to 23%, which is higher than rice, corn, and barley protein con-
tent (Ruiz et al., 2016). Therefore, quinoa as a rich source of pro-
tein can be considered to protein extraction and used as a source 
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Abstract
This research aimed to prepare quinoa protein isolate (QPI) based nanocomposite 
films reinforced with starch and cellulose nanocrystals (CNC). The range of QPI, 
starch, and CNC contents were chosen as 60%– 80%, 10%– 30%, and 2.5%– 7%, re-
spectively, by mixture design approach. The effect of CNC and starch on physic-
ochemical, mechanical, and barrier properties of the films were then investigated. 
The obtained results showed that the addition of starch and CNC improved the me-
chanical properties of films. The incorporation of CNC reduced the film water vapor 
permeability (WVP). In addition, transparency of the films increased with increasing 
protein and starch content and reducing CNC content. Furthermore, the optimal for-
mulation of the composite was determined as 78.55% protein, 18.28% starch, and 
3.17% CNC. Fourier transform infrared (FTIR) spectroscopy of the film prepared ac-
cording to optimal formulation demonstrated the interaction of the film's constitu-
ents, and its scanning electric spectroscopy (SEM) image was in agreement with the 
physical and mechanical properties the nanocomposite film.
Novelty impact statement: Protein extracted from quinoa seeds using alkaline 
method with high purity (83%). The optimal formulation obtained with 78.55% pro-
tein, 18.28% starch, and 3.17% CNC. The optimal film is recommended for packaging 
of aromatic foodstuff.
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of protein for bio- degradable films preparation. In general, protein- 
based films are a good barrier to gases, lipid, and odor. However, due 
to their hydrophilic nature, they are sensitive to moisture and have 
shown poor water vapor permeability (WVP) and mechanical prop-
erties, which limit their applications (Azevedo et al., 2015; Rhim & 
Ng, 2007). One possible method to improve the properties of protein 
based films is mixing with other polymers such as starch to prepare 
composite films as recent studies have shown that the preparing 
composite films might improve their mechanical and barrier proper-
ties than those prepare from one polymer alone(Gennadios, 2002). 
Starch is one of the most important natural polymeric plants that 
is abundantly available at a low cost (Savadekar & Mhaske, 2012). 
The presence of high hydroxyl groups in both protein and starch en-
hances their ability to fusion by possible hydrogen bonds formation 
and improves the properties of final composite films.

Another method of improving the properties of protein- based 
films is incorporation of nano- filler compounds into the films as 
nanocomposite films. These components can improve the me-
chanical, thermal, and barrier properties of nanocomposites com-
pare to polymer alone. The high interfacial area, aspect ratio, and 
ability of dispersion of nanoparticles lead to strong interactions 
between the nano- fillers and polymer, so that improves the prop-
erties of the nanocomposites (Fortunati et al., 2017; Li et al., 2011; 
Lu & Hsieh, 2010, 2012; Oymaci & Altinkaya, 2016; Paralikara & 
Simonsenb, 2008; Shruthy et al., 2020). Among the different nano- 
fillers, cellulose is well- known to improve the barrier and mechani-
cal properties of edible film and coatings. The inherent features of 
cellulose nanocrystals (CNC) include nanoscale size, high surface- 
to- volume ratio, renewability, safety, compatibility with biopoly-
mers, excellent morphology, biodegradability, and high chemical 
and thermal stabilities attracted the attention of many researchers 
in the area of cellulose nanocrystals. They have low density and 
as a filler they may significantly increase the strength and rigid-
ity of the polymer and, reduce the weight of the nanocomposites 
network (Gindl & Keckes, 2005; Kristo & Biliaderis, 2007; Chen 
et al., 2012).

So far, a few studies have been done on finding the optimal 
formulation of biodegradable films. Therefore, this present study 
tries to provide an appropriate formulation of a biodegradable film 
using the mixture design approach. Mixture design is used to study 
relationships between different variables and responses (Chen 
et al., 2010). It can establish the surface model of continuous vari-
ables, estimate every element in the mixture and their interactions, 
and optimize the component elements following the target to de-
termine the best ratio of ingredients (Zhou et al., 2007). Nowadays, 
this statistical method is extensively used for formulation in food 
industries (Laneuville et al., 2005; Ryland et al., 2010; Yang & 
Vickers, 2004). Thus, the main objective of this research was to ex-
tract quinoa protein isolate (QPI), find the optimal formulation of the 
biodegradable bio- nanocomposite consisted of QPI, starch and CNC 
using mixture design method, preparing the bio- nanocomposite film, 
and investigate the physical, mechanical, and barrier properties of 
the bio- nanocomposite films.

2  | MATERIAL S AND METHOD

2.1 | Materials

Quinoa seed (Red Carina variety) was supplied from the Seed 
and Plant Improvement Institute (SPII) in Karaj, Iran. CNCs were 
purchased from Nanotechnology Laboratory Network, Tehran 
University, Iran. The starch powder was purchased from the retail 
market in Mashhad, Iran. All the chemicals used for analysis, in-
cluding hexane, hydrochloric acid, sodium hydroxide, glycerol, and 
trypsin enzyme, were purchased from Merck (Germany).

2.2 | Extraction of quinoa seed protein

The quinoa seed protein was extracted according to the method of 
Ruiz et al. (2016). The quinoa seeds were soaked in cold water sev-
eral times to remove the dust and then air- dried in ambient tempera-
ture. The cleaned seeds were then milled using an electrical mill and 
sieved under 60 mesh. The obtained flour was defatted with hexane 
with a sample- to- solvent mass ratio of 1:5 for 2 hrs to remove the 
oily components. The resulting flour was stored in a refrigerator at 
4°C until used. The defatted flour was suspended in deionized water 
(10% w/v), and the pH was adjusted to 11 by 2 N NaOH. The result-
ing mixture was stirred for one hour at room temperature and stored 
at 4°C for 24 hr and then centrifuged for 10 min at 6,000 × g to re-
move non- proteinaceous compounds. The supernatants were acidi-
fied to pH 4.5 by 2 N HCl and centrifuged at 6,000 × g for 10 min. 
The remaining sediment was collected and freeze- dried (FD 10, Iran) 
for 48 hr.

2.3 | Determination of the chemical composition of 
quinoa seed

The chemical composition of the samples (flour and QPI) was meas-
ured by the standard methods of AOAC (2000). The moisture, lipid, 
ash, and protein contents were determined by oven drying at 105℃, 
soxhlet method at 550℃, and Kjeldahl method, respectively. The 
carbohydrates content was calculated through the fraction of the 
percentage of all compounds from 100. All tests were performed 
with three replications.

2.4 | Preparing of the protein/starch/CNC bio- 
nanocomposite film

The control protein film was prepared by dissolving 3g of QPI in 
100 mL distilled water through constant stirring for 30 min. The pH 
of the suspension was then adjusted to11 using 2 N NaOH to bet-
ter dissolution of protein. Subsequently, glycerol as a plasticizer was 
added as 50% (w/w of QPI), and the solution was heated at 80°C 
for 20 min. After cooling down, ultrasonic treatment was performed 
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to remove the possible air bubbles in the film forming solution. 
The film forming solutions were cast on Teflon- coated glass plates 
(25 cm × 25 cm) and dried in ambient temperature for 24 hr (Bamdad 
et al., 2006).

In order to prepare the bio- nanocomposite films, different 
amounts of CNC, starch, and protein were used according to Table 1. 
For this purpose, CNCs were dissolved in 100 ml distilled water and 
subjected to ultrasonic treatment for 15 min. Then, QPI powder was 
added to the CNC suspension and after adjusting the pH, the speci-
fied amounts of starch were added to the film forming solution. The 
next steps were performed according to the method mentioned for 
the control film. After drying the peeled films were kept in a des-
iccator containing sodium carbonate at 20% relative humidity and 
25 ± 2°C for 48 hr before the WVP and mechanical properties tests.

2.5 | Characterization of films

2.5.1 | Solubility	in	water

The film samples (4 cm × 4 cm) were dried in an oven at 105°C for 
24 hr to obtain the initial dry weight of samples (Wi). Then, the film 
samples were immersed in distilled water (25°C for 24 hr) and subse-
quently oven- dried (at 105°C for 24 hr) again to determine the final 
dry weight of the samples (Wf). Finally, water solubility was deter-
mined according to the following equation (Abdollahia et al., 2013):

2.5.2 | Water	vapor	permeability	(WVP)

The WVP of films was determined according to the ASTM E96 
method (2001). For this purpose, glass cups (2.5 cm diameter and 
8 cm height) containing 2 g CaSO4 were used and the top of the cups 
was covered with a piece of film. The cups were weighed with their 
contents and placed in a desiccator containing NaCl solution with 

75% relative humidity. The cups were weighed every 4 hr for two 
days. The WVP was determined according to the following equation: 

where m/t is the water vapor transmission rate (g/day), L (mm) is the 
film thickness, A (m2) is the exposed area of the film, and ΔP (kPa) is the 
partial vapor pressure difference of the outside and inside of the cups.

2.5.3 | Film	opacity

Film transparency was measured at 600 nm wavelength using a 
UV- Vis spectrophotometer (CAMSPEC M550, England). The thick-
ness of film samples (4 cm × 1 cm) was measured at five random 
positions, and then their absorption was determined (Siripatrawan & 
Harte, 2010) (Guilbert & Cuq, 1992). Their transparency was deter-
mined using the following equation:

where A600 is the absorption at 600 nm and X is the film thickness 
(mm).

2.5.4 | Mechanical	properties	of	films

Tensile strength (TS) and elongation at break (EB) of films were 
determined according to the standard method (ASTM & D882- 02, 
2002) using a texture analyzer (H5 KS, England). The thickness of 
film samples (80 mm × 25 mm) was measured at five random posi-
tions. The distance between the grips and cross- head speed was set 
to 33 mm and 50 mm/min, respectively. The TS and %EB of the film 
were determined according to the following equations: 

 

where Fmax is the maximum force applied to the film (N), x is the film 
width (mm), y is film thickness (mm), ΔL is the absolute value of the 
elongation at break (mm), and L0 is the initial length of the sample (mm) 
between the grips.

2.5.5 | Scanning	electron	microscopy	(SEM)

The bio- nanocomposites microstructure (surface and cross- section) 
were analyzed using SEM (VP1450, Germany). For cross- sectional 
analysis, the film's pieces were cry- fractured in liquid nitrogen. Then, 
the films pieces were fixed to an aluminum base using silver glue 

(1)Water solubility (%) =
Wi −Wf

Wi

× 100.

(2)WVP =
m

t

L

AΔP
,

(3)Opacity =
A600

X
,

(4)TS =
Fmax

x × y
,

(5)EB =
ΔL

L0
,

TA B L E  1   The various formulations used for preparing bio- 
nanocomposite films (all data in percent)

Formulation Protein (x1) Starch (x2)
CNC 
(x3)

1 75 20 5

2 71.25 25 3.75

3 67.50 30 2.5

4 62.50 30 7.5

5 78.75 15 6.25

6 68.75 25 6.25

7 87.50 10 2.5

8 82.50 10 7.5

9 81.25 15 3.75

Abbreviation: CNC, cellulose nanocrystals.
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and were gold- sputter- coated for several minutes (Mao et al., 2002). 
The SEM images of the film samples were observed at different 
magnifications.

2.5.6 | Fourier	transform	infrared	spectroscopy	
(FTIR)

In order to investigate the chemical interactions between polymers 
and the other components as well as identifying the new functional 
groups, FTIR spectroscopy (370 Avatar, USA) was performed at 
the wavelengths from 400 cm−1 to 4,000 cm−1 at 4 cm−1 resolution 
(Shujun et al., 2006).

2.5.7 | Statistical	analysis

In this work, the formula optimization was performed by mixture de-
sign method, using MINITAB software version 17.3.1. To determine 
the treatments, the ranges of compounds including protein, starch, 
and CNC were defined as 60%– 80%, 10%– 30%, and 2.5%– 7%, re-
spectively. The number of central points was nine, and the design was 
considered extreme vertices. After the preparation of treatments 
and performing the analysis, to determine the best model describing 
the variables, some linear models, including quadratic, Special quar-
tic (correspond to Equations 6– 8), were examined for data process-
ing. The ANOVA test was applied to determine the significance of 
each equation at the 5% level with the following equations.

where Y is the predicted dependent variable (or response including 
water solubility, WVP, transparency, and mechanical properties), b is 
the equation coefficient, and X is the formulation components.

3  | RESULTS AND DISCUSSION

3.1 | Characterization of quinoa flour and CNC

Table 2 shows the chemical compounds of the quinoa flour and QPI. 
The results showed the protein extraction process from quinoa 

seed was well performed and contained more than 83% protein. 
This amount is 7.22% higher than that of reported by Abugoch 
et al. (2008) for QPI. In addition, QPI was included higher protein 
content compared to the protein found in other cereals such as bar-
ley (11%) and rice (7.5%) (Ruiz et al., 2016). Therefore, quinoa can be 
considered as a rich source of protein. The amount of quinoa seed oil 
was obtained about 22% higher than that of reported by Elsohaimy 
et al. (2015). The amount of both ash and carbohydrates of QPI was 
less than quinoa flour due to the partial removal of the crust and 
endosperm as well as the heavy component of flour in the steps of 
extraction because the crust and endosperm contain a significant 
amount of the carbohydrate compounds and also there is a major 
part of ash in the crust. According to other studies, starch consti-
tutes the main part of the quinoa carbohydrate (Abugoch, 2009).

3.2 | Characterization of the bio- 
nanocomposite film

As shown in Table 3, WVP and TS were fitted by quadratic mod-
els, and other characteristics were fitted by special quartic mod-
els with a high correlation coefficient. According to these models, 
it was observed that the predicted fitting models for all of the 
bio- nanocomposites properties have a coefficient of determina-
tion above 80%. Therefore, these models were able to predict the 
changes in the parameters very well.

The film properties including water solubility, WVP, opacity, TS, 
and EB are presented in Table 4. The content of this Table is dis-
cussed in more detail through the following sections.

3.2.1 | Water	solubility

Water solubility results of films showed (Table 4 and Figure 1) that the 
CNC and starch incorporations had a significant effect on the films 
solubility. All the films kept their integrity after 24 hr of immersion 
in water. As shown in Figure 1, the solubility of bio- nanocomposite 
films reduced by increasing and decreasing the amounts of CNC 
and starch, respectively. These results may be due to the possible 
hydrogen bonds between hydroxyl groups of CNC and carboxylic 
and amine groups of QPIS, so that by increasing the amount of 
CNC, these free groups with potential to bind to water molecules 
reduced and water solubility decreased. It could also be due to the 
low diameter of CNCs that were well distributed in the protein struc-
ture and occupied the free spaces of the protein network (Kristo & 
Biliaderis, 2007). Increased with increasing the starch contents. In 

(6)Y = b1X1 + b2X2 + b3X3,

(7)Y = b1X1 + b2X2 + b3X3 + b1b2X1X2 + b1b3X1X3 + b2b3X2X3,

(8)
Y =b1X1+b2X2+b3X3+b1b2X1X2+b1b3X1X3+b2b3X2X3+b1b2b3X12X2X3

+b1b2b3X22X1X3+b1b2b3X32X1X2,

TA B L E  2   The chemical compounds of the quinoa full flour and quinoa protein isolate

Quinoa (%) Moisture (%) Ash (%) Crude protein (%) Crud fat (%)
Carbohydrates 
(%)

Full flour 7.16 ± 0.288 2.5 ± 0.2 12.615 ± 0.466 9.16 ± 1.647 77.78 ± 2.662

Protein isolate 6.16 ± 0.288 1.66 ± 0.577 83.07 ± 1.442 1.165 ± 0.233 13.93 ± 2.62
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contrary, starch due to high water- absorbent feature and hydrophilic 
nature increased the water solubility of bio- nanocomposite films 
(Cao, Chen, Chang, Muir, et al., 2008a).

3.2.2 | WVP

As shown in Figure 2 and Table 4, increasing the amount of CNC 
in the bio- nanocomposite film decreased WVP and on the other 
hand, increasing the protein and starch contents increased WVP. 
Moreover, the impact of increasing starch content was more than 
that of increasing protein content on the WVP of films. This may be 
due to more hydrophilicity of starch than protein, which increased 
free hydrophilic groups to bind to water vapor molecules. The im-
provement of the barrier properties of bio- nanocomposite using 
CNC nano- fillers was mainly caused by indirect penetration of the 
water vapor pathway in the material network due to dispersed im-
penetrable crystalline particles. These particles increased the effec-
tive diffusion and path length by moving the penetrating molecules 
around the particles in random paths. Thus, the water vapor mol-
ecules are disseminated and created a maze in their pathway and 

hence reduced the WVP of the bio- nanocomposite films. CNC 
can be well distributed in the protein network at lower levels, so it 
blocks the path of water vapor transmission. In contrary at the high 
amount of nano fillers, because of their aggregation and creating the 
pores in film network WVP decreases (Chang et al., 2010; Pereda 
et al., 2011). In this way, Abdollahi et al. (2013) reported that the 
WVP of the alginate- based films significantly decreased by adding 
5% of cellulose nano- crystal and nano- clay.

3.2.3 | Opacity

As shown in Table 4, the incorporating nanoparticles into biocom-
posites affects the transparency of the films. This may be due to 
the occupying the empty spaces of the protein network by nano-
particles, which is caused by heating and protein denaturation. This 
phenomenon blocked the light path through the film network and 
reduced the transparency of the bio- nanocomposite films. In addi-
tion, the samples containing high protein content absorbed some of 
the incident beams due to the presence of tyrosine and tryptophan 
in the protein structure. These amino acids have optical activity and 

Factor
Water 
solubility WVP

Opacity 
(AU/mm) TS (MPa) EB (%)

x1 −3* 4.96* 3* 14.1* −288*

x2 −140* 45.59* −84* −185.6* −444*

x3 −8081* −92.92* 2,330* 622.7* −152189*

x1x2 582ns −64.91* 147* 291* 1989ns

x1x3 8553ns 97.90* −2582* −694* 172,124*

x1
2x2x3 −1894ns — −1869* — −5117ns

x2
2x1x3 6784ns — −6634* — 459,092*

x3
2x1x2 152422ns — −10365* — 1,326,042*

R2 95.24 91.24 98.89 89.19 87.67

Note: The components include protein percentage (x1), starch percentage (x2), and CNC percentage 
(x3).
Abbreviations: EB, elonation at break; TS, tensile strength; WVP, water vapor permeability.
*Indicates significant (p < .05), and ns indicates non- significant.

TA B L E  3   Regression coefficients and 
correlation of the fitted model for various 
properties of the bio- nanocomposite films

Bio- nanocomposites
Water 
solubility (%)

WVP (g.mm/
m2/d/kpa)

Opacity 
(AU/mm)

TS 
(MPa)

EB 
(%)

1 31.28 2.251 2.53 23.05 35.91

2 32.28 2.383 2.88 20.07 50.45

3 39.48 3.272 3.23 16.67 62.44

4 32.97 2.295 2.37 21.90 41.74

5 28.03 2.235 2.41 21.97 42.23

6 32.1 1.861 2.18 22.29 42.24

7 25.88 3.02 2.97 19.73 53.84

8 20.35 2.312 2.47 21 40.31

9 29.02 2.444 2.91 21.03 51.26

Abbreviations: EB, elonation at break; TS, tensile strength; WVP, water vapor permeability.

TA B L E  4   Various properties of the bio- 
nanocomposite films



6 of 11  |     SAFAR RAZAVI ZADE Et Al.

absorption capacity due to the presence of a benzene ring in their 
structure (Li et al., 2011). Figure 3 indicates that by increasing the 
protein and starch contents and reducing the CNC amount the trans-
parency of the bio- nanocomposite films. The most transparent film 
was obtained from the treatment containing the highest contents of 
starch and protein. This may be due to the homogeneous structure 
of the two polymers, which provided sufficient pathways for light 
transmission. Also, some information about the dispersion degree 
of particles in the polymer network can be found by transparency 
analysis. So, the particles larger than the visible wavelengths blocked 
the light paths and increase the film's opacity (Kampeerapappun 
et al., 2007).

3.2.4 | Mechanical	properties

The mechanical properties of bio- nanocomposite films, including TS 
and EB, are also present in Table 4. The TS of bio- nanocomposite 
films was obtained between 16.67 MPa (for formulations 3) and 
23.05 (for formulations 1). These results showed that the mechanical 
properties of films differed according to their formulation. As shown 
in Figure 4a, the starch addition had a decreasing effect on TS value. 
However, the incorporation of CNC increased the TS value of bio- 
nanocomposite films especially at the lowest amount of starch. The 
increase of TS value can be attributed to the strength and rigidity 
nature of the CNC chains due to the high intermolecular hydrogen 
bonding, the uniform distribution of nano- fillers in the polymeric 
network, and the high compatibility between nanoparticles and 
polymeric networks because of the high ratio of the nanoparticles. 

Cho and Park (Cho & Park, 2011) investigated the tensile proper-
ties of nano- cellulose / polyvinyl alcohol nanocomposite films. They 
reported that by adding 5% of nano- cellulose, the TS value of na-
nocomposites increased about 28% and then showed a decreasing 
trend.

Figure 4b shows the effect of incorporating starch, protein, and 
CNC on the EB value of the bio- nanocomposite films. As can be seen, 
increasing the amount of starch in the film caused an increase in the 
EB value of the bio- nanocomposite. At the lowest amount of starch, 
increasing the amount of CNC and decreasing the amount of protein 
resulted in a decrease in EB value. Hence, the Bio- nanocomposite 
films became more fragile when the amount of CNC increased. 
Reducing the EB value can be due to the rigid nature of the filler. In 
fact, the addition of CNC limited the mobility of protein chains in film 
network due to the strong interactions between the filler and the 
biopolymer network (Cao, Chen, Chang, Stumborg, et al., 2008b). In 
this way, Qazanfarzadeh and Kadivar (2016) reported the whey pro-
tein isolate / CNC bio- nanocomposite films showed at the highest 
TS and the lowest EB values at the 5% (w/w) concentration of CNC.

F I G U R E  1   Contour line presentation of the effect of various 
components on the water solubility of bio- nanocomposite films

F I G U R E  2   Contour line presentation of the effect of various 
components on WVP of bio- nanocomposite films
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3.2.5 | Optimization	of	composite	formulation

After the evaluations of bio- nanocomposite film's properties, re-
garding to the desirable characteristics of the final film, including 
lowest water solubility and WVP as well as highest transparency and 
TS, an optimal formulation was proposed by determining the accept-
able range for each ingredient using the software. The optimal for-
mulation was obtained as 78.55% protein, 18.28% starch, and 3.17% 
CNC with desirability value of 94%. The FTIR and SEM analysis were 
then performed for optimal bio- nanocomposite film.

3.2.6 | FTIR	analysis

Figure 5 Shows the FTIR spectra of CNC particles, the control film, 
and the optimal bio- nanocomposite films. The peak observed at the 
range of 3000– 3500 cm−1 in all spectra was related to the C- H and 
O- H groups. Another peak at the range of 1500– 1600 cm−1 was due 
to C = C bonds in the aromatic rings of bio- nanocomposite film. Also, 
the peaks in control and the optimal films at 1739 and 1748 cm−1 
wavelengths corresponded to the C- H and C- O groups.

There were several peaks at the wavelengths range of 800 to 
1,800 cm−1. These peaks are used for protein analysis because the 
groups that form the amide bonds (C- N and C- O) are located at this 
range. By incorporating CNC into the protein film, some new peaks 
were observed at the wavelengths of 1,040, 1,110, and 11,640 cm−1, 
which indicated a good combination of the ingredients. The peak at 
1,040 cm−1 can be related to the C- O stretching bound in the cel-
lulose, while the peak at 1,110 cm−1 was related to the structural 
vibrations, including C- O stretching bound in the β	(1	→	4)	glycoside	
bond of β- D- Glycopyranosyle units in cellulose structure. The peak 
at the range of 1,590 to 1,690 cm−1 corresponded to amide- 1 vibra-
tions that are common in proteins and as well as to water molecules 
absorbed in CNC. However, the presence of this peak in the CNC 

spectrum confirmed its crystallinity. The spectrum of the optimal 
bio- nanocomposite film indicated a good combination of the film 
ingredients. These peaks were also reported by Pereda et al. (2011).

3.2.7 | SEM analysis

The SEM images of both surface and the cross- section of the con-
trol and the optimal bio- nanocomposite film are shown in Figure 6. 
The surface microstructure of both films was smooth without any 

F I G U R E  3   Contour line presentation of the effect of various 
components on transparency of bio- nanocomposite films

F I G U R E  4   Contour line presentation of the effect of various 
components on (a) TS and (b) EB of bio- nanocomposite films
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F I G U R E  6   The SEM images of bio- nanocomposite film: the surface images of (a) the control film and (b) optimal film, and the cross- 
section images of (c) the control film and (d) optimal film

F I G U R E  5   The FTIR spectra of (a) CNC 
particles, (b) the control film, and (c) the 
optimal bio- nanocomposite films
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cracks and voids. A heterogeneous cross- sectional image was ob-
served for the control film (Figure 6c) probably due to the pres-
ence of non- protein compounds during QPI extraction (Kowalczyk 
& Baraniak, 2011). However, the bio- nanocomposite film showed a 
smooth, homogenous and dense cross- section image probably due 
to good interactions between CNCs, starch and protein in optimal 
film network.

It is worthy to note that regarding the results of the FTIR spec-
trum (Figure 5), starch and CNC exhibited a broad peak of OH groups 
compared to protein. Therefore, they can interact together by hy-
drogen bonds more that protein. As a result, the formation of strong 
bonds between hydrophilic compounds during film drying may cause 
a compact and ordered film's matrix.

4  | CONCLUSION

Protein extraction from quinoa seeds has been successfully per-
formed using the alkaline method with protein purity of about 83% 
and used to prepare bio- nanocomposite film. The addition of starch 
and CNC to the protein film significantly changed its properties. 
Some changes had a positive effects on bio- nanocomposite film 
properties. The CNC was incorporated to QPI- based to improve its 
mechanical properties, however, the barrier and physical properties 
of the films were determined. The mechanical properties of the QPI- 
based films were improved by adding CNC and reducing starch con-
tents, and the highest TS value were obtained for the film prepared 
based on formulations 1 (5% CNC and 20% starch). However, CNC 
negatively affected the film's elongation because of its stiff nature. 
The improvement of mechanical properties can be due to the uni-
form distribution of nanoparticles in the polymer network. The WVP 
and water solubility of films were reduced by increasing the CNC 
content. The optimal formulation was obtained as 78.55% protein, 
18.28% starch, and 3.17% of CNC with a desirability of 94%. The 
FTIR spectrum and SEM analysis of the optimal bio- nano compos-
ite film indicated a great compatibility of the film ingredients and 
confirmed the obtained results. In conclusion, this study suggested 
a potential for the QPI/starch/CNC bio- nanocomposite film in the 
preparation of edible film and coatings for food packaging to over-
come the drawbacks of protein- based materials.
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