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Abstract

Traditional packaging made from non-renewable compounds such as petroleum has a negative impact on the environment, which
has led to a growing body of research on biodegradable packaging. This paper details the characterization of a biocomposite
which was made from cassava bran, coffee husk, and water (BCCW). After this, a layer of polylactic acid (PLA) was added,
mixed with nisaplin 1000UI, and 8, 10, 12% concentrations of oregano (Origanum vulgare L) essential oil (OVEO) in order to
create an active biocomposite (AB) which could be used as an antimicrobial material in the packaging of pork. In vitro inhibitory
effects were evaluated against Listeria monocytogenes, Escherichia coli and Salmonella typhimurium. After obtaining the active
biocomposite, the characterization was performed by means of Infrared Spectroscopy (FT-IR), Water Vapor Permeability (WVP),
a Mechanical Property analysis, Differential Scanning Calorimetry (DSC), and Scanning Electron Microscopy (SEM). Using the
concentration with the highest inhibition against pathogenic bacteria, antimicrobial tests were carried out after the application
of the AB in pork meat for 0, 1, 3, 5, and 10 days. Inhibition tests against pathogenic bacteria showed that nisin had a greater
effect on Gram positive bacteria, while OVEO had an effect on both Gram positive and Gram negative bacteria. FT-IR analysis
allowed for the characterization of the molecular interactions of OVEO and nisin in the matrix compounds of the different
biocomposites by identifying and interpreting their respective vibration bands. According to the statistical analysis, the different
concentrations of the biocomposites affect WVP (p <0.05). BCCW showed the highest permeability to water vapor, whereas
the other treatments did not show significant differences. The mechanical properties test of the AB showed that the different
treatments had a significant effect (p <0.05) on the maximum flexural strength and flexural modulus. These values decreased
with the application of the PLA layer, the concentrations of the biocomposites did not have a significant maximum deformation
effect (p> 0.05). The DSC test on the ABs showed two melting peaks and an increase in the glass transition temperature (Tg) of
the PLA, a finding that indicates greater thermal stability in the ABs. SEM images revealed that the nisaplin and OVEO particles
were uniformly distributed in the PLA polymer matrix on the surface of the ABs. The ABs showed a significant reduction in
Listeria monocytogenes in pork as of day 3 and in the other pathogens as of the 10th day. The biocomposite containing OVEO
and nisaplin, showed good potential to be used to food packaging.

Keywords: active packaging; antimicrobial; alimentary pathogens; renewable materials; nisin.

Practical Application: Biocomposite from cassava bran, coffee husk and PLA enriched with nisaplin and OVEO was developed;
The AB inhibited both Gram-positive and Gram-negative food borne pathogens; Polylactic acid (PLA) layer played the role to
maintaining the antimicrobial activity of OVEO, nisaplin and improved barrier properties of the biocomposite; WPV of AB
(PLA/Nisin/OVEQ) was lower than that of BCCW; The mechanical proprieties of AB were inferior to those found in BCCW;
Biocompuesto contained OVEO and nisaplin has good potential to be used as food packaging; The in vitro inhibition test
revealed greater inhibition against pathogenic bacteria than the test carried out in pork; The DSC test revealed that the PLA/
Nisin/OVEO layer led to an increase in the glass transition temperature.

1 Introduction

Consumer concern caused by improper disposal of plastic
waste and limited resources in the petrochemical industry
has led to the research and development of biodegradable
options as alternatives to conventional plastic materials, e.
g. the production of biocomposites, using the combination of
a renewable, biodegradable polymer with a natural fiber and

a starch polymer shows a promising, sustainable alternative
to petroleum-based plastics. In addition, the use of natural
fibers as fillers opens the way for added value to food waste,
thereby reducing the global impact of the food production cycle
(Sdnchez-Safont et al., 2018). The addition of antimicrobial
compounds provides further advantages for the packaging of
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perishable food. One important reason for innovation in food
packaging industry is the increasing problem of foodborne
microbial outbreaks. These necessitate the use of packaging that
offers antimicrobial effects and is able to assist in food quality
maintenance (Majid et al., 2016). Health risks associated with
fresh and processed meats have prompted research on microbial
growth reduction, by various means.

Active packaging is an important area of research, as it can
help control the conditions under which meat is most commonly
stored, i.e. during cold storage, distribution, and sale. The use of
active packaging has been estimated to potentially reduce meat
losses, at the retail level, by 147,600 t/year in the EU alone, with
further reductions achievable with the extension of this effect
to the consumption stage (Zhang et al., 2015a). In general,
antimicrobial agents can be applied directly to product surfaces,
but this entails a high degree of compound migration into
the product. Oregano (Origanum vulgare L) essential oil, one
antimicrobial agent, has a poor water solubility and decomposes
easily as it reacts with many natural food nucleophiles, such
as amines, amino acids, proteins, alcohols, and sulphites. This
either limits its effectiveness in the proximity of its application
or generates volatile substances in headspace (Li et al., 2012b).
The addition of nisin or OVEO to biodegradable materials
has had an effect on pathogenic bacteria (Ketkaew et al., 2018;
Li et al., 2012a) on the entire exposed product surface. This is
generally sufficient, in the case of meat, since the interior can
be assumed to be sterile. There is also a reduced migration
of additive into the product, which, in some cases, may be of
sensory or regulatory interest (Schumann & Schmid, 2018).
As with plastic containers, conventional industrial engineering
processes are often used to manufacture antimicrobial,
biodegradable packaging, which include extrusion molding,
blown extrusion, injection molding, thermoforming, or other
combinations However, thermal and mechanical processing of
plastic packages can lead to the inactivation or destruction of
antimicrobial agents, due to polymer fragmentation and bond
splitting, which leads to depolymerization. Likewise, the use of
cellulosic waste and agricultural by-products in packaging as a
source of sustainable fillers, represents an attractive and sustainable
means of added value. These by-products are attractive due to
their natural abundance, low density, high specific modulus,
and biodegradability, however, their high hydrophilicity and
thermal instability are the main drawbacks for their application
as plastic fillers (George et al., 2016). These phenomena explain
the challenges related to research on the incorporation of
antimicrobial compounds into biodegradable matrices.

The PLA is obtained by controlled depolymerization of the
lactic acid monomer, from the fermentation of raw materials, such
as sugar, corn, and other such renewable, easily-biodegradable
resources (Guo et al., 2014). It is similar to conventional
petrochemical plastics, good water vapor barriers, with relatively
low gas transmittance (Gan & Chow, 2018).

Zhou et al. (2019) have shown that the addition of a
hydrophobic Polylactic Acid (PLA) layer over a hydrophilic
starch biopolymer can improve its mechanical and barrier
properties, and also prevent thermal processes from degrading
the antimicrobial compounds. Sensitive compounds such as nisin

and OVEO have been studied in cold conditions using the casting
method (Jin et al., 2010b; Salmieri et al., 2014b; Silveira et al.,
2020), solvents and ultrasonic treatment (Woraprayote et al.,
2018), and emulsion films (Zhu et al., 2018). The development
of biocomposites with the addition of natural antimicrobial
agents such as nisin, lysozyme, oregano essential oil, and other
natural extracts (Syafiq et al., 2020), have shown inhibitory
effects against selected microorganisms such as L. monocytogenes
(Salmieri et al., 2014a; Shiroodi et al., 2016), Escherichia coli
(Kwiatkowski et al., 2016), Staphylococcus aureus (Wen et al.,
2016) and Micrococcus lysodeikticus (Jbilou et al., 2014).

In front of the presented the main objective of this research
paper was to develop an active biocomposite using natural
fibers and a layer of PLA/OVEO/nisin, and then characterize
its properties and test its effect on typical pathogenic bacteria
in pork meat.

2 Materials and methods

2.1 Materials

The cassava bran was supplied by Clayuca Inc. (Palmira,
Colombia), and had a dry base humidity of 12% + 2, and had
been sieved at 250 pm. The coffee husk was collected from the
Tecnicafé coffee technology park, and had been processed in
a hammer/blade mill (Penagos, TP8, Colombia) and sieved to
a size of smaller than 425 pm, with humidity between 10 and
13%. Polylactic acid (PLA 2002D, Carguill Dow Polymers
LLC, USA) is a white, biodegradable aliphatic polyester that
is obtained in pellet form, type L (-) of high molecular weight
(120,000 g/mol). Analytical grade methylene chloride, nisaplin
(Danisco, USA) and commercial OVEO (Now Foods, USA)
were used. The microorganisms used - Salmonella typhimurium
ATCC 14028, Escherichia coli ATCC 25922, and L. monocytogenes
ATCC 51742 - were obtained from the von Humboldt gene
bank of the Microbiology and Applied Biotechnology research
group (MIBIA) at the Universidad del Valle (Cali, Colombia).

2.2 Obtention of the BCCW

A mixture of water (45%), cassava bran (40%), and
coffee husk (15%) was prepared in order to create the BCCW.
The quantities of each component were accordingly weighed
and mixed for 10 minutes, as described in patent number
C02018014376A1 (Villada et al., 2020).

2.3 Development of the BCCW with the added PLA layer
and antimicrobial compounds

The coatings were prepared with 1,000 mg of PLA, 1 mg of
nisin (1000 IU) and 8, 10 and 12% of OVEO. Six biocomposites
were obtained, ABO: Active biocomposite/oil; ABN: Active
biocomposite/nisaplin; ABNO1: Active biocomposite/nisaplin/
oil; ABNO2: Active biocomposite/nisaplin/oil; ABNO3: Active
biocomposite/nisaplin/oil; BCCW: Biocomposite/cassava/coffee/
water. Table 1 shows all the treatments used in the study. The nisin
concentration was established in preliminary studies, considering
Govaris et al. (2010), while the OVEO contents were based on
concentrations evaluated by Requena et al. (2019). The PLA resin

Food Sci. Technol, Campinas, v42, 67420, 2022



Original Article

Munoz Pabon et al.

Table 1. Treatments used to obtain AB.

Sample Biocomposite Nisaplin (UI/cm?) OVEO (# L/cm?)
Oregano 130u L ABO - 17.33
nisaplin 1000U7 ABN 133.33 -
nisaplin 100007 + OVEO 100 # L ABNOI1 133.33 13.33
nisaplin 1000U7 +OVEO 125 4L ABNO2 133.33 16.33
nisaplin 1000U7 +OVEO 150 4 L ABNO3 133.33 20
Biocomposite Control BCCW - -

ABO: Active biocomposite/oil; ABN: Active biocomposite/nisaplin; ABNOI: Active biocomposite/nisaplin/oil 1; ABNO2: Active biocomposite/nisaplin/oil 2; ABNO3: Active

biocomposite/nisaplin/oil 3; BCCW: Biocomposite/cassava/coffee/water.

layer and antimicrobial compounds, were produced using the
casting method, in accordance with the method used by Jin et al.
(2010a), 15 mL of methylene chloride was added to a beaker
containing the precipitate, and this wasmixed for 30 min. At the
end of this time, the mixture obtained was poured onto BCCW
samples of 1.5*5 cm and 1.74 + 0.06 mm thick. The coated BCCW
material was left at 30 °C in a convection oven (Binder FD 260,
Germany), for 4 h, until the solvent evaporated.

2.4 Inoculum preparation with pathogenic bacteria

The lyophilized strains of Salmonella typhimurium, Escherichia
coli, and Listeria monocytogenes were supplied by the Colombian
Collection of Type Cultures (ATCC, Universidad del Valle,
Colombia), and were stored at -25 °C with 30% glycerol. In the
exponential growth phase, the bacterial cultures were prepared
by inoculating the microbial stock suspensions in Nutrient Broth
(NB), followed by incubation at 35 °C for 12 h, in order to obtain
bacterial suspensions of 5-6 log colony forming units (CFU)/mL.

2.5 In vitro inhibition test

The inhibition test was carried out in accordance with the adjusted
methodology described by Guo et al. (2014). The 1.5*5cm? AB
samples with the five different OVEO concentrations were placed
in 100 mL Erlenmeyer flasks, with 45 mL of NB. The tubes were
immediately inoculated with the pathogenic bacteria cultures
prepared previously, at a final concentration of 5-6 log CFU/mL.
The NB tubes were incubated at 30 °C for 24 h, and in sequence
shaken at 100 rpm. To determine populations in the NB following
incubation, serial dilutions of the resulting bacterial suspensions were
made, in water with 0.1% peptone, and dispersed 100 pL in petri
dishes of listeria chromogenic agar, with the selective supplements
X072 and X010 (Harlequin, United States) for Listeria, Salmonella
Shigella (Sharlau, Spain) for Salimonella, and Colinstant Chromogenic
Agar (Sharlau, Spain) for E. coli. All samples were then incubated
at 37 °C, for up to 24 h, and CFUs were then counted.

2.6 Physical and chemical characterization of active
biocomposite

Fourier transform infrared spectroscopy (FI-IR) with
attenuated total reflectance (ATR)

The films were analyzed using FT-IR with an ATR accessory.
The experiments were carried out following the ASTM E1252 (American
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Society for Testing and Materials, 2013) standard. FT-IR spectra
were obtained on an Iraffinity-1S FT-IR spectrometer (Shimadzu,
Inc., Shelton CT, Japan), with a deuterated triglycine sulfate (DTGS)
detector. Biocomposite samples were studied in an ATR MIRacle
10 fixture (Shimadzu, Inc., Shelton CT, Japan) with a single reflection
diamond crystal at an angle of incidence of 45°. The spectrum of
each sample was obtained by taking the average of 45 scans at a
resolution of 4 cm™ at 25 °C. A Happ-Genzel apodization was used,
with a magnitude phase correction. A flat tip was used to achieve an
intimate contact between the sample and the crystal, without pressure
control (Nicolet Protege 460 Magna IR Thermo Scientific, USA).

Water vapor permeability test

Water vapor permeability (WVP) was determined following the
gravimetric technique established by the ASTM E96-05 (American
Society for Testing and Materials, 2005). The samples were first
conditioned in a hermetically sealed glass container (0% RH).
After conditioning and weighing them, the samples were deposited
inside cylindrical permeation cells, in direct cell-sample contact,
and these were then placed inside the hermetic container that
maintained a constant 50% RH at 23 °C throughout the course
of the experiment. Water vapor permeability (P) was calculated
with Equations 2, 3 and 4, using the fundamental equation
for flux (Equation 1). The flux, or Water Vapor Transmission
Rate (WVTR), was calculated with the slope (G) of the linear
regression between the variation in sample weight against time,
the equations used for these calculations were:

(P*aP)

Flux =~—— M
I
. (WVTRx1) @
AP
WVTR =% 3)
AP =S x(R1—-R2) 4)

where “P” is permeability, “AP” corresponds to the variation
of the partial pressures, inside and outside the permeation cell,
“I” is the thickness of the sample, “A” is the area exposed to the
transmission of water vapor, “S” is the saturation pressure of
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the vapor at the test temperature, “R1” is the fraction of relative
humidity generated by the saturated saline solution, and “R2”
that provided by the silica gel inside the permeation cell.

The mechanical properties

The mechanical properties were evaluated in accordance
with technical standard ASTM D790-10 (American Society for
Testing and Materials, 2010), and certain modifications, using a
500 N load cell. Samples with dimensions of 127 mm (length),
12.7 mm (width), and 3.2 mm (thickness), were calibrated
with a digital Vernier caliper (CD-6"CSX-B Mitutoyo, Brazil).
The test was carried out with a universal test kit (EZ-L Shimadzu,
Japan). The samples were held on two supporting structures,
located under the ends of the samples. Next, a bending force was
applied to sample centers, until they fractured. Five samples were
evaluated per titrated treatment. Before testing, the samples were
conditioned for eight days, at a relative humidity of 50 + 5% and
23 +2 °C (American Society for Testing and Materials, 2008).
Results of maximum flexural strength (MPa) (of), maximum
deformation (%) (ef), and elastic modulus (MPa) (EB) were
obtained.

Differential scanning calorimetry (DSC).

The DSC was carried out in accordance with the ASTM
D3418-08 (American Society for Testing and Materials, 2008)
standard. Each specimen, of approximately 10 mg, was previously
conditioned at a relative humidity of 50% and a temperature of
23 °C. The sample was placed inside an aluminum capsule, sealed,
and placed inside the DSC thermal chamber. A first heating cycle,
from room temperature to 190 °C, was performed to clear the
thermal history at a heating rate of 10 °C/min, followed by an
isotherm of 190 °C for five minutes. A cooling cycle was then
carried out, from 190 °C to -80 °C, at a cooling rate of 20 °C/min
and an isotherm of -80 °C for five minutes. Finally, a heating cycle,
from -80 °C to 200 °C, was carried out, in order to determine
the glass transition (Tg) and melting temperatures (Tm) for each
samples. A calorimeter (model Q20, TA Instruments, USA)
was used for this experiment. The degree of crystallinity (X_)
was determined in accordance with the following Equation 5.

Xc= Ao x100 )
o Y%wt BCCW
Ay x| 1= =

where a# = AHm (for the second heating curve), azz,, is the
enthalpy of fusion of the crystalline polymer matrix, at 100%
(93.0]/gfor PLA), and %w: BCCW (biocomposite) is the percentage,
in weight, of the bran and husk (Battegazzore et al., 2014).

Scanning electron microscopy (SEM) morphometry

Samples measuring 2 x 2 cm were used for the morphological
analysis, adhering to the method described by Navia-Porras et al.
(2015), whit some modifications. These were kept at a Relative
Humidity (RH) of 50% and a temperature of 23 °C. Using

a vacuum coating equipment [Denton Vaccum Desk IV], a
50 millitorr gold bath was performed in two positions: a) sitting
on the circular base for 150 s, and b) tilted for 50 s. The gold-
coated samples were placed in a sample holder in the microscope
chamber (JSM 6490 LV JEOL, Japan) at a vacuum of 30 Pa. As the
vacuum stabilized, the tungsten filament was turned on, with
an acceleration power of 15 kV.

Test of inhibition in pork.

Inhibition assessment was performed as described by
Salmieri et al. (2014a) with some modifications. Each sample of
raw pork (2g) was inoculated with 0.2 mL of 5-6 log UFC/mL
separately (the inoculum was prepared as described in section
2.4) with each of the S typhimurium, E. coli and L. monocytogenes
strains and spread evenly with a sterile glass rod. These were left
in an environmental chamber for 30 minutes. They were then
placed between the AB and a PLA layer with-antimicrobials, in
order to ensure contact with the meat on both sides. They were
then inserted into high-barrier packaging bags and vacuum sealed
using a sealing machine set at 90% vacuum. Independent batches
were packed on each sample day, using: (1) control (meat only)
and (2) meat with PLA-oregano essential oil-nisin biocomposite.
After packaging, all batches were stored at 4 °C, and sampling
was carried out at 0, 1, 3, 5 and 10 days. On each selected day,
the raw pork samples that were wrapped were carefully removed
from the AB and the meat samples were then diluted in the
proportion of 2 g part in 18 mL of sterile peptone water (0.1%
w/v; Difco, Becton-Dickinson). The solution was homogenized
for 2 minutes at 260 rpm and 100 pL of the appropriate dilution
was seeded in a Listeria Chromogenic Agar petri dish, with the
aforementioned supplements, selective for Salmonella, Listeria
and Escherichia. The petri dishes were incubated for 24 hours
at 35 °C, the CFUs were counted and expressed as log CFU/g
of pork.

Experimental design and stadistical analysis

The effect of the independent variables on the responses
was studied through a one factor design, which was the Nisaplin
and OVEO concentration. A statistical analysis of the results
was performed through ANOVA for a level of significant (a)
of 0.05 followed by a Tukey post hoc. All statistical analysis was
performed using the Minitab program (V 18).

3 Results and discussion

3.1 Effects of treatments on L. monocytogenes, E. coli, and S.
typhimurium cell counts

In accordance with the analysis of variance, all antimicrobial
concentrations in the treatments had significant influences
(p <0.05) on the growth inhibition of the three pathogenic
bacteria, after 24 h. Figure 1 shows the inhibition effect of the
mixture of nisaplin and OVEO. ABNO3 treatment showed
strong inhibition, with counts close to zero log after 24 hours
of incubation. L. monocytogenes, E. coli, and S. typhimurium,
in control samples, grew at 8, 8.5, and 10.2 log CFU/mL,
respectively, after 24 h.

Food Sci. Technol, Campinas, v42, 67420, 2022
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The ABN treatment using only nisaplin had no effect on the
Gram negative bacteria (S. typhimurium and E. coli), as their cell
wall membrane contains Lipids, Proteins, and lipopolysaccharides
that provide effective protection against biocides such as nisin
(Jin & Zhang, 2008; Li et al., 2018). Similar results were obtained
by Santos et al. (2018) and Li et al. (2012b). In the case of
L. monocytogenes, (Gram positive bacteria), there was a reduction
of almost 3 Log, compared to the control. The activity of nisin on
Gram positive bacterial cells occurs through two mechanisms.
The first occurs when nisin targets the cytoplasmic membrane
and increases the permeability of the membrane through the
formation of pores, causing the exit of intracellular material,
which causes the cells to run out of energy needed to carry out
biosynthetic processes (Cleveland et al., 2001). In the second
mechanism, nisin reaches the cytoplasmic membrane of the
bacterium and forms a pyrophosphate cage which involves the
first two rings of nisin and the rest of pyrophosphate of lipid I
through hydrogen bonds. (Hasper et al., 2006).

Many studies have demonstrated the capacity of nisin to inhibit
the microbial growth of gram positive bacteria, including the
highly pathogenic bacteria found in food, such as Staphylococcus
aureus (Godoy-Santos et al., 2019), Staphylococcus epidermidis
(Fael & Demirel, 2020), Clostridium botulinum (Gharsallaoui et al.,
2016), and L. monocytogenes (Bastarrachea et al., 2010), among
other pathogenic microorganisms (Nakazato et al., 2017).

Unlike the biocomposites using only nisaplin, which did
not have an effect on Gram negative bacteria, the biocomposites
supplemented with OVEO had a significant effect on the three
pathogenic bacteria studied. It follows that the antimicrobial
action on S. typhimurium and E.coli, in biocomposites ABNOI,
ABNO2, and ABNO3 can be attributed to addition of OVEO.

12 T T T T T T T T T T T
| I L. monocytogenes %
EE. coti a

104 IS typhimurium H

%
Bb c*

Log UFC/mL
SN
1
a

ABN ABO ABNOL1

ABNO2
Biocomposites

ABNO3 BCCW

Figure 1. Colony forming units (CFU) of L. monocytogenes, E. coli
and S. typhimurium in the biocomposites. Values are + standard
deviation of three replicates. Different capital letters are significantly
different (P <0.05) E. coli inhibition. Lowercase letters are significantly
different (P <0.05) S. typhimurium inhibition. Lowercase letters with
*are significantly different (P <0.05) L. monocytogenes inhibition.
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The mechanism of action OVEO has not yet been fully established.
However, studies have shown that compounds of different chemical
groups found in these natural products can generally act on
permeabilization or disruption of the cytoplasmic membrane,
allowing for the passage of non-specific compounds, or the
release of cytoplasmic content, respectively (Zhang et al., 2015b).
Furthermore, compounds such as eugenol and carvacrol, present
in OVEOQ, can inhibit the ATPase enzyme, which is responsible
for the generation of energy in the cell, leading to cell death in
Gram positive and Gram negative bacteria. However, the greater
hydrophobicity of the E. coli surface may explain greater sensitivity
to OVEOQ, as compared to Gram positive bacteria, since greater
hydrophobicity facilitates the interaction of the OVEO with the
membrane (Gill & Holley, 2006), allowing for the separation of
lipids from the cell membrane and mitochondria. This separation
causes disorders in cell structure, which make it more permeable
and susceptible to ions (Oosterhaven et al., 1995). Studies of
biocomposites incorporated with OVEO report inhibition
against Gram positive and negative bacteria, (Caetano et al.,
2017; Cruz-Tirado et al., 2020; Ketkaew et al., 2018).

3.2 Fourier transform infrared spectroscopy with attenuated
total reflectance (FT-IR-ATR).

FTIR spectra, in the near infrared region of 3650-2750 cm ! were
identified for all biocomposites and bands as shown in Table 2.
FTIR spectra, with a focus on the 1800-700 cm™ region of
ABNO3, BCCW, pure PLA, and OVEO, can be seen in Figure 2.
The first step in this process was to characterize the incorporation
of OVEO into the matrix of the ABNO3 biocomposite - the
treatment selected for packing the pork samples and identify the
infrared bands and interactions related to the OVEO-PLA-AB
matrix. A strong absorption band was observed at 1756 cm™,
due to the C=0 stretching (Molinaro et al., 2013).

The bending vibrations, at 1444 and 1360 cm!, are related
to asymmetric and symmetric deformations of the CH,-group
(Hossain etal., 2012). The 1181 cm™ can be attributed to C-O-C
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Figure 2. Espectros FT-IR de los biocompuestos activos centrados en
la regién 1800-700 cm™.
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Table 2. Characteristic bands of the infrared spectrum of Active Biocomposites.

ABN ABO ABNO1 ABNO2 ABNO3 BCCW

cm! Band cm’! Band cm! Band cm! Band cm’! Band cm! Band
813 -OH 813 -OH 813 -OH 813 -OH 813 -OH 813 -OH
1041 C-0 1041 C-0 1041 C-O0 1041 C-0 1041 C-0 1041 C-O
1084 C-0 1084 C-0 1084 C-O 1084 C-O 1084 C-0 1084 C-0
1130 C-0 1130 C-0 1130 C-0 1130 C-0 1130 C-0 1130 C-0
1181 C-0-C 1181 C-0-C 1181 C-0-C 1181 C-0-C 1181 C-0-C 1181 C-0-C
1364 -CH3 1360 -CH3 1359 -CH3 1360 -CH3 1360 -CH3 1365 -CH3
1421 - 1417 -OH 1415 -OH 1415 -OH 1419 -OH 1421 -
1441 -CH3 1444 -CH3 1444 -CH3 1444 -CH3 1443 -CH3 1454 -CH3
1618 C=0 1618 - 1620 C=0 1614 C=0 1617 C=0 1618 -
1587 N-H 1587 - 1541 N-H 1579 N-H 1563 N-H 1587 -
1751 C=0 1756 C=0 1756 C=0 1754 C=0 1756 C=0 1758 -

7 T T T T T T

stretching of PLA (Molinaro et al., 2013). The peaks, at 1130,
1084, and 1041 cm™ may correspond to C-O stretching vibrations
(Pamuta et al., 2001), while the bands detected at 866 and
752 cm™ (far infrared) can be assigned to the amorphous and
crystalline phases of the PLA layer, respectively (Agrawal, 2010).
The peak, at 1421 cm™, appeared as a result of bending in the
-OH plane of the carvacrol and thymol phenolic compounds
(Pola et al., 2016), which change area as OVEO concentrations
increase. Finally, the peak, at 813 cm™, is in accordance with
the out-of-plane -OH curvature in di- and tri-substituted herb
compounds, such as carvacrol, thymol, and their derived terpenes
and terpenic alcohols (Salmieri et al., 2014b).

The peaks at 3332 and 1645 cm™* were used to identify the
presence of the cassava bran, coffee husks, and BCCW, which
were attributed to the stretching and bending of water and O-H,
respectively. The adsorption band at 2918 cm™ was assigned to
C-H stretch, (Matsuda et al., 2013). The characteristic peaks of
coffee husks were due to the presence of lignin, cellulose, and
hemicellulose. The broad bands at 3336 and 2926 cm™ were
assigned to the O-H group and C-H group, respectively. The peaks
at 1700 cm™ were related to hemicellulose C = O. Those at
1426 and 1236 cm™ were assigned to C-H, and C-O-C of the
cellulose chain. The band at 1148 cm™ was due to the asymmetric
deformation of C-O-C of cellulose and hemicellulose (Mothé
& Miranda, 2009).

The incorporation of nisin into the matrix of the biocomposite,
identified with the peaks at 1618 and 1587 cm', is mainly due
to the bands of Amide I (bond stretching vibration C=0) and
Amide II (bending vibration of the N-H bonds) (Shiroodi et al.,
2016) respectively, both related to the peptide bond. Other
authors have reported similar observations, related to the nisin
peptide bond (Salmieri et al., 2014a).

3.3 The water vapor permeability test (WVP)

The WVP values of the BCCW and biocomposites with
PLA and antimicrobials are shown in Figure 3. In accordance
with the analysis of variance, the different concentrations of
biocomposites significantly affect (p <0.05) the WVP values.
The Tukey test classifies the ABO, ABN, ABNO1, ABNO2, and

WVP gmm/hm’kPa

BCCW ABO ABN
Biocomposites

ABNO1 ABNO3 ABNO3

Figure 3. Values of WVP in biocomposites. Average value + standard
deviation is reported. Different superscripts in each column indicate
significant differences (p < 0.05).

ABNO3 treatments into a single group - i.e. they do not present
significant differences. Salmieri et al. (2014b) also reported that
the addition of OVEO does not present significant differences
from biocomposites made from PLA or cellulose particles.

The BCCW value was 5.29 + 0.1 gmm/hm?*kPa, while the
other biocomposites varied between 0.581 + 0.404 and 1.086 +
0.561 gmm/hm?kPa. PLA is a highly hydrophobic resin, which
can provide biocomposites with an effective barrier against water.
In contrast, BCCW is composed of starch to a greater extent and
has a highly hydrophilic polar structure. The structural polar
groups act with water molecules, which penetrate the material,
increasing polymer free volume, thus allowing the polymer chain
segments to increase in mobility, causing WVP (Suetal., 2010).

In addition to the hydrophobic or hydrophilic nature of the
polymer, the biocomposite’s barrier properties are influenced by
the presence of voids or cracks, compatibility of incorporated
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components, and steric hindrance in the film structure. Significant
deviation may also be noted in the values attributed to the uneven
material structure (Santosa & Padua, 1999).

Ghanbarzadeh & Oromiehi (2008), obtained WVP values
of 0.1 gmm/hm?’kPa for zein biocomposites coated with wax.
Likewise, Salmieri et al. (2014b) obtained WVP values of
0.083 gmm/hm’kPa for biocomposites with added PLA and
OVEDO. In contrast, Cano et al. (2014) reported higher WVP
values of 5.4 + 0.4 gmm/hm?kPa for biocomposites with rice
bran, without the addition of any hydrophobic material to its
polymeric structure.

3.4 Mechanical properties

The diverse biocomposite treatments had a significant influence
(p <0.05) on maximum bending stress. Figure 4A shows that the
BCCW treatment resulted in the highest flexural stress value.
According to Tukey’s test, this is significantly different from
other treatments. The ABNO3, ABN, and ABO biocomposites
did not show significant differences.

In Figures 4A and 4B can be observed that, in treatments
with added PLA, there was a decrease in o, and E_. This is
corroborated by the decrease in crystallinity that occurred in
the DSC test, this loss of crystallinity makes it possible to show
the decrease in mechanical resistance in biocomposites with
added PLA (Li et al., 2012a).

The reduction in maximum stress and flexural modulus may
be due to the fact that the relationship between PLA and the
thermoformed biocomposite is physical - i.e. the hydrophobicity
of PLA does not allow for an anchoring in starch hydroxyl groups.
In this vein, because the PLA is incorporated in dissolved form
into the biocomposite, when it evaporates, the solvent may create
steric hindrance and leave spaces within the polymeric matrix,
which causes a decrease in maximum bending stress.

Huda et al. (2008), studied kenaf fibers with added PLA, and
encountered a decrease in flexural strength. They showed that
the properties of biocomposites made from PLA and kenaf fiber
are a function of the matrix/fiber interfacial adhesion strength,
which confirms that the compatibilization process is an effective
strategy to increase the yields of polymer-based compounds.
However, no chemical treatment was carried out during this study
on the husks or bran fibers, in order to increase the anchoring
of PLA layer. The different concentrations of the biocomposites
did not have any effect on maximum deformation.

Figure 4C shows that the highest deformation values were
found for ABNO1 and ABNO?2, possibly due to enhanced
molecule distribution or the OVEO’s action as a plasticizer in the
polymer matrix, which would allow for greater chain mobility,
and consequently greater flexibility (Qin et al., 2017).

3.5 Differential scanning calorimetry thermal properties

The DSC curves of the samples of the PLA/BCCW active
biocomposites (mixing ratio 0.25/0.5) and control samples (pure
PLA and cassava bran) are shown in Figure 5. Three thermal events
were observed during the analysis: Tg (Figure 5a), and Tm, and
Tm, (Figure 5b). Tg is associated with changes in the amorphous
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Flexural Strength (Mpa)

BCCW  ABN ABO  ABNOI  ABNO2  ABNO3
Biocomposites A

Flexural Modulus (MPa)

BOCW ABO ABN ABNOL - ABNOI - ABNOD
Bincomposites B

Flexural Strain (%)

BOCW ABN ABO
Biocomposites C

ABNOL - ABNOZ  ABNO3

Figure 4. (A) Maximum flexural strength values of biocomposites.
Average value * standard deviation is reported. Different superscripts
in each column indicate significant differences (p < 0.05); (B) Flexural
modulus values of biocomposites. Average value * standard deviation
is reported. Different superscripts in each column indicate significant
differences (p < 0.05); (C) Flexural strain percentages of biocomposites.
Average value + standard deviation is reported.

region of the biocomposite and depends on chain mobility. Tm is
determined by crustalline region transition (Godbole et al., 2003).

Table 3 shows that the PLA Tg (58.17 °C) decreased in ABO,
and increased in ABN, ABNO1, ABNO2, and ABNO3. A reduction
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Table 3. Thermal properties of biocomposites found in DSC.

Composite Tm, (°C) Tg (°C) Tm, (°C) AH, (J/g) AH, (J/g) X,
Cassava bran 139.37 83.5 162.44 6.016 221.95 -
PLA 141.91 58.17 33.78 72.64
ABN 147.9 59.58 158.14 3.58 177.7 7.70
ABO 118.06 48.05 148.91 0.68 135.25 1.46
ABNO1 145.42 71.06 171.57 2.72 142.3 5.8
ABNO2 118 71.29 147.3 1.12 189.5 2.40
ABNO3 - 71.73 134.93 - 90.75 -
BCCW 146.94 52.16 8.874 144.8 -
T ' T . effects result from the presence of added hydrophobic side chains
0.4 - in the biocomposite (Aburto et al., 1997). The ABO phase has a
lower crystallinity, possibly due to the enhanced OVEO dispersion.
) The Xc decreases in samples with higher oil content. When
0.5 - CassavaBran 4 ..
. these values are near zero, they indicate that structures are more
; amorphous. For example, as Xc is reduced, the structure of the
E 0.6 ;;; 4 sample is less stiff, more flexible, and therefore easier to process
§ B than the PLA. Similar results were obtained by Anuar et al. (2017)
2 oot in PLA samples with added cinnamon oil.
The addition of plasticizers, which are often low in molecular
ABNO2 . . . . . .
= weight, increases interchain spacing (increased free volume) and
ABNGS o reduces interactions between the polymer chains. In this way, the
= BCCW o 0 .
‘ . , — chains with greater mobility require lower temperatures for the
e 40 50 0o 80 90 change from glassy to gummy solid, resulting in the decrease of
' TCO Tg values (Chaléat et al., 2014). In other the biocomposites, the
addition of nisin filled the spaces in the matrix, which may explain
the increase in Tg. If the Tg is higher than room temperature,
it implies that the mixtures are thermally stable. Godbole et al.
0 (2003), in their study of biocomposites mixed with starch also
showed an increase in Tg. The Tg values of cassava bran, at a
4 humidity of 8%, and after erasing its thermal history, yielded
2 a value of 83.5 °C, similar to the Tg reported in potato starch
(Thiewes & Steeneken, 1997). In the BCCW that contained water,
= 3] the Tg decreased with respect to bran, at 52.15 °C, since the water
{'5'_4 d acts as a plasticizer, causing starches to flow, and making them
2 . suitable for thermoplastic processing (Satyanarayana et al., 2009).
E According to Shiroodi et al. (2016) the results of Tg, Tm,
-6 and AH, in biocomposites added to nisin, were not influenced by
7 concentrations similar to those used in this study. Similar results
have been reported by other researchers as well (Bastarrachea et al.,
-84 2010; Prapruddivongs & Sombatsompop, 2012).
r T % T ¥ T 4 T
T 140 160 180 200 Compared to pure PLA, which shows a Tg and a melting

T (n?C)

Figure 5. DSC measurement curves of AB, Cassava bran and PLA.
(a) curves associate with the glass transition of each AB; (b), curves
associate with the melting peak of each AB.

in Tg may indicate improved compatibility in the biocomposite,
likely due to the hydrophobic character of the OVEO, which
allowed for a better distribution in the PLA matrix and gave rise
to a plasticizing effect. Some researchers suggest that plasticizing

peak, all the biocomposites, with the exception of ABNO3, showed
a sharp Tg and two different melting peaks, a phenomenon
also found with pure bran. A similar situation is also shown by
(Battegazzore et al., 2014; Martin & Avérous, 2001) in starch,
fiber, and PLA biocomposites. Said studies explain this biphasic
endotherm phenomenon in several ways. In the first explanation,
when the volume fraction of starch increases, a multiple melting
profile is observed, which implies that the granular structures
respond differently in environments with low humidity. When
starch is heated in the presence of excess humidity, crystallites are
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destabilized and begin melting, as a result of stresses exerted by
the amorphous regions, which are fully hydrated and swollen. This
gives rise to endotherm M. As water becomes a limiting factor,
only a part of the crystallites is destabilized by this mechanism,
while the rest leads to the second endotherm M,. In the second
explanation, the granules with the least stable crystallites melt
first (M,), and this results in the absorption of more water by
the disordered chains. This means that the remaining crystallites
and granules have less water available (the effective volume
fraction of diluent is reduced) and will therefore melt at a
higher temperature (M,). Another cause has been attributed to
a slow plasticization of the amorphous granular regions under
restricted water conditions, which displaces the melting of the
crystallites to higher temperatures (BeMiller & Whistler, 2009).

20KV X500  50pm

X500 ~ 50pm

20KV

The data in Table 3 confirms that the BCCW does not induce
the crystallization of PLA during the cooling process (absence
of Tc). The presence of starch in the samples is responsible for
the appearance of two melting peaks. A decrease in crystallinity
is reflected in the decrease in the enthalpy of fusion, AH, of the
biocomposites, an aspect that explains the decrease in bending
stress. As seen in Table 3, the value of AH, was higher in the
BCCW, which had the highest bending stress.

3.6 Morphometry by scanning electron microscopy

The surfaces and cross sections of the biocomposites
were evaluated using scanning electron microscopy. Figure 6a
shows scanning electron micrographs of the outer surface, at

50pm 4 “

Figure 6. Scanning electron microscopy surface section. (a) ABN; (b) ABO; (c) ABNOI; (d) ABNO2 (e); ABNO3; (f) BCCW. Author’s name: Karen Mufioz.
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500 x magnification. The structure of ABN appears compact,
with a uniform polymeric network smaller than both ABO and
BCCW. The SEM photomicrographs of the biocomposites with
PLA show areas with uniform holes that could represent the
deposits of nisin or OVEO in the matrix of the biocomposite.
Likewise these spaces may be due to the release of the solvent
into the atmosphere. In general, the images indicate a well-mixed
and integrated structure, which shows a uniform distribution
of the nisaplin compound in the PLA matrices. Similar results

were obtained by Jin & Zhang (2008). However, more irregular
structures were observed in ABO. Figure 7b shows the cross
section and measurement of the PLA layer that varies between
0.576 mm and 0.0178 mm.

3.7 Antimicrobial activity in pork meat

Based on the variance analysis, the AB and the evaluation
carried out during storage time, there was an effect on the

X25

Figure 7. Scanning electron microscopy cross section. (a) ABN; (b) ABO; (c) ABNO1; (d) ABNO2; (e) ABNO3; (f) BCCW. Author’s name: Karen Mufioz.
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inhibition of the three pathogenic bacteria in question (P <0.05).
Figure 8 shows that from day zero on, all bacteria have approximately
6 log CFU/g. The Tukey’s test performed on day 1 showed that
S. typhimurium did not indicate a significant difference with
respect to the control, unlike E. coli and L. monocytogenes that
did show differences as of day 1. On day 3 the three bacteria
showed a similar, significantly lower inhibition, with greater
inhibitory power on day 10, when the growth of the bacteria
decreases to approximately 4 log CFU. L. monocytogenes was more
affected by the activity of the AB than S. typhimurium. During
the meat’s storage period, an antimicrobial effect close to zero
was not observed as expected, taking into account that in the
in vitro tests the inhibition of ABNO3 showed almost complete
inhibition for all three bacteria. In this vein, the literature on
In vitro and in vivo tests with meat has concluded that a higher
concentration of active compounds is required in the latter (Burt,
2004; Guo et al,, 2014). A similar phenomenon was described
by other studies, which have carried out in vivo studies in foods
with biocomposites using oregano essential oil (Oussalah et al.,
2006; Salmieri et al., 2014b). One of the main hypotheses for
the greater microbial resistance to OVEO in meat is the greater
availability of nutrients, which allows bacteria to repair their
damage faster than in the culture medium (Requena et al.,
2019). Additionally, phenolic compounds present in OVEO can

Days of storage

E. coli

ABNO3 5.95+0.0094 3.77+0.154%
Commercially 5.98+0.029%¢ 5.43+0.0558%

L;

monocytogenes -

ABNO3 5.96+0.0624 3.17+0.084°
Commercially 5.97+0.08882 5.49+0.048B°

S. typhimurium

5.043+0.0494°
5.99:+0.0545°

6.097+0.0704
5.99+0.04888

ABNO3
Commercially

react with fatty free radicals in meat as a result of autoxidation,
thus generating products with a less effective reaction than the
original phenolic compounds (Kim et al., 2004).

In summary, the different concentrations of OVEO added in
the PLA layer had an effect on the three pathogenic bacteria in
question, while the concentration of nisin only had an effect on
the Gram positive bacteria. The addition of the PLA layer along
with the ABNO3 antimicrobials generated a 17.81% reduction
in the maximum bending stress with respect to BCCW, possibly
due to the plasticizing effect that OVEO has, which reduces the
interaction between the chains of the molecules of the polymer
(Jamroéz et al., 2018). According to the SEM micrographs
(Figure 7), the addition of the PLA increases the thickness of
the AB between approximately 0.2 and 0.5 mm (Figure 7f). This,
in turn, produces agglomerations of nisaplin or OVEO in the
PLA matrix, and forms a non-compact texture with spaces. This
explains the loss of effort and variations in the percentages of
deformation. According to DSC results, the plasticization of the
PLA layer with the OVEO decreases the percentage of crystallinity
(Xc), compared to a pure PLA, thus generating an increase in
the amorphous phase which is associated with the permeability
of the polymer (Qin et al., 2017). This phenomenon leads to an
increase in the mobility of the chains and therefore the union

2.26+0.24A4

6.10+0.135¢
\

2.33+0.354¢
6.26+0.178<

3.76+0.204P
5.56+0.0828B°

2.20+0.18%
5.66+0.0728¢

3.5440.0754¢
5.8440.173B¢

2.10+0.1474
5.13+0.065¢

2.26+0.24%¢
5.8240.158¢

2.69+0.27A4
5.89+0.088d

3.18+0.094¢
5.965+0.038¢

Figure 8. Growth count of pathogenic bacteria over time in vivo. E. coli (CFU/g), L. monocytogens (CFU/g), S. typhimurium (CFU/g). Values
are + standard deviation of three replicates. A, B: different letters are significantly different (P < 0.05) between type of packaging. a, b, ¢, d: the

letters are significantly different (P < 0.05) between the days of storage
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between the OVEO and the PLA, interrupting the interactions
between the AB and the water. Due to this process, the WVP
of the ABNO3 was reduced by 90.24% with respect to BCCW,
thus obtaining a polymer with low permeability.

4 Conclusions

The AB, made from lignocellulosic residues (coffee husks
and cassava bran), in combination with PLA, OVEQ, and nisin,
showed a decrease in maximum flexural strength and flexural
modulus, but an increase in the percentage of deformation,
water barrier, and antimicrobial properties. The addition of
OVEO prevents the growth of pathogenic bacteria in vitro.
The 12% concentration of the OVEO inhibited the growth of
S. typhimurium, E. coli, and L. monocytogenes to nearly zero,
while the effect of nisin was reflected in L. monocytogenes.
FT-IR analysis allowed for characterization of the molecular
interactions that occurred after the inclusion of nisin and OVEO.
The 1420 cm™ peak characteristic of phenolic compounds, such
as carvacrol, increased in area as the content of oregano essential
oil increased in the biocomposites. The addition of PLA-OVEO-
nisin increased the Tg for the AB, while in the biocomposite with
OVEO only, it decreased, compared to pure PLA. The percentage
of crystallinity Xc decreased with OVEO content, likely due to
the plasticizing effect of the latter. These data corroborated the
decrease in stiffness of the biocomposites as well as an increase in
deformation. OVEO interacts with PLA by altering the mobility
of chains. Morphological analysis revealed a lack of adherence
between PLA and starch, but positive interaction between starch
and cellulose fibers in coffee husks.

This study showed the antimicrobial potential of biocomposites
with added OVEO and nisin to be promising bioactive packaging
for prevention of the growth of pathogenic bacteria in food
products of animal origin.
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