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Abstract: On behalf of a circular economy, regular plastics have been replaced by biodegradable
packagings. Besides, active films have been applied to improve the shelf-life and quality of foods. In
this work, blends were developed using starch as a low-cost natural polymer, mixed with poly(vinyl
alcohol) due to its physical-chemical and biodegradable properties. Moreover, maleic anhydride
(MaAh), cellulose-nanocrystal (CN), and nisin-z (N-Z) were added, respectively, as a compatibilizer,
a mechanical-reinforce, and antimicrobial agents. The thermal stability of the films was analyzed,
which blends’ melting temperature occurred around 200–207 ◦C, and it was influenced by CN, N-Z,
and MaAh amounts. N-Z and MaAh acted against S. aureus and P. aeruginosa by compound diffusion
(inhibition-halo around 1.85 and 2.18 cm); while S. Choleraesuis and E. coli were inhibited by contact.
Therefore, these blends presented the potential to be used as active biodegradable packaging in the
food industry.

Keywords: active packaging; biodegradable blends; intermolecular interactions; thermal stability

1. Introduction

In order to solve the problems generated by plastic waste, environmental concerns
have given rise to demands for novel biodegradable polymers and friendly materials,
mainly for applications related to food packaging [1,2]. Most of the research focuses
on substituting petro-based plastics with biodegradable materials that contain similar
properties at a low cost [2].

Natural polymers often do not have the required features to replace synthetic plastics.
One of the ways to address the issue is a chemical modification of the biopolymers, but
such changes can lower their environmental friendliness. Another option, using more
simple technologically that is also cost-effective, is blending them with other biodegradable
polymers for composite material formations [3].

Among natural polymers, starch has been considered one of the most promising sub-
stances to produce biodegradable films because of its attractive combination of abundance
and thermoplastic behavior [2]. However, high crystallinity and several hydrogen bonds
result in poor processability, which became the most significant limiting factor for starch
films [3,4]. Poly(vinyl alcohol) (PVA) is a polar biodegradable synthetic polymer that
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exhibits high tensile strength, flexibility, and excellent film-forming characteristics, and
ideal features to produce polymer blends [3,5]. Besides that, the addition of compatibilizer
compounds into a polymer matrix, such as maleic anhydride, has been used to improve
the interfacial adhesion between polymers [6,7].

A composite material can be more complex than only the polymer matrix since many
more substances can be incorporated to improve or modify the film properties. One of
these substances that requires attention is the cellulose nanocrystal (CN) biopolymeric
assemblies, not only because of their unique quintessential physical and chemical properties
but also because of their inherent renewability, sustainability, and natural abundance [8].
Plasticizers are normally added to the film-forming dispersion, in casting methods, to
improve the flexibility of the films and to reduce cohesion within the polymer network
by entering between their molecular chains, such as glycerol compound, the most widely
used plasticizer [9]. Moreover, new systems can be developed by the incorporation of
an antimicrobial substance into a polymer matrix, targeting the increase in food safety
through the controlled release of these substances from the carrier film structure to the
food surface [10]. Nisin is a natural food preservative heat-stable peptide produced
by Lactococcus lactis, which presents activity against several Gram-positive bacteria. A
natural nisin variant, designated nisin Z, differs from nisin A in a single amino acid and
has more solubility at neutral pH, becoming a better compound to be applied in food
packaging [11,12].

Nowadays, several composite materials have been developed such as in the work of
Sandhu et al. (2020), where edible composite films were developed from pearls millet starch
and carrageenan gum blends; in Kochkina and Lukin’s (2020) works, environmentally
safe multi-purpose composite films were developed based on maize starch low weight
chitosan and polyvinyl alcohol, and in Yang et al. (2019) they developed biodegradable
and biocompatible films of super-tough poly(L-lactide) PLLA [3,7,9]. However, more film
formulations can be developed, and the interactions among substances, mechanical and
thermal properties of the films should be investigated for better application. Therefore,
this study strives to understand the influence of the interaction among compounds such as
maleic anhydride, cellulose nanocrystal, and nisin-Z on the film’s thermal and antimicrobial
properties to apply as active biodegradable packaging in the food industry.

2. Materials and Methods
2.1. Materials

The corn starch (CS) containing 72% of amylopectin was donated by Cargill (Wayzata,
MN, USA). The follow compounds were purchased from Sigma-Aldrich (St. Louis, MO,
USA): polyvinyl alcohol (PVA) with molecular weight of 85.00–124.00 and 99% of hy-
drolyzed degree; glycerol (GLY); and maleic anhydride (MaAh). The antimicrobial Nisin-Z
(N-Z) was acquired from Handary (Evere, Brussels, Belgium) and cellulose nanocrystal
(CN) obtained from Maine University (Orono, ME, USA).

2.2. Production of the Biodegradable Composite Films

The biodegradable composite films were prepared according to Oliveira et al.’s
methodology (2020) [13]. The films were produced through the mix of two solutions
that formed a final polymer dispersion. The first dispersion was obtained through the
addition of PVA 3 g into deionized water, under heating at 82 ± 3 ◦C and agitation for 4 h
at 550 rpm; the second dispersion was produced through the addition of 7 g CS plasticized
with 2 g GLY, and MaAh into 76 mL of Mili-Q water. Both dispersions were stirred for
15 min at 550 rpm. Then, the compatibilizer compound MaAh, the reinforcement particle
CN, and the antimicrobial N-Z were added to the film-forming dispersion resulting in
6 treatments such as: T1 (0%, 3.3%, 4.5%), T2 (12.6%, 3.3%, 4,5%), T3 (6.3%, 0%, 4.5%), T4
(6.3%, 6.3%, 4.5%), T5 (6.3%, 3.3%, 8.7%), and T6 (6.3%, 3.3% 4.5%). Each final dispersion
was homogenized for 4 min at 550 rpm, poured into glass plates (18 × 34) cm2 and dried at
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25 ± 2 ◦C, 52 ± 3% RH, for 48 h. Previous each analysis, the samples were conditioned at
(23 ± 1) ◦C and (50 ± 3)% RU.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to study the chemical interaction between the compounds used to
produce the biodegradable active composite film such as MaAh, CN, NZ, GLY, CS, PVA.
Spectra were obtained on a Thermo Nicolet 6700 (Thermo Scientific, Waltham, MA, USA)
FTIR Spectrophotometer with attenuated total reflectance varying from 4000 to 650 cm−1

wavelengths, 32 scans average, and 2 cm−1 resolution. An empty cell spectrum was used
as a background [14].

2.4. Near-Infrared Hyperspectral Imaging Analysis (NIR-HSI)

The NIR-HSI analysis was handled according to the methodology of Terra et al. (2020),
with adaptations [15]. Only formulations T1, T2, and T6 were analyzed to investigate
the dispersion influence of different MA concentration values into the polymer matrix on
biodegradable active composite film properties. The formulations chosen had CN and N-Z
concentration constant and the MaAh concentration varied from 0% to 12.6%.

2.4.1. NIR-HSI Acquisition

An HSI in the NIR region was acquired for T1, T2, and T6 films using the SisuCHEMA
(Specim®, Oulu, Finland) chemical imaging system. The images were collected using a
line-scan spectroscope, OLE15 lens with a 200-mm field, equipped with a two-dimensional
HgCdTe detector, in wavelength range varying from 928 to 2524 nm, covering 320 space
channels and 256 spectral channels, with a spectral resolution of 6.3 mm, achieving
100 frames per second and a scanning speed of 62.5 mm/s. The hypercubes obtained
by this system were 256 images composed of 625 × 625 µm pixels [16].

2.4.2. Software

Data analysis was performed through Matlab (Mathworks R2018b, Portola Valley,
CA, USA) helps, using MIA_Toolbox version 3.0 Eigenvector (Mason, WA, USA) and
PLS_Toolbox version 8.2 Eigenvector (Mason, WA, USA) to process the image, and the
MCR-ALS GUI 2.0 program was used to perform the MCR-ALS method [15].

2.4.3. Image Preprocessing

Pre-process techniques were used, according to Vidal and Amigo’s methodology
(2012), to obtain images of 280 × 140 pixels and to reduce spatial dimension through data
binning application, resulting in 140 × 80 × 256 hypercubes [16]. Each hypercube (F1, F2,
F6) was unfolded in a matrix, as shown in Figure 1. Each film and each pure compound,
separately, were preprocessed through Image Despike (Filtered Median), Extended Mul-
tiplicative Scatter Correction (EMSC), and Savitzky–Golay Smoothing (order 2, window
25 pt, incl only, tails polyinterp). Three-dimensional matrices were built and arranged with
the preprocessed film matrix vertically concatenated [15].

2.4.4. Image Resolution by Multivariate Curve Resolution—Alternating Least Squares
(MCR-ALS)

This method was applied to each D-matrix built (DF1, DF2, and DF6.). In this work,
the standard spectra of all film components, with components known, were used as the
spectra initial estimation. The constraints employed were non-negativity. A maximum of
100 interactions and 0.01 convergence criteria was defined. The relative intensity C-matrix
columns were reshaped in a spatial distribution matrix for every pure component and for
every film treatment. Nxn pure images of the components were generated in total, called
distribution maps, in which N is the chemical rank of the matrix and n is the number of
film images [15].
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Figure 1. NIR-HSI image as a three-dimensional array (hyperspectral cube) (A) and the unfolding process to give a
two-dimensional (XY plane to each λ)matrix (A) and steps for the D-matrix arrangement (B).

2.5. Differential Scanning Calorimetry (DSC)

The thermal properties of the composite films were evaluated using a differential
scanning calorimeter model DSC 60 (Shimadzu Co., Kyoto, Japan) within an atmosphere
of pressurized nitrogen flowing at 50 mL·min−1. Samples of approximately 2 to 3 mg were
heated from 30 ◦C to 255 ◦C at a heating rate of 10 ◦C·min−1 (Moraes et al., 2017) [17].

2.6. Thermogravimetric Analysis (TGA)

TGA was performed according to Garcia et al. (2014) in a thermogravimetric analyzer,
model DTG 60H (Shimadzu Co., Kyoto, Japan) [18]. Samples of approximately 3 to 4 mg
were scanned from 25 ◦C to 700 ◦C at a rate of 10 ◦C·min−1 under a 50 mL min−1 nitrogen
flow rate. Thermogravimetric (TG) and derivative TG (DTG) curves were analyzed to
evaluate the thermal stability of the composite films [17].

2.7. Physical-Mechanical Properties

Film thickness was measured according to Siripatrawan and Harte (2010) using a digi-
tal micrometer (Mitutoyo Absolute, Tester Sangyo Co., Ltd., Tokyo, Japan). Ten measure-
ments were taken at ten random film positions and the mean values were calculated [19].
The films were subjected to mechanical tests to evaluate the tensile stress at break (TSB, %),
elongation at break (EB, mm) and Young’s Modulus (YM, MPa), according to ASTM D882,
2009 [20]. Universal Mechanical Testing Machine from INSTRON Corporation (Norwood,
MA, USA) was used in the tests, with a load of 1 kN, at a traction speed of 5 mm min−1.
Six specimens of (17.5 × 2.5) cm2 were tested for each treatment, with a distance of 10.0 cm
from the equipment claws, at (25 ± 2) ◦C and humidity of 75%.

2.8. Antimicrobial Activity

First of all, Salmonella Choleraesuis ATCC 10708, Escherichia coli ATCC11229,
Staphylococcus aureus ATCC 6538, and Pseudomonas aeruginosa ATCC 15,442 stocked at
−80 ± 2 ◦C were trigged in Tryptic-Soy-Broth from Merck (Darmstadt, Alemanha) at
36 ± 1 ◦C for 22 h. Then, the bacteria colony was separated by the striation technique in
Tryptic-Soy-Agar from (Merck, Darmstadt, Alemanha), hatched at 36 ± 1 ◦C for 22 h, and
resuspended in 0.85% saline solution to achieve the turbidity according to MacFarland
Standard 0.5, assuming the bacteria count was around 108 CFU·mL−1. Film disks of one-
cm-diameter were applied on solidified Mueller–Hinton agar surface Merck (Darmstadt,
Alemanha) that was inoculated with the bacteria early and hatched at 36 ± 1 ◦C for 22 h.
The analyses were evaluated in duplicate through measurement of the inhibition halo for
each sample disk under different storing periods (1, 7, 16, and 28 days) to analyze the film
viability during storage [20].
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2.9. Statistical Analysis

The impact of MaAh, CN, and N-Z compounds on the composite film features was
evaluated by statical models at the 5% level of significance level according to analysis of
variance (ANOVA). Furthermore, the models were analyzed according to lack-of-fit, the
coefficient significance by Student’s t-test, and coefficient of determination. Antimicrobial
tests were analyzed by Tukey’s test, a 5% significance level.

3. Results
3.1. FTIR and NIR Spectra

FTIR spectroscopy analysis was done to examine the interactions between the com-
pounds used to produce the composite films, such as MaAh, CN, N-Z, GLY, CS, and PVA.
FTIR and NIR spectra and absorption bands of the composite films are shown in Figure 2a,b
and Table 1, respectively. Absorption bands of the pure compounds can be observed in
Table 2.
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Figure 2. (a) FTIR and (b) NIR spectra of the biodegradable active composite films, which are: T1 (0.0%, 3.3%, 4.5%);
T2 (12.6%, 3.3%, 4.5%); T3 (6.3%, 0.0%, 4.5%); T4 (6.3%, 6.2%, 4.5%); T5 (6.3%, 3.3%, 8.7%), T6 (6.3%, 3.3%, 4.5%) of MaAh,
CN and N-Z respectively.

The T1 film did not a present band at 1700 cm−1 related to the C = O carboxylic acid
from N-Z, indicating that in the absence of MaAh, the carboxyl groups of NIS-Z were
completely involved in intermolecular interactions with other film compounds, causing
peak displacement to a lower wavelength. On the other hand, from the moment that the
MaAh was added, this compound also had interactions between the other compounds,
keeping the peak at 1700 cm−1 due to the C = O carboxylic acid group from N-Z, which
was observed in Figure 2a and Table 1.

The T2 film showed a peak at 1010 cm−1 relating to the stretching vibration of C–O in
C–O–C bonds, mostly present in the glycosidic linkages of CS and CN [21].

The T4 film was the only one that did not present bands at 1540 cm−1 related to
the NH2 amide II from N-Z. Since this is the only treatment added with the highest CN
concentration, it can be inferred that CN, at this concentration, interacted with NH2 amide
II of N-Z, causing the peak displacement.

NIR spectra (Figure 2b) illustrate the presence of the characteristic bands for some
compounds involved in the blends. The NIR spectra collected for the samples did not
show any change that was induced by the different amounts of MaAh, CN, and N-Z
incorporated into the CS-PVA plasticized films. CS characteristics were observed at 1215,
1695, 1725, 1765, 1960, and 2352 nm corresponding to the C–H stretching of the second



Polysaccharides 2021, 2 666

overtone, C–H stretching of first overtone CH3, C–H stretching of first overtone CH2,
N–H asymmetric stretching and amide II of CONH2 and C–H deformation of the second
overtone of cellulose [16].

Table 1. FTIR spectral absorption bands and functional groups of biodegradable active composite films.

Treatment Bands (cm−1) Functional Groups Reference

T1, T2, T3, T4, T5, T6
3320–3300 ν OH band in bell form present in starch, glycerol, CNC and

PVA Barbosa (2008).

2840–2980 νas CH3, νs CH3, νas CH2 e νas CH2. Barbosa (2008).

T2, T3 T4, T5, T6 1700 ν C = O carboxylic acid of nisin present in aminoacids Barbosa (2008).

T1, T2, T3, T4, T5, T6 1640 ν C = C. Barbosa (2008).

T1, T2, T3, T5, T6 1540 δ NH2 amide II band present in nisin Z. Barbosa (2008).

T1, T2, T3, T4, T5, T6
1440–1430 δs CH2. Barbosa (2008) and

Pereira et al. (2015).

1350 δ CH. Barbosa (2008).

T2, T3, T4, T5, T6 1230 ν C–O present in anidride ciclic Barbosa (2008).

T2, T3, T4, T5, T6 1150 ν C–O–C from maleic anhydride ring; ν C–O tertiary
alcohol present in glycerol, starch and CNC. Barbosa (2008).

T1 1140 ν C–O tertiary alcohol present in starch, glycerol and CNC. Barbosa (2008).

T1, T3, T5 1080 ν C–O primary alcohol present in CH2OH ramification and
directly bonding into glucose starch, CNC and glycerol. Barbosa (2008).

T2, T4, T6 1070
ν C–O–C present in maleic anhydride ring; ν C–O glycerol
tertiary alcohol; ν C–O primary alcohol present in CH2OH
ramification and directly bonding into starch ring and CNC.

Barbosa (2008).

T3, T4, T5, T6 1040–1022. ν C–O primary alcohol present in CH2OH ramification and
directly bonding into glucose starch, CNC and glycerol. Barbosa (2008).

T2 1010 stretching vibration of C–O in C–O–C bonds, mostly present
in the glycosidic linkages Olivato et al. (2012)

T1, T3, T4, T5, T6 860 γNH2 angular deformation of plan of nisin Z amine Barbosa (2008).

Table 2. FTIR spectral absorption bands of MA, starch, and PVA.

Compound Bands (cm−1) Functional Groups Reference

MA

3080 νas = CH ring presence Barbosa (2008).

2975 νs = CH ring presence Barbosa (2008).

1826 νas C = O ciclic anhydride. Barbosa (2008).

1623 ν C = C ring presence Barbosa (2008).

1250 ν C–O ciclic anhydride Murillo and López (2015).

880 ν C–O–C ring presence Barbosa (2008).

Starch

3066–3658 (3340) ν OH bell-shaped band present in the CH2OH branching and
attached directly into the amido ring. Barbosa (2008).

2930 νas CH2. Barbosa (2008).

1099 ν C–O secondary alcohol present in ring and ν C–O–C–O–C
glycosidic bond (acetal).

Barbosa (2008) and
Teixeira et al. (2017).

PVA

3580–3700 ν OH bell-shaped band Barbosa (2008).

2860–2975 νas and νs CH3 terminal, νas and νs CH2. Barbosa (2008).

1470 δs CH2. Barbosa (2008), Pereira
et al. (2015).

1380 δs CH3. Barbosa (2008).
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Table 2. Cont.

Compound Bands (cm−1) Functional Groups Reference

1080 ν C–O secondary alcohol Barbosa (2008), Xu et al.
(2005).

735 ρ CH2 deformation Barbosa (2008).

3.2. NIR-HSI-MCR-ALS Analysis

One spectrum of every pure component was obtained for NIR-HSI, and one pixel of
each of these images is shown in Figure 3. The recovered NIR spectra by MCR-ALS for CS,
PVA, GLY, CN, N-Z, and MaAh are also presented in Figure 3, Figure A1 (Appendix A).
Both models, NIR-HSI and MCR-ALS, explained more than 99% of the D matrix with a
lack-of-fit higher than 1.0% for MCR-ALS, corroborating with Terra et al. (2020) [15]. The
distribution maps of film components were built, as shown in Figure 4.Polysaccharides 2021, 2, 8 
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Figure 3. MCR-ALS-NIR spectra profile: (blue dashed lines) compared with standard spectra (red continuous line) and their
correlation coefficient (R2) values for (A) starch (R2 = 0.995), (B) PVA (R2 = 0.989), (C) GLY (R2 = 0.999), (D) CN (R2 = 0.883),
(E) N-Z (R2 = 0.816), (F) MaAh (R2 = 0.994), and (G) Teflon (R2 = 0.958), for T2 (12.6%, 3.3%, 4.5%) film formulations. The
spectrum for the T1 and T6 formulations can be observed in the topic (Figure A1, Appendix A).

The compounds are heterogeneously dispersed along the composite films, as shown
in the maps (Figure 4). Overall, it was observed that the CS compound was concentrated
in the middle of the films, whereas PVA was found mainly on the left extremity, as well
as CN and MaAh compounds when MaAh was added. This behavior indicates a high
affinity between CN, MaAh, and PVA rather than with CS. No patterns could be observed
for N-Z and GLY compounds, and due to the plasticizer features, they spread better than
other compounds.

3.3. Differential Scanning Calorimetry (DSC) and Thermogravimetry (TGA)

DSC thermograms of normal and amplified size can be observed in Figure 5a,b. One
endothermic event happened between 189.0 ◦C and 197.0 ◦C and the enthalpy variations
were determined for all films, as shown in Table 3.
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The highest heat of fusion was observed (∆Hf 155.1 J g−1) for the T2, incorporated with
the highest MaAh concentration (12.6%), which indicated superior molecular interaction
between, mainly, the MaAh, CN, N-Z, and PVA matrix caused by esterification reactions
(crosslinking) and hydrogen bonding. Gupta, Fumar, and Sharma (2010) observed low
enthalpy variations for composite films produced with low-density polyethylene (LDPE)
and 15% CS grafted, around ∆Hf 27.46 J g−1 [22]. On the other hand, the compatibilizer
enhancement probably resulted in the opening of the polymer chain, which caused a slight
reduction of the temperature melting (around 191 ◦C).

Similarly, the T4 treatment, incorporating the highest CN concentration (6.2%), pulled
away the polymeric chains, reducing the melting temperature (around 190 ◦C), which was
lower than that of T6 treatment (197.7 ◦C), with the same MaAh and N-Z concentrations
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(6.3% and 4.5%, respectively) and lower CN concentration (3.3%). On the other hand, the
T6 (∆Hf 140.4) exhibited higher heat of fusion than the T4 (∆Hf 128.5) due to the addition of
more CN amounts into T6 blends. This effect can be explained by the fact that CN addition
into the polymeric chain needs an additional temperature to break intermolecular forces
existent in the crystalline portion, consequently increasing the heat of fusion [23–25].Polysaccharides 2021, 2, 10 
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Figure 5. DSC curve (a), DSC zoom ratio (b), TGA curve (c) and DTG curve (d) of the biodegradable composite active films,
which are T1 (0.0%, 3.3%, 4.5%); T2 (12.6%, 3.3%, 4.5%); T3 (6.3%, 0.0%, 4.5%); T4 (6.3%, 6.2%, 4.5%); T5 (6.3%, 3.3%, 8.7%),
T6 (6.3%, 3.3%, 4.5%) of MaAh, CN and N-Z respectively.

The lowest heat of fusion was observed (∆Hf 130.9 J g−1) for the T1, without MaAh in-
corporation, and this effect occurred due to the lack of existence of the crosslinking formation.

To summarize, the increase of MaAh concentrations increased the heat of fusion due
to the increment of the crosslink among the compounds, however, this effect provoked
a distance in the polymeric chains, reducing the melting temperature. Similarly, the CN
addition into the polymeric matrices increased the heat of fusion due to the enhancement
of the crystalline portion, however, if the CN concentration was enough to pull out the
polymeric chain, such as at 6.3%, the melting temperature would reduce.

The N-Z effect can be observed through a comparative analysis between the T5 and
the T6 treatment. The increment in the N-Z amount from 8.7% in T5 to 4.5% in T6 increased
the intermolecular interaction, increasing the heat of fusion from 143.2 to 128.5 J g−1, but
the polymeric chain distance was maintained, where both treatments exhibited similar
melting temperatures, around 197 ◦C.
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Table 3. Melting temperature in the beggining (Tmb), at the peak (Tmp) and in the end (Tme) of the thermal event, heat of
fusion (∆Hf), initial temperature (Ti), final temperatura (Tf), temperature of maximum thermal degradation (Tp) and weight
loss (∆w) for each biodegradable active composite film.

Treatment Tmb (◦C) Tmp (◦C) Tme (◦C) ∆Hf (J g−1)

T1 194.5 195.9 205.5 130.9

T2 189.6 191.2 202.7 155.1

T3 192.4 193.4 202.9 142.6

T4 189.1 190.1 200.0 140.4

T5 195.4 196.9 206.3 143.2

T6 196.5 197.7 207.1 128.5

Films Event 1 Event 2 Event 3 *

Ti–Tf (◦C) Tp (◦C) ∆w (%) Ti–Tf (◦C) Tp (◦C) ∆w (%) Ti–Tf (◦C) Tp (◦C) ∆w (%)

T1 30–166 78 12 182–390 303 72 382–534 429 69

T2 30–166 78 12 182–390 297 65 382–534 429 69

T3 30–166 78 16 182–390 299 71 382–534 429 71

T4 30–166 78 13 182–390 300 70 - - -

T5 30–166 78 12 182–390 300 68 382–534 429 73

T6 30–166 78 16 182–390 299 71 - - -

*—The third thermal event was not observed for F4 and F6 treatments.

Weight loss and heat flow of the biodegradable composite active films can be observed
at TGA and DTG curves in Figure 5c,d. First of all, three heat events happened regardless
of the MaAh, CN, and N-Z amount incorporated into the CS-PVA plasticizer matrix. For
TGA data, the first thermal event occurred between 30 ◦C and 166 ◦C, which was related to
weight loss caused by water evaporation. The water was used as a solvent to dissolve the
polymers and it was retained in the matrix during the film production, since water has a
high affinity with CS-PVA, CN, and MaAh compounds [23]. In Pola’s (2017) study, the first
thermal event for CS-PVA film incorporated with cellulose nanocrystal occurred between
65 ◦C and 85 ◦C, and for the films not incorporated with CN, the temperature rate was
lower. Weight loss related to water desorption and evaporation was enhanced for the T3
film, where the cellulose nanocrystal was not added, and the F6 film [26]. According to
Oliveira et al. (2020), the CN incorporation into the CS-PVA matrix was responsible for
filling the polymer interchain, reducing the free space available for water incorporation [13].

The second thermal event began at 180 ◦C and it was related to a dehydration reaction
of the main chain of the polymer, followed by the formation of volatile compounds,
scission, and depolymerization due to MaAh, CN, GLY, PVA, and CS decomposition [23].
At the same temperature range, there were glycosidic bond breaks between amylose and
amylopectin, as was also observed by Moraes et al. (2017) and Garcia (2014) [17,18].
Glycerol volatilization was observed by Rahman et al. (2010) at 290 ◦C [25].

The third thermal event occurred around 400 ◦C due to the degradation of the byprod-
uct generated from carbonaceous material during the second thermal event [23]. Although
the thermal events occurred at the same temperature range regardless of the difference
among films, variation in the weight loss of the active biodegradable composite films can
be observed in Table 4. Furthermore, for T4 and T6 films, the third event was not observed,
since all the compounds were degraded in the second event.

3.4. Physical-Mechanical Properties of the Composite Films

As expected, the higher MaAh concentration added into the polymeric matrix in-
creased the YM and the TSB, since more transesterification and hydrogen reactions hap-
pened. This cross linking increases the web connection, reducing the mobility of the
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polymeric chain, which improves the rigidity and, consequently, the strength needed to
break them. Similarly, the gradual increase of CN and N-Z concentrations gradually in-
creased the YM values due to the addition of the crystallinity portion and the increase of
hydrogen interaction, corroborating the DSC results. On the other hand, the EB attribute
reduced with MaAh, N-Z, and CN addition, as also expected since the increase of the
rigidity of the films generally causes the reduction of their elongation.

Table 4. Physical-mechanical properties of the biodegradable composite active films.

Treatment Thickiness (mm) TSB (MPa) EB (mm) YM (Mpa)

T1 0.159 6.16 72.09 129.95

T2 0.127 7.02 69.77 206.20

T3 0.196 4.24 99.00 57.96

T4 0.187 4.78 18.35 132.91

T5 0.183 4.73 64.81 76.89

T6 0.177 2.82 72.94 27.38
TSB = Tensile strength at break; EB = Elongation at break; YM = Young modulus. T1 (0.0%, 3.3%, 4.5%); T2 (12.6%,
3.3%, 4.5%); T3 (6.3%, 0.0%, 4.5%); T4 (6.3%, 6.2%, 4.5%); T5 (6.3%, 3.3%, 8.7%), T6 (6.3%, 3.3%, 4.5%) are the
compounds added of MaAh, CN and N-Z, respectively, into the polymeric matrices.

3.5. Antimicrobial Effect of the Composite Films over Time

The N-Z concentration (around 130 and 260 mM) added into the polymeric matrices
to produce the biodegradable active films was higher than the minimum inhibitory con-
centration described by Kuwano et al. (2005) against S. aureus and E. coli, which was 1
and >75 µM, respectively, and antimicrobial activity was observed against the P. aeruginosa,
S. aureus, S. Choleraesuis, and E. coli [27]. The antimicrobial effect against P. aeruginosa,
S. aureus, S. Choleraesuis, and E. coli was affected by the MaAh, CN, and N-Z addition
into biodegradable composite films under different storage times (1, 7, 16, and 28 days).
S. Choleraesuis, and E. coli were inhibited only due to the contact between the film and the
microorganisms, regardless of the composition of the films and the storage time; whereas
for P. aeruginosa and S. aureus, besides contact inhibition, the diffusion of the compounds
from the film caused an inhibition zone, as described in Figure 6 and Table 5.Polysaccharides 2021, 2, 13 
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Table 5. Halo inhibition zone measured in cm to estimate the antimicrobial activity of starch-PVA
plasticizer blends incorporated within MA, CNC and NIS-Z against S. aureus and P. aeruginosa.

Staphylococcus Aureus

Storage Days

Treatment 1 7 14 21

T1 1.85 ± 0.01 a,x 1.73 ± 0.16 a,x 1.8 ± 0.02 a,x 1.96 ± 0.03 a,x

T2 1.83 ± 0.11 a,x 1.93 ± 0.01 a,x 1.97 ± 0.01 a,x 2.13 ± 0.07 a,x

T3 1.86 ± 0.03 a,x 1.80 ± 0.01 a,x 1.77 ± 0.21 a,x 2.02 ± 0.08 a,x

T4 1.77 ± 0.27 a,x 1.95 ± 0.02 a,x 1.54 ± 0.03 a,x 1.59 ± 0.07 b,x

T5 1.86 ± 0.05 a,x 1.83 ± 0.04 a,x 1.74 ± 0.23 a,x 1.62 ± 0.08 b,x

T6 1.94 ± 0.01 a,x 1.94 ± 0.05 a,x 1.79 ± 0.01 a,y 1.80 ± 0.04 a,y

Pseudomonas Aeruginosa

Storage Days

Treatment 1 7 14 21

T1 2.23 ± 0.18 a,x 2.02 ± 0.54 a,x 2.30 ± 0.23 a,x 2.33 ± 0.01 a,x

T2 2.27 ± 0.18 a,x 2.44 ± 0.01 a,x 2.20 ± 0.01 a,x 2.12 ± 0.17 ab,x

T3 2.26 ± 0.22 a,x 2.45 ± 0.07 a,x 2.00 ± 0.05 a,x 2.02 ± 0.14 ab,x

T4 2.12 ± 0.28 a,x 2.07 ± 0.41 a,x 2.14 ± 0.14 a,x 2.36 ± 0.17 a,x

T5 2.18 ± 0.45 a,x 2.13 ± 0.21 a,x 2.16 ± 0.34 a,x 1.85 ± 0.01 b,x

T6 2.05 ± 0.24 a,x 2.09 ± 0.22 a,x 1.95 ± 0.13 a,x 2.11 ± 0.12 ab,x
The same letters (a or b) in the same column did not differ statistically (non-significant for p > 0.05). The same
letters (x or y) in the same line did not differ statistically (non-significant for p > 0.05).

The difference in the antimicrobial activity among treatments and storage time was
slightly for S. aureus and P. aeruginosa. T4 and T5 had lower halo inhibition zone, which
refers to a lower antimicrobial activity against S. aureus, after 21 days of storage.

4. Discussion

In this work, for all films, the peak at 1826 cm−1 that corresponds to C = O of the
carboxyl groups of the cyclic anhydride was absent in the FTIR spectral of the biodegradable
active composite films, but it was present in the spectrum of the MaAh pure compound.
This behavior indicated that the maleic anhydride ring was opened and it was converted
into maleic acid as suggested by Olivato et al. (2012) [21]. Besides that, the absence of
the MaAh carboxyl groups can indicate the transesterification between MA and the other
compounds, such as PVA, GLY, CN, and N-Z.

CN intermediary amounts favored the polymer chain compatibilization improving
the film thermal stability. This behavior corroborates with Canevarolo Jr. (2010), who
observed an interaction between nanocellulose and the polymer matrix, which causes
polymer chain packaging and enhancement of the crystalline domains [28]. Therefore,
more temperature was necessary to break intermolecular forces existent in the crystalline
portion to destroy the packaging structure and, hence, to melt the material. Similarly, the
esterification reaction between MA and the film components enhanced the crosslinking
of the polymeric chain, and consequently, enhanced the heat of fusion. Besides these
reactions, hydrogen bonding would occur among carbonyl groups from MaAh, PVA, CN,
and CS [29].

The incorporation of MaAh, CN, and N-Z into the polymer matrix was responsible for
improving the antimicrobial activity against S. aureus and P. aeruginosa. In accordance with
Olivato et al. (2012), possibly the C = O ring of the MaAh broke; as a consequence, the MaAh
ring opened and the compound changed to a maleic acid structure, corroborating the FTIR
results [21]. Razavi et al.’s work (2020) demonstrated that maleic acid was able to inhibit
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the glutamate decarboxylase from L. monocytogenes [30]. Furthermore, three constitutive
lysine residues in nisin Z may be sufficient to initiate the process of cytoplasmic membrane
permeabilization responsible for the compound’s antimicrobial activity.

According to Azahari, Othman, and Ismail (2011), the addition of corn starch to the
PVOH matrix increases the degradation rate of the sample. The degradation process
increases as the corn starch content increases. They produced films with the following
composition ratio of PVOH:corn starch: 100/0, 70/30, 60/40, 50/50, and 30/70. The
authors observed that all of the films in soil and compost degraded rapidly in the first
7 days. This rapid degradation was due to the composting process, which occurred
in two main stages: an active composting stage (the temperature rose and remained
elevated) and a curing period. The 30/70 PVOH:corn starch sample showed the highest
weight loss while pure PVOH showed the lowest weight loss over time. This finding was
attributed to the corn starch content in the film because corn starch is more biodegradable
than pure PVOH [31]. Despite the fact that the polymeric base used in this study was
demonstrably biodegradable, the compounds added, such as MaAh, N-Z and CN, changed
the interactions of the polymeric chain, which would be influenced in the biodegradable
properties of the matrix. Several active packagings have been developed in biodegradable
matrices, but studies about these properties were not done. So, for future works, this study
recommends the biodegradability properties of active and composite films.

5. Conclusions

Pollution problems drive a replacement of plastic products with eco-friendly biodegrad-
able films. However, good performance is important for the application of these films,
which reinforces the need for scientific research on this topic. In this work, the molecular
interactions of biodegradable active CS-PVA blends plasticized with GLY and incorporated
with CN, N-Z, and MaAh were investigated and correlated to thermal properties. The
compounds interacted among themselves and the intensity of these interactions was influ-
enced by the amounts added into the blends. The thermal stability varies slightly due to
the amounts of the CN, N-Z, and MaAh compounds. Therefore, these compounds can be
used to improve mechanical properties and packaging functions without compromising
thermal properties. Important observations were done; one of them was the fact that
the MaAh ring probably opened and converted to maleic acid in order to participate in
transesterification reactions. Furthermore, CN incorporation enhanced the crystallinity
domains through the intermolecular spaces, as well as increased the molecular interaction
within other compounds. This work observed heterogeneous distribution maps of the com-
pounds along the films caused by interaction affinity and the film production procedure.
Regarding the antimicrobial perspective, N-Z and MaAh acted as antimicrobial agents
against P. aeruginosa, S. aureus, S. Choleraesuis, and E. coli, inhibiting the microorganisms by
contact and compound diffusion. Therefore, the CS-PVA blends plasticized with GLY and
the compounds MaAh, CN, and N-Z added into them have great potential to be applied
in several industrial fields as an alternative to non-biodegradable films, presenting great
thermal and antimicrobial features.
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Figure A1. MCR-ALS-NIR spectra profile: (blue dashed lines) compared with standard spectra 
(red continuous line) and their correlation coefficient (R2) values for (A) starch (R2 = 0.996), (B) PVA 
(R2 = 0.978), (C) GLY (R2 = 0.999), (D) CN (R2 = 0.925), (E) N-Z (R2 = 0.951) (F) Teflon for T1 (0.0%, 
3.3%, 4.5%). 
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their correlation coefficient (R2) values for (A) starch (R2 = 0.995), (B) PVA (R2 = 0.986), (C) GLY (R2 = 0.999), (D) CN (R2 = 

0.896), (E) N-Z (R2 = 0.859), (F) MaAh (R2 = 0.996), and (G) Teflon (R2 = 0.968) for T6 (6.3%, 3.3%, 4.5%) of MaAh, CN and 
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