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Abstract: This study explored the effect of incorporating cellulose and starch nanoparticles, obtained
from the Commelina coelestis Willd plant, on the physical and chemical properties of starch-based films
derived from the same plant. Additionally, the synergistic effect of combining the nanostructures
was assessed. The nanocomposite biopolymer films were prepared by the casting method using
1 and 3 wt% concentrations of the nanostructures (CNCs: cellulose nanocrystals, CNFs: cellulose
nanofibers, SNCs: starch nanocrystals), or their blend. The physicochemical (swelling capacity
and water solubility), morphological (SEM and AFM), thermal (DSC and TGA), and mechanical
properties (tensile strength, elongation at break, and Young’s modulus) of the films were evaluated.
The nanocomposite biopolymer films exhibited better dimensional stability (40–60%) than the control
films. Tensile strength (8–300%) and Young’s modulus (15–690%) were improved. Moreover, these
films displayed enhanced thermal stability, withstanding temperatures exceeding 305 ◦C. FTIR
spectra evidenced intermolecular interaction among the matrix and nanostructures. Microscopic
analyses further supported the integrity of the films, which displayed a homogeneous surface and the
absence of fractures. In addition, the nanocomposite biopolymer films prepared with 1 wt% cellulose
nanocrystals and nanofibers had a lower opacity than those with a higher percentage (3 wt%). Overall,
our findings suggest that the Commelina coelestis Willd is a promising starch source that can be used to
obtain nanocomposite biopolymer films as an alternative to produce novel, efficient, and eco-friendly
materials with adequate thermo-mechanical properties intended to replace conventional plastic
materials in single-use applications such as those used in the food packaging industry.

Keywords: CNCs: cellulose nanocrystals; CNFs: cellulose nanofibers; SNCs: starch nanocrystals;
reinforcement; dimensional stability; nanocomposite biopolymer films

1. Introduction

The extensive use of plastics in recent decades has notably increased the environmental
problems derived from the large amount of waste generated [1,2]. The packaging industry is
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the primary user of plastics worldwide, accounting for 39.6% of total usage [3]. Developing
novel environmentally sustainable materials for food packaging is a challenge to address
to offer new alternatives for waste reduction.

Polysaccharides are widely used to prepare films, mainly due to their abundance and
low toxicity [4]. Among the polysaccharides, starch and cellulose are excellent choices to
produce biodegradable films intended for food packaging due to their high availability
and low cost [2,5]. However, the mechanical performance and gas barrier capacity of
these films depend significantly on the use of additives [6]. Several starch and cellulose
sources including corn [7,8], rice [9,10], wheat [11], potato [12], pea [13], amaranth [14], and
banana [15] have been used as raw materials to prepare films. The final characteristics of the
films depend on the botanical source and processing conditions of the polysaccharide [4].
Although the starch and cellulose isolated from many sources have yet to be studied, to the
best of the author’s knowledge, there have been no studies in which starch or cellulose as
well as nanostructures were isolated from the Commelina coelestis Willd (CCW) plant root to
prepare additive films with these nanostructures. This native plant of Mexico is a species of
the Commelina genus, widely found throughout the country, and is traditionally used as a
medicinal plant [16,17]. Although its root can be cooked and consumed, most of the time it
is considered as agro-waste, making the final disposal an environmental problem. Isolating
and characterizing starch and cellulose from this plant could help to find alternative uses
for this natural resource.

A constant challenge in the development of starch-based biodegradable films is to
improve their mechanical properties [18]. Many studies have focused on the preparation
of micro- or nanoscale structures such as nanofibers, cellulose nanocrystals, or starch
nanocrystals as reinforcing materials to be added to starch-based films to improve their
mechanical and barrier properties [1,19–21]. Cellulose nanocrystals (CNCs) are needle-like
structures with dimensions of 10–20 nm in width and diameter between 1 and 50 nm
and are typically obtained by acid hydrolysis. In contrast, cellulose nanofibers (CNFs) are
fibrillar structures resulting from the linear combination of cellulose chains in amorphous
and crystalline forms, conforming a long network matrix [22,23]. Starch nanocrystals (SNCs)
are platelet-shaped crystalline structures formed by the double helices of amylopectin chains,
with dimensions of 20–40 nm in length, 15–30 nm in width, and a thickness of 5.7 nm [24,25].

All three types of nanoparticles, namely CNCs, CNFs, and SNCs, are distinguished by
their unique structures, low density, high stiffness, high elastic modulus, and high surface
area [26]. These properties, coupled with the presence of various functional groups, result in
adaptable functionalities for a wide variety of applications in various biotechnological and
industrial sectors [27–29]. Moreover, it is possible to modify the surfaces of nanostructures
to improve compatibility with other polymers as nano-reinforcements due to the abundant
presence of hydroxyl groups [3,30]. Nanostructures (nanocrystals and nanofibers) have
been prepared from the starch and cellulose isolated from CCW, obtaining good chemical,
mechanical, and thermal properties [31].

In recent years, research has focused on the development of bionanocomposites
with improved functional, thermal, and mechanical properties. Clear examples of this
technology are nanocomposite biopolymer films based on starch as a continuous phase and
an organic or inorganic filler of nanometric size as a discontinuous phase (dispersed) in
the film matrix. These fillers or reinforcements reduce the mobility of the polymer chains
and, in some cases, reduce the water vapor permeability and swelling capacity of the
nanocomposite biopolymer films, allowing for superior properties without affecting the
density, transparency, and processability [32,33].

This study aimed to evaluate the effect of the type of nanostructure (CNFs, CNCs, and
SNCs) and nanostructure content on the physicochemical, thermal, and mechanical properties
of Commelina coelestis Willd nanocomposite biopolymer starch-based films as a sustainable
alternative to prepare non-biodegradable materials intended for food packaging.
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2. Materials and Methods
2.1. Materials

Starch was extracted from the root of Commelina coelestis Willd. The root was collected
in the northwest zone of the city of Atlacomulco, State of Mexico (coordinates 19◦50′12.8′′ N
99◦54′52.2′′ W). The isolated Commelina starch (SC) contained 26% amylose and 74% amy-
lopectin. Glycerol (>99% purity) was purchased from Sigma-Aldrich Ltd. All reagents used
were of analytical grade.

The isolation of nanostructures, cellulose nanofibers (CNFs), cellulose nanocrystals
(CNCs), and starch nanocrystals (SNCs) from Commelina root followed the procedure
reported elsewhere [31]. Characterization revealed average sizes of 34 nm for the CNFs,
43–44 nm for the CNCs, and 22–27 nm for the SNCs.

2.2. Nanocomposite Biopolymer Film Preparation

Eleven formulations of nanocomposite biopolymer films based on Commelina coelestis
Willd (CCW) starch were prepared following the methodology of Coelho et al. [34] and Cas-
taño et al. [35]. A solution of starch was prepared by dissolving 2.5 g of starch in 100 mL of
distilled water. Subsequently, 1% or 3% of CNFs, CNCs, SNCs, and the combination of
CNC-CNF and SNC-CNF, previously hydrated for 2 h at 25 ◦C and 400 rpm, were added to
the solution based on the dry weight of starch. The solutions were homogenized for 10 min
at 10,000 rpm using an Ultra-Turrax disperser (Tissue Tearor, 985370, Biospec Products,
Colton, CA, USA). Subsequently, the homogenized solutions were heated at 85 ◦C for
30 min under constant agitation (400 rpm). Following this, glycerol (30% dry starch base)
was incorporated as a plasticizing agent into the solutions and mixed for 30 min. The
resulting filmogenic solution was ultrasonicated in an ultrasonic bath (model M2800H,
Branson, San Diego, CA, USA) at 45 ◦C for 10 min. The filmogenic solution was dispersed in
glass Petri dishes (90 × 15 mm) and dried at 35 ± 1 ◦C for 12 h in a forced convection oven
(Riossa, RSU Labsupply, Monterrey, Mexico). Subsequently, the nanocomposite biopolymer
films were stored at room temperature in plastic bags inside a desiccator with silica gel.
The codes used in this study were F1 for the starch-based film, and CNF1 and CNF3 for the
nanocomposite biopolymer films reinforced with nanofibers of cellulose (CNF) at 1% and
3%, respectively. CNC1 and CNC3 were added with nanocrystals of cellulose (CNCs) at 1%
and 3%, respectively, and SNC1 and SNC3 were added with nanocrystals of starch (SNCs)
at 1% and 3%, respectively. The nanocomposite biopolymer films with the combination
of CNC-CNF and SNC-CNF were labeled as CNC1-CNF1, CNC3-CNF3, SNC1-CNF1, and
SNC3-CNF3, respectively. The preparation process of the nanocomposite biopolymer films
is shown in Figure 1.

2.3. Characterization of the Nanocomposite Biopolymer Films
2.3.1. Swelling Capacity and Water Solubility

The swelling capacity and water solubility of the films were measured according to the
methodology reported by Zhang et al. [36]. Discs of the films (2 cm in diameter) were cut
and weighed (m0), after which they were dried for 24 h at 105 ◦C in an oven and weighed
again (m1). The dried films were immersed in 50 mL of distilled water in a 100 mL beaker
at 25 ◦C for 24 h. The film pieces were then removed and dried for 24 h at 105 ◦C, and the
final dry mass (m2) was recorded. Swelling capacity and solubility were calculated using
Equations (1) and (2), respectively.

Swelling capacity (%) = 100 × ((m0 − m1))/m0 (1)

Solubility (%) = 100 × ((m1 − m2)/m1) (2)
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2.3.2. Opacity

The opacity of the films was determined according to the method reported by Ren
et al. [37]. The films were cut into rectangular pieces (1 × 4 cm) and placed directly into
the test cell of a UV spectrophotometer (PerkinElmer UV–Vis spectrometer, Lambda 25,
Shelton, CT, USA), and the absorbance was measured at 600 nm. The empty test cell was
used as a reference. Opacity was calculated using the equation:

Opacity (O) =
Abs600

/
d (3)

where O is the opacity, Abs600 is the value of absorbance at 600 nm, and d is the film
thickness (mm). A higher value of O indicates a lower degree of transparency [38].

2.3.3. Scanning Electron Microscopy (SEM)

Micrographs of the surface and cross-section of the films were taken using scanning
electron microscopy (Jeol JSM-IT100, Tokyo, Japan). The samples were mounted on an
aluminum sample holder with carbon-coated double-sided adhesive tape, after which they
were coated with gold and examined under an accelerating voltage of 5 kV. Images at different
magnifications were taken on the surface and cross-section. For the examination of the
cross-section of the films, the samples were fractured after freezing them with liquid nitrogen.
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2.3.4. Atomic Force Microscopy (AFM) Analysis

Topographic images were obtained using an AFM instrument (MultiMode V con-
nected to a NanoScope V minicontroller, Bruker, Billerica, MA, USA). Sample fragments
were attached to the sample holders with double-sided adhesive tape. The images were
obtained in the air using RTESP probes (Bruker, Billerica, MA, USA). Topographic images of
different scanning areas were captured: 10 × 10 µm2, 5 × 5 µm2, and 1 × 1 µm2. Roughness
parameters (Ra and Rq) were measured on the highest resolution images (1 × 1 µm2) using
NanoScope
v. 1.40 software (Bruker). Tapping mode was the preferred method in this work, as it
is the most widely used in food science.

2.3.5. Differential Scanning Calorimetry (DSC)

The samples were analyzed using a calorimeter (STARE System, Mettler Toledo Inc.,
Zürich, Switzerland). A 3 mg sample was placed in a 40 µL aluminum standard pan, and
7 µL of distilled water was added. The pan was then sealed and heated from 30 to 135 ◦C
at 10 ◦C/min in the calorimeter. An empty pan was used as the reference. The software
STAR SW version 9.30 was used for data analysis.

2.3.6. Thermogravimetric Analysis (TGA)

Thermal stability of the samples was evaluated using a thermogravimetric analyzer
(TGA Q500, TA Instruments, New Castle, DE, USA) according to the procedure reported by
Hernández-Hernández et al. (2015). Each sample (about 2 mg) of film was heated from 25
to 600 ◦C and then from 600 to 700 ◦C at a rate of 10 ◦C/min in an atmosphere of nitrogen
and oxygen, respectively.

2.3.7. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out using an IR spectrophotometer (Spectrum Two, PerkinElmer
Inc., Hopkinton, MA, USA) with an ATR accessory. Spectra were recorded in the range
from 4000 to 400 cm−1 by accumulating 16 scans at a resolution of 4 cm−1.

2.3.8. Mechanical Properties

Tensile strength (TS), elongation at break (EB), and Young’s modulus (Y) were mea-
sured using a texture instrument (Lloyd Instruments Model TAPlus). Rectangular film
samples (10 × 100 mm) were cut and preconditioned at 57% RH for 24 h before measuring.
The initial grip separation was 40 mm, and the crosshead speed was set at 1 mm s−1. At
least three specimens from each film were tested at room temperature.

2.4. Statistical Analysis

All measurements were made in triplicate, and the quantitative data were presented as
the mean ± standard deviation. Statistical analysis was carried out by one-way analysis of
variance (one-way ANOVA) using the Minitab 22.1 software (USA), considering significant
differences when p < 0.05. In addition, a Tukey test was assessed.

3. Results and Discussion
3.1. Swelling Capacity and Solubility of the Nanocomposite Biopolymer Films

Swelling capacity (SC) and water solubility (WS) are important parameters for as-
sessing the quality and applicability of nanocomposite biopolymer films, particularly for
food packaging.

The introduction of a nanostructure into the starch-based film resulted in a consider-
able reduction in SC (38–62%) compared with the pure starch film (Table 1). This reduction
could be attributed to the interaction between CNF/CNC/SNC and starch, which de-
creased the water adsorption [38,39]. The results for SC were according to those reported
for yam and high amylose maize starch but lower than those reported for B-type, thus waxy
potato starch (50–80%), sweet potato starch (17–20%), and potato starch (32–36%) [40].
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Table 1. Swelling capacity, solubility, opacity, and roughness parameters of the nanocomposite
biopolymer films.

Film Samples Property Roughness Parameters

Thickness
(mm)

Swelling
Capacity (%)

Water Solubility
(%)

Opacity
(Abs600 mm−1)

Ra
(nm)

Rq
(nm)

F1 0.11 ± 0.01 a 4.2 ± 0.6 a 28.7 ± 1.2 a 2.2 ± 0.2 a 6.87 ± 0.0 a 8.58 ± 0.0 a

CNF1 0.09 ± 0.01 a 2.6 ± 0.7 b 23.9 ± 0.7 b 2.5 ± 0.0 b 5.86 ± 0.8 b 7.39 ± 0.5 b

CNF3 0.10 ± 0.01 a 1.5 ± 0.1 c 23.3 ± 0.7 b 3.7 ± 0.3 c 9.14 ± 0.0 c 11.39 ± 0.0 c

CNC1 0.11 ± 0.01 a 1.5 ± 0.4 c 23.8 ± 0.2 b 2.6 ± 0.1 b 5.22 ± 0.1 b 6.65 ± 0.4 b

CNC3 0.10 ± 0.01 a 2.6 ± 0.9 b 24.7 ± 0.3 b 3.4 ± 0.3 c 8.12 ± 0.2 d 10.27 ± 0.0 c

CNC1-CNF1 0.10 ± 0.02 a 1.0 ± 0.3 d 28.9 ± 1.2 a 2.5 ± 0.0 b 10.38 ± 0.4 c 12.88 ± 0.1 d

CNC3-CNF3 0.09 ± 0.01 a 2.1 ± 0.1 e 24.2 ± 0.1 b 3.5 ± 0.1 c 8.61 ± 0.1 d 10.67 ± 0.1 c

SNC1 0.11 ± 0.01 a 1.7 ± 0.1 c 23.6 ± 0.8 b 2.5 ± 0.1 b 9.22 ± 0.0 c 11.48 ± 0.0 c

SNC3 0.09 ± 0.01 a 1.8 ± 0.1 c 31.6 ± 0.9 c 6.2 ± 0.2 d 10.18 ± 0.0 c 12.72 ± 0.0 d

SNC1-CNF1 0.12 ± 0.01 a 1.9 ± 0.1 c 27.2 ± 0.6 a 2.4 ± 0.0 a 6.29 ± 0.0 b 8.10 ± 0.0 a

SNC3-CNF3 0.27 ± 0.01 b 2.0 ± 0.2 c 26.9 ± 1.5 a 3.2 ± 0.0 c 7.76 ± 0.0 d 9.58 ± 0.0 c

Values with different letters in the same row indicate a significant difference (p ≤ 0.05).

In developing starch-based food packaging, it is important to understand the factors
affecting starch granule swelling and to explore the relationship between starch granule
swelling and sticking, gelling, cooking, product quality, and nutrition [40]. For example,
Bangar et al. [41] noted that the higher the swelling power of native starch granules, the
softer and easier to disintegrate the materials that are produced [41].

Improved dimensional stability of the films was observed with the incorporation of
the nanostructures. According to El Halal et al. [42], the addition of cellulose fibers to
starch films increases the interactions between the starch molecules and hydroxyl groups
of cellulose, resulting in a decreased interaction with water molecules. Similar results
were observed studying the interaction between the carbohydrate matrix of films based in
thermo-plasticized starch and cellulose fibers [43]. The crystallinity of the nanostructures
acts as a barrier, limiting the swelling of the polymer matrix molecules and reducing
the water sorption [44]. A decrease in swelling capacity and water solubility favor the
development of materials for food packaging applications [45,46]. The SC of the films
with the added combination of cellulose nanostructures (CNC3-CNF3) had a significant
difference (p ≤ 0.05), and the highest value was observed at the higher concentration (3%).
Conversely, the swelling capacity of films containing starch nanocrystals and cellulose
nanofibers (SNC-CNF) showed no significant differences. This behavior was related to
the hydrophobic character of the cellulose fibers in comparison to the starch hydrophilic
property [43].

Water solubility indicates the ability of films to withstand exposition to water. Low
solubility is desirable to avoid the disintegration of the film under a high-humidity en-
vironment [47]. The incorporation of cellulose nanocrystals and nanofibers resulted in a
notable reduction in the water solubility of the films, with values ranging from 23.3% to
23.9% in comparison to the pure starch-based film (Table 1). This decline in solubility can
be attributed to the reduced affinity of nanocellulose for water in comparison to starch [36].
This behavior was observed in the CNC corn starch films by Slavutsky et al. [19] and in the
CNC cassava starch films with bamboo bagasse CNCs by Thipchai et al. [48], where a higher
concentration of cellulose nanostructures resulted in a decrease in the water solubility of
the films.

The addition of starch nanocrystals resulted in a slight reduction in solubility when
compared to the pure starch film, except for the SNC3 sample. The capacity of starch
nanocrystals (SNCs) to reduce the solubility of the films is contingent upon the hydrogen
bonds between the hydroxyl groups of the SNC and the starch matrix. These bonds facilitate
the formation of a compact three-dimensional (3D) network structure, which limits the
interaction of the films with water [49,50]. Nanocomposite biopolymer films with higher
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SNC concentrations (SNC3) exhibited higher solubility, which can be attributed to the
possibility that some of the SNCs may not have been integrated into the 3D network of the
films, thereby becoming accessible for interaction with water.

The nanocomposite biopolymer film comprising a mixture of cellulose nanostructures
with a concentration of 3% (CNC3-CNF3) exhibited a notable reduction in solubility, with
a decrease of approximately 24% compared to the control film. In contrast, the films
containing only 1% of nanostructures (CNC1-CNF1, SNC1-CNF1) demonstrated a relatively
unchanged solubility, with no statistically significant difference (p ≤ 0.05) observed. This
indicates that at concentrations below 3%, the solubility remains statistically equivalent to
that of the film comprising pure starch F1.

The property of opacity plays a fundamental role in the development of nanocom-
posite biopolymer films for use in the food packaging industry. This particular property
represents a fundamental aspect that serves to define the quality of the nanocomposite
films, functioning as a critical factor in their overall performance and potential applica-
tions [44,51,52]. Since film thickness is a factor directly related to opacity [53], it was
strictly controlled in this study to avoid uncertainty in the comparisons. The opacity values
are shown in Table 1. Relatively low opacity values were obtained in the films with 1%
nanostructure. In samples containing 3% of nanostructures, the opacity increased slightly,
indicating that the transparency of the starch films decreased when the CNF, CNC, or
SNC content increased. The SNC3 films exhibited the highest opacity index, which was
attributed to the distribution of starch nanocrystals in the interspaces of the films, hindering
light transmission. Particle sizes below 40–50 nm have been reported as adequate to main-
tain the transmitted light intensity [24]. In general, these opacity results can be explained
by (a) the increase in the density of the composite films due to strong interactions between
the CNF, CNC, and SNC nanostructures and the starch matrix, and (b) changes in the light
scattering caused by the incorporation of nanostructures [53–55].

3.2. Microstructure Analysis of the Nanocomposite Biopolymer Films

Homogeneity and compatibility are critical parameters of composite materials, indicat-
ing an effective dispersion of the components [56]. Figure 2 illustrates the surface (A) and
cross-sectional (B) SEM micrographs of the starch nanocomposite films. All nanocomposite
biopolymer films were homogeneous, translucent, and had a similar visual appearance
to the pure starch film with a surface free of bubbles, with no pores, indicating good
compatibility between the nanostructures and the starch matrix [57]. Pure starch films (F1)
showed a continuous and homogeneously distributed surface with no pores or bubbles;
with some structures known as withered granular envelopes (ghost). Similar structures
have been reported in potato starch films [58], resulting from the structural collapse of
starch granules during gelatinization. These ghosts exhibit depressions (dark region) that
reflect the surface tension developed by the amylose solution in relation to the remaining
starch granules as the liquid evaporates during the film drying process [59,60].
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Figure 2B shows cross-sectional micrographs of the films. In F1(B), the starch film
showed a continuous and homogeneous phase. In F1(A), there was no evidence of phase
separation or starch granules within the film or on the surface, indicating that most starch
granules gelatinized during film formation due to the plasticizing effect of glycerol [36].
The surface of the nanocomposite biopolymer films with CNFs and CNCs (Figure 2B)
showed a homogeneous and continuous structure. However, a smooth cross-sectional
surface with slight beach marks [61] was observed. There were no pores in the fractured
films, indicating the good compatibility between CNFs, CNCs, and the starch matrix [54,62].
These beach marks have been found in nanocomposite biopolymer films, indicating that
nanostructures such as nanofibers and cellulose nanocrystals prevent crack propagation
and produce twisted cracks through the weakest parts of the starch matrix [36,61]. This
was more evident in films containing 3% of CNFs or CNCs. The CNF1 film showed a
slight fracture at the top, probably due to sample processing, while the CNC3-CNF3 film
showed a crack in the middle part, which crossed from end to end, probably because of the
aggregation of the added nanostructures.

The nanocomposite biopolymer films prepared with 3% of CNC and SNC nanostruc-
tures showed a denser surface, with no apparent fractures and some agglomerates in the
cross-sectional cut, compared to those with only 1% of nanostructures. Similar results have
been reported for potato starch films with turmeric cellulose nanofibers [63]. The SNC3
nanocomposite biopolymer films showed the surface with more uniformly distributed
beach marks, unlike its counterpart CNC3-CNF3, showing that aggregation of the nanos-
tructures could occur at the same concentration. Adding CNFs at 3% or a combination of
nanostructures in the CNC3-CNF3, SNC1-CNF1, and SNC3-CNF3 films resulted in slight
fractures. On the other hand, the addition of nanofibers and nanocrystals of cellulose in
combination (CNC1-CNF1) did not show fractures in the cross-sectional cut of the films.
This may be attributed to a better interaction of nanostructures among them and to the
polysaccharide nature of the film.

AFM analysis was carried out to determine the supramolecular structure of the
nanocomposites. The AFM topographic images of the starch and nanocomposite biopoly-
mer films are shown in Figure 3. As seen in the figure, the surface texture of the films was
modified with the addition of the nanostructures in the formulation. The homogeneous
distribution of the nanostructures without agglomerations was consistent with the mi-
crostructure observed in the SEM images. The roughness values of the films obtained from
the topography images through the root mean square roughness (Rq) and arithmetic mean
roughness (Ra) are shown in Table 1. The films with added 1% cellulose nanostructures
(nanofibers and nanocrystals) exhibited lower roughness parameter values compared to the
control film. In contrast, it was observed that the film with 1% starch nanocrystals (SNC1)
presented higher values of both roughness parameters than the control film. When the
concentration of the three types of nanostructures was increased from 1 to 3%, a consider-
able increase in the values of the roughness parameters was observed. For the case of films
containing a mixture of cellulose-based nanostructures (CNC1-CNF1, CNC3-CNF3), it was
observed that the values of the roughness parameters were higher than the control film.

Finally, SNC1-CNF1 and SNC3-CNF3 films showed very similar roughness values
compared to the pure starch film. The AFM results showed that the addition of nanostruc-
tures to the polymeric matrix (starch) strongly affected the roughness of the films. Some
studies published in the literature have shown that the addition of nanostructures increases
the roughness of polymeric films. Antoniou et al. [64] observed a significant increase in the
Ra and Rq values when chitosan nanoparticles were added to tara gum edible films. Similar
behavior was also reported by Azeredo et al. [65] in the case of chitosan films containing
cellulose nanofibers. Therefore, it is possible that by adding nanostructures, we can modify
in a controlled way the roughness of the polymeric films and consequently affect some
other surface characteristics such as gloss and contact angle.
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3.3. Thermal Analysis of Nanocomposite Biopolymer Films

Thermal analysis provides more accurate information about the effect of nanostruc-
tures on the thermal degradation and stabilization of nanocomposite materials (films) as
well as their potential applications [66]. Table 2 summarizes the values of Tmax (◦C) and
degradation (%) at Tmax obtained by the TGA of the nanocomposite biopolymer films as
well as the values of the glass transition temperature (Tg), maximum temperature (Tmax),
final temperature (Tf), and enthalpy (∆H) obtained by DSC.

The TGA and derivative curves of F1 and the nanocomposite biopolymer films as
a function of CNF, CNC, and SNC nanostructure content are shown in Figure 4. The
nanocomposite biopolymer films exhibited improved thermal stability than those prepared
only with starch, which can be associated with the effect of the nanostructures in hindering
the “out-diffusion” of volatile molecules (e.g., glycerol) as well as the diffusion of oxy-
gen into the polymer matrix. Both factors delay the decomposition process-based starch
materials [67].

The thermal decomposition of all films took place in three stages; however, the type
and concentration of nanoparticles influenced the thermal stability of the starch films.

The first phase of weight loss occurred between 60◦ and 150 ◦C, mainly due to the
evaporation of water after the breaking of inter- and intra-molecular hydrogen bonds and
the loss of volatile compounds [68]. Dehydration was more pronounced in the starch film
(F1) compared to the nanocomposite biopolymer films containing nanostructures, especially
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the film with added nanofibers (CNF1 and CNF3), possibly due to the interaction of water
with cellulose nanofibers [61].

Table 2. Thermal analysis of the nanocomposite biopolymer films analyzed by DSC and TGA.

Film Samples
DSC TGA

Tg
(◦C)

Tmax
(◦C)

TEnd
(◦C)

∆H
(J/g)

Tmax
(◦C)

Degradation at Tmax
(%)

F1 54.8 196.8 207.0 27.8 303.1 63.5
CNF1 69.9 202.6 208.7 30.1 307.15 65.7
CNF3 59.0 207.0 212.0 32.4 310.1 78.7
CNC1 60.7 207.7 212.4 48.0 308.1 73.6
CNC3 60.0 200.6 208.4 64.8 316.1 45.2

CNC1-CNF1 66.6 202.8 207.9 58.5 305.1 76.5
CNC3-CNF3 67.4 204.5 209.6 36.8 307.1 76.5

SNC1 67.7 206.2 218.2 47.0 310.5 67.3
SNC3 227.6 228.3 231.6 32.3 309.3 67.7

SNC1-CNF1 57.9 201.5 213.1 73.1 305.7 62.1
SNC3-CNF3 58.0 210.1 217.3 34.7 306.0 68.0
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The second and main stage of thermal decomposition occurred from 160 to 350 ◦C,
which can be attributed to the decomposition of some low molecular weight polymers in
the film matrix, the volatilization of glycerol, and the degradation of starch and nanostruc-
tures [69]. In this stage, the highest rate of thermal degradation occurred at 303 ◦C and
316 ◦C for the F1 and CNC3 nanocomposite biopolymer films, respectively. It is noteworthy
that all of the nanocomposite biopolymer films showed a higher decomposition temper-
ature compared to F1. In addition, the nanocomposite biopolymer films prepared with
CNC3, followed by SNC3 and CNF at 3%, exhibited the highest degradation temperature
(Table 2). The initial rate of weight loss was slower in the composites (Figure 4). In the
second step, 5% of weight loss occurred at 167 ◦C for F1, while the composites with 1% and
3% of nanostructures were 174, 185, 166, 168, 170, 167, 168, and 171 ◦C for CNF1, CNF3,
CNC1, CNC3, SNC1, SNC3, SNC1-CNF1, and SNC3-CNF3, respectively. The incorporation
of nanostructures improved the thermal stability of the nanocomposite biopolymer films
since the nanostructure hinders the “out-diffusion” of the volatile molecules (e.g., glycerol)
as well as the diffusion of oxygen into the polymer matrix, retarding the decomposition
process of the nanocomposite biopolymer films. Similar results were reported by Castaño
et al., [67]. The removal of hydroxyl groups and the depolymerization and decomposition
of carbon chains takes place in the films, contributing to the weight loss [70,71].

The final stage above 450 ◦C can be associated with inorganic impurities and residual
carbon of the nanostructures and the starch-rich phase of the nanocomposite biopolymer
films. The ash content of starch could be related to the presence of phosphate groups as
well as calcium and magnesium [67,72].

All samples showed a similar trend in degradation, however, F1 presented the lowest
values from 150 to 300 ◦C, while the film containing a blend of cellulose nanofibers and
cellulose nanocrystals (CNC1-CNF1) presented the highest value. This shows (a) that
the addition of nanostructures allows a more thermoresistant material to be obtained,
and (b) the combination of nanostructures increases the resistance of the nanocomposite
biopolymer films to high temperature. In terms of applicability as packaging materials, the
addition of CNC1-CNF1 may allow for the design of a heat-sealable material that will not
deform/degrade until reaching 300 ◦C, increasing the options of applicability in the food
packaging industry.

Thermal properties obtained from the DSC thermograms of the films are also presented
in Table 2. The DSC curves of the nanocomposite biopolymer showed a broad endothermic
peak at around 205 ◦C, corresponding to the decomposition temperature. This transition
is concomitant with the mass loss observed in TGA. The glass transition was measured
to evaluate the effect of the nanoparticles on the polymeric chain’s mobility. The average
glass transition temperatures were 54.8, 63.4, and 60.2 ◦C for the starch films, 1%, and 3%
nanocomposite biopolymer films, respectively (Table 2). The films containing 1 and 3%
presented an increase in Tg. According to Villalobos et al. [73], a reduction in Tg of an
amorphous and/or semicrystalline material indicates an increase in the intermolecular
forces between the polymer chains, increasing the local chain flexibility, stimulating the
ability of chain rotation, and conferring more strength to the films. Nanocomposites exhibit
a higher enthalpy compared to the matrix (Table 2), which could be related to the formation
of bonds between the polymeric chains and the reinforcing nanoparticles, hence, more
energy is required to break them down. This result is in accordance with the results
obtained by DSC and FTIR.

3.4. FTIR Analysis of Nanocomposite Biopolymer Films

The intermolecular interaction among the materials composing the films was analyzed
by FTIR, and the results are shown in Figure 5. The nanocomposite biopolymer films
containing CNF, CNC, and SNC nanostructures as fillers exhibited almost the same FTIR
spectra as the F1 film due to the chemical similarities between starch and cellulose. However,
the relative different bandwidth of stretching vibrations for –OH groups in the FTIR spectra
of nanocomposite biopolymer films compared to the F1 starch film decreased, indicating
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that the hydrogen bonding between starch molecules was partially destroyed because of
the addition of nanostructures.
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A broad and strong adsorption band centered around 3290 cm−1 was associated with
the stretching vibration of the hydroxyl group (-OH) of the starch films [68,74]. In all films
containing nanostructures, a significant decrease in the intensity of this band was observed
compared to formulation F1, which was related to the decrease in the amount of hydroxyl
groups in starch films due to of the addition of CNF, CNC, and SNC nanostructures [75].
This reduction was more noticeable for those nanocomposite biopolymer films prepared
with 3%. The bands in the region between 2930 and 2890 cm−1 corresponded to the
stretching vibration of the CH2 group [76]. Additionally, the intensity at 1640 cm−1,
related to the H-O-H bonding of water molecules, slightly decreased in the nanocomposite
biopolymer films. Other bands identified included 1335 cm−1 (C-OH bending vibration),
1150 cm−1 (C-O-H stretching vibration), and a stretching vibration band of the C-O group of
glycerol, located at 1130 cm−1. Signals at 994 and 761 cm−1 corresponded to the glycosidic
bonds of starch and cellulose [45,75].

Furthermore, the wavenumber of the peak for the C–O stretching vibrations shifted
from 994 to 998 in the nanocomposite biopolymer films, suggesting that new interactions
between the nanostructures and starch molecules were promoted as a result of the addition
of CNFs, CNCs, and SNCs into starch [77]. The interactions between the films and nanos-
tructures (because of their chemical functional groups) were confirmed by the intensity of
the bands from the FTIR spectra. As the nanofiber (CNF), cellulose nanocrystal (CNC), and
starch nanocrystal (SNC) concentration increased from 1 to 3%, the OH- band increased its
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intensity, assuming a better interaction between the film starch matrix and the nanostruc-
tures. When the concentration of the combined nanostructures (SNC-CNF) increased from 1
to 3% the intensity of the OH- band decreased, probably due to the interaction between the
nanostructures themselves compared to the interaction of the nanostructures (SNC-CNF)
with the starch film matrix. In this sense, the interactions of the starch film matrix with the
nanostructures have an impact on the mechanical properties of starch. Then, as the CNF
increased, the tensile strength increased, confirming the better interaction film with the
nanostructures, but the elongation at break decreased, meaning that less looseness of the
film was present.

3.5. Mechanical Properties of the Nanocomposite Biopolymer Films

The effect of type and the content of nanostructures on the mechanical properties of
Commelina coelestis Willd nanocomposite biopolymer films are shown in Figures 6 and 7.
The mean values and standard deviation of the mechanical properties including tensile
strength (TS), elongation at break (EB), and Young’s modulus (Y) are reported in Table 3.
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Cellulose nanofibers and nanocrystals improved the mechanical properties of the
nanocomposite biopolymer films. The reinforcing effect can be analyzed from the increase
in Y of the nanocomposites, which is associated with their stiffness. In this sense, the
CNF3 and CNC1 nanocomposites containing one type of particle significantly improved
the stiffness of the starch film by tripling this property compared to F1. Regarding the
composites with combined particles, CNC1-CNF1 showed the highest Y value (eight times
higher than F1).

The TS of the above samples had the same trend as Y. The enhancement in TS can be
explained by the high elastic modulus of the cellulose nanocrystals (CNCs) and the presence
of active functional hydroxyl groups on its surface, which interact with the starch matrix
to form a rigid network. Furthermore, the better reinforcing capability observed in CNC1
compared to CNF3 was due to its higher crystallinity and more active functional groups [36].
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Table 3. Mechanical properties of the nanocomposite biopolymer films.

Nanocomposite
Biopolymer

Films

Tensile Strength (TS) Elongation at Break
(EB)

Young’s Modulus
(Y)

(MPa) (%) (MPa)

F1 8.3 ± 0.8 a 42.9 ± 2.3 a 319 ± 55 a

CNF1 13.0 ± 1.8 b 44.9 ± 2.5 a 367 ± 29 a

CNF3 16.6 ± 1.4 b,c 12.6 ± 2.9 b 1004 ± 52 b

CNC1 17.5 ± 1.7 c 24.7 ± 1.2 c 1080 ± 53 b

CNC3 8.0 ± 0.9 a 32.2 ± 2.3 d 233 ± 24 c

CNC1-CNF1 39.9 ± 6.0 d 1.9 ± 0.4 f 2530 ± 45 d

CNC1-CNF3 12.9 ± 0.9 b,c 19.2 ± 1.5 g 469 ± 20 e

SNC1 10.5 ± 0.9 a,b 47.6 ± 1.5 a,e 249 ± 41 a,c

SNC3 9.1 ± 0.7 a,b 51.8 ± 2.8 e 217 ± 6 c

SNC1-CNF1 11.5 ± 2.9 a,b 41.8 ± 1.4 a 348 ± 25 a

SNC3-CNF3 11.5 ± 1.5 a,b 29.3 ± 3.2 c,d 479 ± 15 e

Different letters in the same column indicate a statistically significant difference (p < 0.05).

As expected, compared to F1, the elongation of the CNC1-CNF1 composite was 95%
lower. This sample had such a low elongation that its behavior was fragile and no plastic
zone was observed in the stress–elongation curve, opposite to the behavior of all other
nanocomposites (Figure 7). CNF3 and CNC1 had an elongation of 71% and 42% lower than
F1, respectively. The interactions of the nanofibers (CNFs) and nanocrystals (CNCs) with
the starch films led to a reduction in the mobility of the polymer chains, thus reducing
their ductility [78]. The CNF1 nanocomposite had a similar elongation to F1 and slightly
improved stiffness, but this was not significantly different compared to F1.

The TS values of CNC3, SNC1, and SNC3 were like F1, and Y was similar between
SNC1 and F1, and lower in CNC3 and SNC3 with respect to F1 (27% and 32%, respectively).
This could be explained by the agglomeration of the nanoparticles at a concentration of
3 wt%, hindering the reinforcement effect [79]. However, this behavior was not observed in
the CNF3 composite because TS and Y were higher than those of F1. This behavior suggests
that the nanofibers were more easily dispersed than the nanocrystals.

The Commelina coelestis Willd starch film (F1) had a TS and EB higher than the rice
starch film (1.83 ± 0.13 MPa and 5.9 ± 0.1%, respectively) reported by Martins et al. [50].
Unlike our work, starch nanocrystals (SNCs) significantly improved the TS and EB of the
native rice starch films. Nevertheless, the addition of SNC was lower (0.1 and 0.3%), and the
nanocrystals were of rice and potato. Mukurumbira et al. [80] reported that the amadumbre
starch nanocrystals (A-SCNs), in concentrations higher than 2.5%, reduced the TS values
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of the amadumbre and potato starch films. This was because the low concentration of
A-SNCs allowed a uniform distribution of starch nanocrystals to be achieved, while at high
concentrations, the A-SNCs aggregated, reducing their active surface area to interact with
the matrix. The TS values of the SCNs in our work were similar to those of 8.11 ± 1.67 MPa
at 2.5% wt of A-SNCs in the amadumbre starch film reported by Mukurumbira et al. [80].

Comparing the properties of the nanocomposite biopolymer films obtained in this
work with synthetic films used in the food packaging industry, it was observed that the
elongation at break of the nanocomposites was in the range of the values reported for
HDPE (20–50%), while the tensile strength was in the range of LDPE (7–25 MPa) and
EVA (6–19 MPa) [81]. However, in the CNF3 and notably in CNF1-CNC1 nanocomposites,
the elongation was considerably less, at 12.6 and 1.9%, respectively. In the case of CNF1-
CNC1, the elongation at the Y values was like that of polystyrene (PS), which were 2–3%
and 2700–3400 MPa [81]. PS is a material well-known for its high resistance but low
ductility, so is therefore widely applicable in thermoformed packaging and is limited to
flexible packaging, such as bags obtained by blow-molding processes, so CNF1-CNC1
could have limited applications where flexibility is required. In the same sense, the CNC1
nanocomposite could be the most versatile, because the Y and elongation (1080 MPa, 24.7%)
were similar to that of HDPE (980 MPa, 20–50%).

4. Conclusions

This study was motivated by the need to find a substitute (biodegradable starch film)
for the conventional synthetic plastic currently used in food packaging that is considered
to have a short shelf life. Starch from the root of Commelina coelestis Willd is a natural
polymer with outstanding biocompatible characteristics and can be used as both a matrix
and reinforcement material for the development of new nanocomposite biopolymer films.

It was established that the properties of the films are directly related to the concentra-
tion and type of nanostructure used.

The hydration, thermal, and mechanical properties were improved with the incorpo-
ration of CNF, CNC, and SNC nanostructures. It should be noted that the incorporation of
1% nanostructure presented a better distribution and integrity in the matrix, homogeneity,
and low opacity value. The nanocomposite biopolymer films prepared with 1% of the
CNF-CNC mixture exhibited the highest tensile strength and Young’s modulus values. The
nanocomposites studied exhibited mechanical properties comparable to the main synthetic
polymers used in food packaging.

Nanostructures obtained from Commelina coelestis Willd are excellent reinforcement op-
tions for thermoplastic starch films. These results contribute to improving the performance
of films by developing nanocomposite materials for future food packaging applications.
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