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José Vega-Baudrit

Preface to the 1st International Conference of the Red CYTED ENVABIO100 “Obtaining 100%
Natural Biodegradable Films for the Food Industry”
Reprinted from: Biol. Life Sci. Forum 2023, 28, 7, doi:10.3390/blsf2023028007 . . . . . . . . . . . . 1
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1. Statement of Peer Review

In submitting these conference proceedings to Biology and Life Sciences Forum, the
Volume Editors certify to the publisher that all the papers published in this volume have
been subjected to peer review administered by the Volume Editors. The reviews were
conducted by expert referees to the professional and scientific standards expected in a
proceedings journal

• Type of peer review: single-blind
• Conference submission management system: via email
• Number of submissions sent for review: twelve
• Number of submissions accepted: twelve
• Acceptance rate (number of submissions accepted/number of submissions received): one
• Average number of reviews per paper: two
• Total number of reviewers involved: six
• Any additional information on the review process (detailed criteria, peer review policy,

etc.): review reports were sent to the authors. All authors made the corrections re-
quested by the reviewers, and only after this were the articles accepted for publication.

2. Conference Description

The event consisted of face-to-face seminars presented to the academic community and
the interested general public by researchers who were members of the CYTED ENVABIO100
Network. ENVABIO100 is the Ibero-American network for obtaining biodegradable films
of 100% natural origin for the food industry. It is made up of universities, laboratories, and
research centers, as well as industries related to the plastics and food sectors (Figure 1).
The Network aims to contribute to solutions that lead to the sustainable development of
the manufacturing industries and their transition to the use of renewable resources. Over
the course of the seminars, a key aim was to cultivate synergy and teamwork between
researchers from the region, academia, and the industrial sector of the country, through
round tables and visits to factories, in order to achieve the objectives of the Network.
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Figure 1. The logos of the institutions that organized or sponsored the conference.

3. Topics

The topics include food sustainability, material technology, packaging for the food
industry, and biodegradable polymers.

4. Sponsors

• MADRE SA (https://madre.eco/)
• BIOPLASTIC (https://www.instagram.com/bioplasticpy/)
• CARGILL (https://www.cargill.com.py/)

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Lactic acid is a compound used industrially due to its properties. There are two methods
for its production: chemical synthesis and microbial fermentation. In microbial fermentation, food
industry waste can be used as a substrate, providing a route towards achieving a circular economy.
Thus, this study evaluated different substrates for Lactobacillus plantarum growth, a lactic acid pro-
ducer, such as molasses, whey, glucose, and saccharose, either alone or supplemented with additional
nutrients. Bacterial growth parameters were assessed using OD620 measurement. It was shown that
whey supplemented with yeast extract supported the best growth, allowing a μmax = 0.63 h−1.

Keywords: lactic acid; fermentation; Lactobacillus; whey; molasses

1. Introduction

Lactic acid (LA), also known as 2-hydroxypropionic acid (CAS No. 50-21-5), is an
organic acid that has been used in food, pharmaceutical, cosmetic, and chemical industries
due to its properties as a pH regulator and also as a flavorant, an acidulant, and a preserva-
tive. It is also used as an intravascular mineral solution. Currently, the greatest interest in
lactic acid is due to it being the precursor of polylactic acid, a biopolymer of great interest
today because of its use in bioplastic production [1,2].

Lactic acid can be produced in two ways, with chemical synthesis from petrochemical
substrates, and with microbial fermentation, using residues from the food industry as
substrates [2,3]. The production of lactic acid using chemical synthesis, in addition to
having negative consequences for the environment, has the disadvantage of producing
a racemic mixture of (D) and (L) isomers of lactic acid, which makes this method less
desirable for industrial use. However, the production of lactic acid through microbial
fermentation offers the possibility of obtaining lactic acid with (L) or (D) conformation.
The importance of lactic acid conformation (L or D) depends on the industry in which it
will be used. In the food and pharmaceutical industry, the L conformation is preferred
because it is easily metabolized by humans [3,4]. Other advantages of the production of
lactic acid using fermentation are lower costs of substrates, low operating temperatures,
and low energy consumption [3].

Lactic acid fermentation is carried out by different microorganisms, including yeasts
(Saccharomyces cerevisiae, Candida glycerinogenes), filamentous fungi (Aspergillus niger), and
Gram-positive bacteria, including lactic acid bacteria (Lactobacillus sp., Bacillus sp., and
Enterococcus sp.) [5–9].

Biol. Life Sci. Forum 2023, 28, 1. https://doi.org/10.3390/blsf2023028001 https://www.mdpi.com/journal/blsf3
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Renewable sources such as starch, lignocellulosic biomass, microalgae, glycerol, and
agricultural waste have been proposed as substrates for lactic acid production. The lat-
ter substrate has several advantages because it contributes towards achieving a circular
economy, that is, the biotransformation of waste into a value-added product [10–14].

To select the best carbon and energy source for lactic acid fermentation, in this study,
the growth kinetics of Lactobacillus plantarum, using four different substrates obtained from
food industry, were evaluated.

2. Materials and Methods

2.1. Activation of the Lactobacillus plantarum Strain on an Erlenmeyer Scale

A stock of the Lactobacillus plantarum M8, kindly provided by MSc Yadira Parra from
the Department of Biotechnology of the National University of Asunción, was used. In two
test tubes, 5 mL of MRS medium was added. Next, 100 μL of its glycerol stock was added
to each tube. The tubes were then incubated at 37 ◦C for 48 h. From the cultures obtained,
stocks were prepared in 30% glycerol and were stored at −80 ◦C until use.

2.2. Analysis of the Growth Kinetics of Lactobacillus plantarum M8 in Different
Culture Conditions

In order to determine the best growth condition for L. plantarum M8, batch cultures
were performed using different carbon sources: food-grade saccharose (7% w/v), glucose
(7% w/v), sugarcane molasses (7% v/v), and whey. Molasses and whey were pretreated
prior to the growth kinetics test, as described below. Table 1 describes the different culture
conditions used in the selected substrates.

Table 1. Substrates evaluated for Lactobacillus plantarum M8 growth.

Substrates Proportion

Glucose 7% (m/v)
Glucose with Yeast Extract Glucose 7%; 10 g/L yeast extract
Glucose with Meat Peptone Glucose 7%; 20 g/L meat peptone
Saccharose 7% (m/v)
Saccharose with Yeast Extract Sucrose 7%; 10 g/L yeast extract
Saccharose with Meat Peptone 7% sucrose; 20 g/L meat peptone
Molasses 7% (v/v)
Molasses with Yeast Extract Molasses 7%; 10 g/L yeast extract
Molasses with Beef Peptone Molasses 7%; 20 g/L meat peptone
Whey Clarified whey
Supplemented Whey MgSO4 0.05 g/L; (NH4)2HPO4 2.5 g/L; MnSO4 0.005 g/L
Whey with Meat Peptone 20 g/L meat peptone
Whey with Yeast Extract 10 g/L yeast extract
Whey Supplemented with Meat Peptone MgSO4 0.05 g/L; (NH4)2HPO4 2.5 g/L; MnSO4 0.005 g/L; 20 g/L meat peptone
Whey Supplemented with Yeast Extract MgSO4 0.05 g/L; (NH4)2HPO4 2.5 g/L; MnSO4 0.005 g/L; 10 g/L yeast extract

2.3. Diluted Molasses Preparation

Under sterile conditions, 25 mL molasses were diluted to 7% (v/v) in sterile dis-
tilled water (the molasses was not sterilized) in 50 mL Falcon tubes. The dilutions were
centrifuged at 9000 rpm for 5 min, and the supernatant was recovered.

2.4. Whey Pretreatment

Clarification pretreatment using CaCl2 [13]: A 4% (w/v) CaCl2 solution was added to
1000 mL of whey to obtain a concentration of 0.02% (v/v) and autoclaved under standard
conditions for 15 min. This mixture was then centrifuged at 9000 rpm for 5 min, and the
supernatant was recovered. Small colloids that remained were filtered out via filter paper.
The clarified whey was then sterilized and stored at 4 ◦C until use.

4
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2.5. Activation of the Lactobacillus plantarum M8

From Lactobacillus plantarum M8 glycerol stocks, 200 μL was taken and transferred to a
5 mL MRS-Broth medium in triplicate, incubated at 37 ◦C for 19 h. Subsequently, 10 mL of
the previously activated strains were inoculated into 200 mL of fresh MRS-Broth medium,
and cultured at 37 ◦C, at 150 rpm. After 28 h, the optical density was determined, and the
calculation was performed to start the experimental cultures with an optical density of 0.1.

2.6. Lactobacillus plantarum M8 Growth Kinetics under Different Carbon Sources

From the solutions prepared (saccharose, glucose, molasses, and whey) and the MRS-
Broth medium, which was used as control, a 1 mL aliquot was taken and inoculated with
the activated strain of L. plantarum. Then, 200 μL of each inoculum was transferred to
a 96-well plate, in triplicate. Culture medium without cells were used as blanks. Each
culture’s growth was monitored via optical density measurement at 620 nm (OD620 nm)
for 24 h, via plate reader at 37 ◦C (Multiskan, Thermo Fisher Scientific, Waltham, MA, USA),
with pulse shakes before each reading, which was automatically performed every 30 min,
along with each reading. Optical density is an indirect measurement of microbial growth,
typically used in fermentation assays. As microbes proliferate, the sample’s optical density
increases linearly until a certain value, usually 0.9, after which samples must be diluted
so that the linearity of optical density continues [15]. In our experiments, linearity was
maintained with corrections performed automatically by the plate reader.

3. Results and Discussion

3.1. Growth Curves and Biomass Concentration

The data obtained from the growth kinetics of L. plantarum M8 using different sub-
strates were analyzed. Figure 1 shows the growth curve in the different glucose conditions,
obtaining higher OD620 nm in glucose with meat peptone, followed by glucose with yeast
extract. Glucose without supplementation did not support growth, as expected due to the
lack of nutrients. Specifically, this may be due to the lack of nitrogen sources and other
micro- and macronutrients.

Figure 1. Growth kinetics of L. plantarum M8 under different glucose supplementation conditions.

With respect to sucrose, Figure 2 shows that saccharose supplemented with meat
peptone and yeast extract were similar. However, the meat peptone’s culture started the
exponential growth phase approximately 1 h earlier.

Along with glucose and saccharose, molasses, which is an agro-industrial waste,
was also evaluated as a substrate. For this evaluation, molasses was diluted to 7% (v/v)
prior to supplementation, as described in Materials and Methods. Figure 3 shows L.
plantarum M8 growth under different molasses supplementation conditions. Molasses
without supplementation presented a lower growth than the other two conditions, but a
higher growth compared to the growth obtained with glucose and sucrose, both without

5
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supplementation. This may be due to the presence of other limiting elements in molasses,
including nitrogen sources and other nutrients. On the other hand, molasses with yeast
extract, and molasses with meat peptone, produced similar optical densities. This might
indicate the presence of the same limiting elements, and the potential for a higher growth
under controlled fermentation conditions.

Figure 2. Growth kinetics of L. plantarum M8 under different saccharose supplementation conditions.

Figure 3. Growth kinetics of L. plantarum under different molasses conditions.

Whey, which is another agro-industrial waste, was also evaluated. This substrate was
subjected to a clarification process prior to its use, as described in Materials and Methods.
Figure 4 shows the growth curves of L. plantarum M8 under different whey conditions. The
condition containing yeast extract presented the highest final OD620 nm. Neither whey
supplemented with salts (red symbols) nor with salts and yeast extract (green symbols)
supported microbial growth, as inferred from the obtained flat curves and the formation of
precipitates (i.e., high initial OD620).

6
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Figure 4. Growth kinetics of L. plantarum under different whey conditions.

3.2. Maximum Specific Growth Grates (μMax) Calculations

The results obtained from the growth kinetics of L. plantarum were linearized in order
to calculate the maximum specific growth rate (μmax). Table 2 shows the μmax values
obtained in the different culture conditions.

Table 2. Maximum growth rate of L. plantarum.

Condition μmax (h−1)

MRS 0.67
Molasses 0.2246
Molasses with Beef Peptone 0.2326
Molasses with Yeast Extract 0.26
Saccharose 0
Sucrose with Meat Peptone 0.2519
Sucrose with Yeast Extract 0.7258
Glucose 0
Glucose with Meat Peptone 0.7714
Glucose with Yeast Extract 0.216
Whey 0.59
Whey Supplemented with Salts 0.027
Whey with Yeast Extract 0.63
Whey with Meat Peptone 0.167
Supplemented Whey + Yeast Extract 0.046
Supplemented Whey + Meat Peptone 0.193
MRS Broth 0.65

The μmax obtained in the MRS medium was 0.67 h−1, and this was our study control.
The condition that presented the best growth was whey with yeast extract, showing a
μmax = 0.63 h−1, followed by whey without supplementation (μmax = 0.59 h−1). With mo-
lasses, growth rates were slower compared to the other conditions, although they supported
a high final OD6020. Between glucose and sucrose conditions, glucose supplemented with
meat peptone had the highest growth rate at μmax = 0.7714 h−1.

Overall, these results suggest that the best growth conditions for L. plantarum M8
are whey with yeast extract and unsupplemented whey. These results coincide with
those reported by other authors, where both unsupplemented and supplemented whey
also present higher lactic acid concentration, volumetric productivity, and yield during
fermentation [14,16,17]. In this case, growth is a good proxy for lactic acid production,
because this organic acid drives ATP generation and thus growth in lactic acid bacteria.
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4. Conclusions

Lactic acid generation using microbial cultures has a potential for supplying this
commodity for polylactic acid production or bioplastic production. Considering that
the carbon and energy sources compatible with lactic acid bacteria (LAB) growth can
be agricultural byproducts, both the bioplastic itself and the process for generating its
molecular scaffold are compatible with sustainable industrial practices, including achieving
a circular economy. Understanding LAB growth kinetics under these conditions will allow
us to achieve better process development and the subsequent optimization of lactic acid
production, in terms of yield, concentration, and productivity.
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Abstract: This work presents a review related to the obtainment of cellulose from different structures
in agro-industrial residues, both for application in the food industry and for the reinforcement of
other materials. Cellulose nanofibers are produced by the heart of palm (Bactris gasipaes) industry in
Brazil and are used as a stabilizer in avocado oil emulsions; conversely, cellulose nanocrystals are
produced in waste from the tequila industry (Agave tequilana Weber var. Azul) in Jalisco, Mexico, and
are used for reinforcement applications.

Keywords: cellulose nanofibrils; cellulose nanocrystals; agro-industrial residues; Bactris gasipaes;
Agave tequilana Weber

1. Introduction

Cellulose is considered a natural polymer of great abundance, since it is possible to
obtain it from very diverse sources such as animals; microorganisms; non-timber fibers
such as resins, gums, and waxes; and others (fungi, seeds, leaves, nopal, stems, fruits,
etc.) [1]. Cellulose can be obtained from plants in their virgin state and from the waste they
themselves generate. In this way, a material that would otherwise be discarded, and that
could cause environmental problems, is revalued [2].

The name nanocellulose refers to the nanometric-scale dimensions of this natural poly-
mer. There are three types of nanocellulose, categorized depending on their production and
extraction: crystal-shaped nanocellulose (NCC), nanocellulose fibers (NFC), and bacterial
nanocellulose (NCB) [3].

The generation of new materials based on nanocellulose has become an increasingly
attractive area of development, because these nanomaterials have the characteristics of
sustainability, biodegradability, non-toxicity, and economic production [4].

Applications of nanomaterials include important industries such as paper, food, elec-
tronics, pharmaceutical, biomedical engineering, construction, packaging, etc. [5,6].

Despite the fact that all of these industries generate waste, the food industry is one
of the sectors that generates the most environmental impact, due to its processes and
the different products they generate [7]. Therefore, finding an application for waste
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generated in industries like this is a challenge, but a necessity for the achievement of
a sustainable society.

2. Lignocellulosic Waste

Due to the large-scale production of tequila in the state of Jalisco in Mexico, agave
bagasse is an abundant source of lignocellulosic biomass [8–10]. Bagasse is a solid by-
product of a fibrous nature, obtained after the grinding of the agave pineapple and the
extraction of fermentable sugars in the manufacture of tequila [8]. It is estimated that the
fibrous biomass resulting from the grinding of agave pineapple is equivalent to 40% of
the total wet weight [11]. Agave bagasse, due to its high availability, has traditionally
always presented serious problems for the industry, because its final disposal comes at
high management costs [12]. This has led to the problem of environmental contamina-
tion, because most of this waste ends up as waste in clandestine dumps due to a lack of
environmental regulation. This causes negative effects on the fertility of farmland [13],
leachate contamination, and phytosanitary risks due to the inadequate incorporation of
this material into soil [12,14]. However, based on its chemical composition, it is known that
agave bagasse contains 44.5% cellulose, 25.3% hemicellulose, and; 20.1% lignin [9,15], so
researchers have tried to diversify its applications in different areas, such as the production
of biopolymers, composting, animal feed, and the generation of biofuels [8,11] and rein-
forcement materials. It has recently been studied in relation to the production of nanofibers
and cellulose nanocrystals [9,10,15,16].

In the case of the of peach palm heart production in Brazil, where the economy is
most reliant on agriculture, the exploitation of different lignocellulosic residues and wastes
for nanocellulose production offers a great chance to increase the income of small-scale
companies and farmers, and to achieve the sustainable develop- ment of agriculture. The
extraction of peach palm from Bactris gasipaes (aka pupunha) palm trees to produce peach
palm heart (palmito) produces high amounts of residues, since just 10% of the tree is used
for food production, and the other parts generally are used in farming activities or energy
production. Brazil is the major producer and consumer of palmito, and the waste from their
plantation in 2017 represented approximately 5 × 105 tons of cellulose that was released
into the field or incinerated, but could have been used for more justifiable and profitable
purposes [17,18]. Figure 1 shows the scheme of a method for obtaining nanofibers from
palm residues and nanocrystals from agave bagasse.

 

Figure 1. Obtaining cellulose nanofibers and nanocrystals from palm and agave residues.

3. Characterization of Cellulose Nanostructures

Lignocellulosic materials are characterized by the presence of cell walls, mainly made
up of a series of coaxial layers of cellulose microfibrils (skeleton) dispersed in an amor-
phous matrix of hemicelluloses and lignin, which together represent 80–90% of the total
weight [19]. Among the structural components of the cell wall are lignin and polysaccha-
rides, the most abundant being cellulose and hemicelluloses.
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Nanomaterials or nanometric materials have attracted scientific interest in recent years
because they have better properties, whether electrical, mechanical, thermal, etc., than
materials with the same composition but a macrometric size. By definition, these must
have at least one of their dimensions in the range of 0.1 to 100 nm, although some authors
consider them up to 600 nm [20].

The extraction and production of nanocellulose from various sources has attracted
increasing interest due to this material’s abundance, strength, rigidity, low weight, and
biodegradability [21]. Different terms are used in the literature to designate these cellulose
nanoparticles in the form of crystalline rods. They are mainly referred to as whiskers,
nanowhiskers (NWC), nanofibers (NFC), cellulose nanocrystals (NCC), monocrystals, and
microcrystals [22]. However, the dimensions of cellulosic nanoparticles depend on several
factors, including the source of cellulose and the exact preparation conditions [23].

Through different mechanical, chemical, enzymatic or biological processes, it is pos-
sible to obtain nanofibers (NFC) and cellulose nanocrystals (NCC), which are the most
basic structural forms of this polysaccharide. They have crystalline domains, which have
excellent mechanical properties, and an elastic modulus of the order of 150 GPa, which is
greater than the elastic modulus of glass fibers (85 GPa) and that of aramid (65 GPa) [24].
Therefore, these nanomaterials can provide considerable improvements to the mechanical
properties of the matrices to which they are added. NFCs an elongated cylindrical shape
with a high aspect ratio; they are very long in relation to their diameter. NCCs take the
shape of an elongated grain of rice. These nanomaterials have high potential for use in
multiple ways, particularly as reinforcing materials for the development of nanocomposites,
due to the fact that they have a large specific surface area, that is, the area per unit mass
wherein they can interact directly with the matrix [20]. Many studies have been performed
for the isolation and characterization of NFC and NCC from various sources. This is why
the elaboration of nanocomposites with replacement capacity, to act as regenerative agents
and as structural supports for various materials, is a viable option [25]. In this sense, it
is also hoped that these materials will be environmentally friendly, that they will allow
production on an industrial scale [26], and that they will be of biological origin. All of the
above factors will give them a comparative advantage over conventional materials, such as
ceramics, metals, and polymers [27].

4. Nanocellulose in Food

Nanomaterials are used in the food industry to improve the quality of food products.
They can prevent microbial degradation of packaged foods, improve their color, flavor or
texture, and increase the bioavailability of vitamins and minerals [28,29].

Nanomaterials used in food can be classified into three different groups [30]:
Organic nanomaterials include lipids, proteins, and polysaccharides, which are used to

encapsulate vitamins, antioxidants, dyes, flavorings and preservatives, and form micelles,
liposomes, and nanospheres, etc. They allow for higher intake, absorption, bioavailability,
and stability in the body.

Organic/inorganic combined nanomaterials are also called surface functionalized
nanomaterials, generally added to a matrix for their specific functionality (antimicrobials,
antioxidants, and permeability and rigidity regulators).

Inorganic nanomaterials are metals and metal oxides of Ag, Fe, Se, TiO2, used as
additives, food supplements, or in packaging [31].

Avocado is one of the most abundant fruits in Mexico. In fact, Mexico is the biggest
exporter of avocado in the world. There are many studies that show that consumption of
avocado provides optimal fats human needs [32]. Avocado oil, due to its fatty acid compo-
sition, meets nutritional recommendations that focus on reducing the amount of saturated
fat in the diet [32–34]. Diets rich in avocado oil have been shown to be effective in reducing
total cholesterol, LDL (low-density lipoprotein) cholesterol, and plasma triglycerides, as is
the case with diets containing corn, soybean, or sunflower oil [32].
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Avocado oil-based emulsions are widely used as a food supplement or dressing
because they are healthier than alternatives. More and more methods of extending the
expiration and stability of these emulsions are sought [35–37].

The use of cellulose nanofibers (NFC) to improve some properties in food can be
carried out in three different ways: via food additives (food supplements), in packaging,
or in emulsifiers [38]. In this case, their effects can be compared with those produced by
other emulsifiers commonly used in this sector, such as sorbitan monostearate or Span
60 [39]. This behavior was reported by Talita et al. in a study of the stabilization of
avocado oil emulsions with cellulose nanofibers obtained from the palpito (Bactris gasipaes)
industry waste in Brazil [18]. These nanometric structures allowed the elimination of the
phenomenon of coalescence in emulsions, and the formation of cream on the surface of
them [18]. In addition, it was found that the stability of the emulsions created increased, as
was the same as that of emulsions that were refrigerated. The particle size of the micelles
formed decreased as the percentage of considered cellulose nanofibers increased, which
allowed the researchers to establish the influence of these nanostructures on the final
stability of the system.

5. Nanocellulose as Reinforcement

The use of cellulose as a reinforcement material for synthetic polymers and recycled
plastic materials has generated great interest. There are many studies related to the analysis
of the mechanical properties of biocomposites obtained via mixing both materials [40,41].
It has been possible to prove that the addition of nanocellulose to synthetic polymers
significantly favors some of the properties of these polymers, such as tensile strength and
thermal conductivity; however, this depends on the initial nature of the cellulose [42–44].

In studies about the reinforcement of polylactic acid (PLA) with nanocellulose, it has
been verified that this combination of materials has the potential to be competitive, since
the properties in general were similar to those of petroleum-derived polymers. Both the
polymeric matrix and the reinforcement additives made it possible to achieve biodegradable
materials, which were approved for contact with food [45]. Pech et al. reported that in
using cellulose nanocrystals from tequila industry waste (residues of Agave tequilana Weber
var. Blue), it is possible to observe this behavior [46].

6. Conclusions

In this paper, we present two direct applications of nanocellulose in the form of
nanofibers and nanocrystals, both in the food industry and as a reinforcement for
other materials.

This is a small sample of what it is possible to do with this biopolymer in pursuit of
global sustainability. The use of the lignocellulosic waste that each region of the planet
produces on a regular basis can be made into a source of income for the most disadvantaged
populations. It is possible to improve food properties with the gradual incorporation
of cellulose nanostructures, although we must be cautious about the side effects they
can cause.
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Abstract: Pectin is a polysaccharide that is known for its gelling properties and its applications in
the pharmaceutical industry. This can be divided into two structural groups, high methoxyl pectins
(HMP) and low methoxyl pectins (LMP). Currently, there is little information on the properties of the
orange pectin in which LPM predominates. The aim of this study was therefore to investigate the
mechanical properties of gels produced with pectin isolated from orange peels. The results showed
similar values to those found in the literature, except for hardness. The gels produced from the pectin
could be used in the industry, the formulation varying depending on the application.

Keywords: low methoxyl pectins; amidated pectins; pharmaceutical industry; gelling property

1. Introduction

Pectin is a heteropolysaccharide found in plant cell walls and is known for its gelling
properties and applications in the pharmaceutical industry. The power of pectin lies in the
fact that it may strongly modify the structure of a solution to generate a gelled network, as
well as the fact that it is of natural origin and has numerous healthy properties, which has
resulted in its increased use for the formulation of edible gels. Indeed, the combination of
characteristics such as vegetable origin, functionality, safety at high concentrations, com-
mercial availability for a wide variety of products, and ease of production and application,
are some advantages of pectins over other gelling agents [1,2]. The gelling property of an
edible product can be beneficial in many ways. Some typical examples can be as simple as
the pleasure and relaxing texture of a smooth, gelled dessert [3]. On the other hand, gels
have other technical applications, such as the intake of bitter drugs, or the in situ release
of drugs for specific pharmaceutical applications [4]. In the food industry, pectins have
been used in a wide variety of products including beverages, confectionery, bakery, dairy,
and meat.

Recall that the central molecule of pectin is a linear chain of α(1,4)-D-galacturonic acid,
occasionally interrupted by (1,2)-L-rhamnose residues. Pectins can be divided into two
structural groups: high methoxyl pectins (HMPs) with a degree of esterification (DE) (or
methoxylation/methylation (DM)) higher than 50%, and low methoxyl pectins (LMPs) with
a DE lower than 50%. Some carboxyl groups of galacturonic acid can be substituted with
amidated groups. This class of pectins are called amidated low methoxyl pectins (ALMPs)
and are characterized by their degree of amidation (DA). Intrinsic factors such as DE and
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DA [5], the degree of polymerization (DP), and methoxylation patterns are key parameters
that affect the behavior of pectins. In addition, extrinsic factors such as pectin and calcium
concentration, pH, temperature, total soluble solids, different types of sugars, and metal
ions, significantly impact the characteristics of a pectin-based gel. Many interactions can be
anticipated when pectin molecules are used in product formulation with other molecules,
such as carbohydrates and proteins. HMPs, LMPs, and ALMPs have different gelation
mechanisms. According to Singhal [6], the orange has low methoxyl pectins when they are
extracted at 100 ◦C.

The aim of this study was investigating the mechanical properties of gels produced
with pectin isolated from orange peels.

2. Materials and Methods

2.1. Pectin Extract

To obtain the extract, the method of Canteri-Schemin et al. [7], with some modifications
was used. The pectin was extracted with a solution of citric acid (Brand: Anedra, chemically
pure) with a pH = 2.3 (measured using a Boeco pH meter, model BT500), and distilled
water was used as a solvent. The process was carried out in flasks under reflux, with
condensation at boiling temperature. The flasks were heated at 100 ◦C by electric heating
mantles. The peel was added to the cold solvent at a peel/solvent ratio (Rs) of five. The
initial time was considered when the solvent boiled, the total time for the process was
60 min. Agitation was achieved by the solvent moving on its own due to the boiling state.
Once the processing time was completed, the extract from the exhausted peel was separated
by means of a cloth filter. Filtration was carried out while hot.

Samples for analysis were taken immediately after filtering due to the low microbio-
logical stability of the filter.

2.2. Physicochemical Determinations
2.2.1. Degree of Esterification

The degree of esterification of the pectin was determined according to the Dominiak
technique [8]. Pectin samples are washed in a 60% 2-propan-ol solution containing 5% HCl,
then washed with a 60% and 10% 2-propan-ol solution. Next, 0.2 g of the washed and
dried material was dissolved in 100 mL deionized water and the sample is titrated with
a 0.1 M NaOH solution using phenolphthalein as an indicator (the volume of the 0.1 M
NaOH solution is referred to as V1). The sample was then saponified by adding 10 mL
of 1 M NaOH solution, followed by stirring for 15 min. Subsequently, 10 mL of 1 M HCl
was added, and the sample was titrated again with 0.1 M NaOH until the color changes
(volume V2). The degree of esterification DE was calculated according to Equation (1).

DE =
V2

V1 + V2
·100 (1)

2.2.2. Alcohol Precipitation

The modified Ranganna [9] technique was used. The extract was mixed with 3 volumes
of ethanol. It was stirred for 3 min and left to rest for 1 h. The precipitate was then separated
using a cloth filter and dried to a constant weight in a vacuum oven (AHR 8601) at a
temperature of 45 ◦C. Then, it was ground in a mill (Control Química S.A., Model MC-1).
The sample was packaged in glass vials and stored in a desiccator.

2.2.3. Gel Preparation

The Ranganna [9] technique was used. Measure 425 mL of water into a previously
tared beaker. Add 10 mL of the 6% sodium citrate solution and the 60% citric acid solution.
The mixture was heated up to 80 ◦C with constant stirring. Low methoxyl pectin was mixed
with 30 g of sugar and it was placed in the glass. When the mixture was warm, 25 mL of
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the calcium chloride solution was added. Then, the mixture was stored at 24–26 ◦C for
18–24 h in corresponding containers for texture measurements.

As observed in the technique, the amount of pectin and calcium chloride to be added
were considered variables since they are the parameters being evaluated. The Brix degrees
will always remain fixed at around 35% (those normally used in a low-calorie formulations).

2.2.4. Mechanical Properties

Texture profile analysis of pectin gels were carried out using a technique proposed
by Rascón-Chú et al. [10]. The gels were formed in 6 mL glass beakers, and the TPA was
obtained using a TA.XT2i texture analyzer (RHEO Stable Micro Systems, Surrey, UK). Gels
were compressed at a constant speed of 1 mm/s up to a distance of 3 mm from the gel
surface using a cylindrical tip of 20 mm diameter and a trigger force of 5 g.

The measurements were carried out at room temperature (25–28 ◦C).

2.3. Statistical Analysis

The effect of calcium and pectin concentrations was explained by Hoefler [11], which
was taken into account to observe the effects in terms of the rheological behavior of
the gel formed, evidencing that the maximum peaks of gel strength have been between
approximately 20 and 40 mg of calcium for each gram of low methoxyl pectin.

Statistical process optimizations using RSM have been widely employed by a number
of researchers [12,13]. The Box–Behnken design of RSM was used to investigate the effects
of two different independent variables: pectin yield and calcium concentration. The levels
of these variables were selected based on the work of Hoefler [11]. The experiments were
performed in random order. ANOVA was also performed to assess whether there are
significant differences between the different formulations.

The statistical design used is detailed in Table 1.

Table 1. Statistical design of gelling experiences.

Calcium
Concentration (mg/L)

Pectin Concentration (% w/w)
2 2.5 3 3.5 4

20 1.1 1.2 1.3 1.4 1.5
25 2.1 2.2 2.3 2.4 2.5
30 3.1 3.2 3.3 3.4 3.5
35 4.1 4.2 4.3 4.4 4.5
40 5.1 5.2 5.3 5.4 5.5
45 6.1 6.2 6.3 6.4 6.5

Which yields a total of 30 different formulations. All samples were tested in triplicate
with a coefficient of variation of less than 10%.

3. Results

After carrying out the analytical technique by quintuplicate to determine the degree
of methoxylation, it was obtained that the extracted pectin has a degree of 32.5%, therefore
it is considered to be low methoxyl (LMP), probably due to the intensity of the extraction
treatment, consequently, gels must be prepared with added calcium.

Once the gels were prepared according to the technique described above, they were
left to rest for 24 h at room temperature (24–28 ◦C). After that time, no appreciable syneresis
(liquid loss) was observed.

Table 2 shows the results of the TPAs produced by the texturometer for the different
gel formulations.

Hardness is the only parameter that shows significant differences (p < 0.05) between
the various gel formulations; the other parameters showed non-significant differences
(p > 0.05), and the p values were calculated using Minitab 17 software. The values are
within the order found by Pancerz et al. [14], who obtained a TPA of apple pectin gels at
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concentrations of 1.5% and 3%. The hardness values found here are a little higher than
those of Rascón-Chu [10], however, the rest of the parameters are quite close to those
obtained by these authors. Also, Urias-Orona et al. [15] determined hardness values of
3% apple pectin gels, which was very similar to those obtained in the present study. For a
better understanding of the influence of the pectin and calcium concentration parameters
on the hardness of the gels, a response surface, Figure 1, and a contoured surface, Figure 2,
were plotted using Minitab 17 software.

Table 2. TPA results of pectin gels.

Cod Hardness (g) Adhesiveness Cohesiveness Elasticity Gumminess Chewability

1.1 38.00 −294 0.30 0.80 8.00 1.2
1.2 38.27 −295 0.32 0.82 8.20 1.1
1.3 52.97 −293 0.39 0.79 8.00 1.0
1.4 56.91 −264 0.35 0.80 8.30 1.4
1.5 57.82 −270 0.42 0.85 8.25 1.3
2.1 58.20 −268 0.38 0.15 8.20 1.3
2.2 59.04 −270 0.37 0.81 8.10 1.4
2.3 79.09 −285 0.37 0.85 8.15 1.3
2.4 84.54 −292 0.38 0.84 8.05 1.2
2.5 89.35 −300 0.41 0.85 8.08 1.5
3.1 80.05 −270 0.38 0.85 8.20 1.5
3.2 87.40 −265 0.42 0.88 8.40 1.3
3.3 93.04 −274 0.37 0.83 8.10 1.4
3.4 102.50 −286 0.40 0.89 8.35 1.5
3.5 123.20 −295 0.41 0.86 8.45 1.4
4.1 78.40 −280 0.39 0.84 8.25 1.3
4.2 84.23 −282 0.41 0.84 8.30 1.4
4.3 90.10 −289 0.39 0.82 8.31 1.5
4.4 100.30 −265 0.42 0.87 8.40 1.5
4.5 119.32 −270 0.40 0.89 8.50 1.4
5.1 49.20 −265 0.43 0.75 8.60 1.4
5.2 54.45 −246 0.35 0.81 8.90 1.2
5.3 60.15 −285 0.41 0.76 8.40 1.3
5.4 63.50 −289 0.38 0.74 8.65 1.2
5.5 70.00 −295 0.40 0.83 8.60 1.1
6.1 43.60 −290 0.35 0.69 8.80 1.2
6.2 50.80 −295 0.40 0.72 8.90 1.3
6.3 53.50 −301 0.39 0.76 8.53 1.2
6.4 56.00 −273 0.43 0.74 8.64 1.2
6.5 58.14 −270 0.45 0.76 8.70 1.1

Figure 1. Response surface for hardness as a function of calcium concentration (g/L) and % pectin.
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Figure 2. Contour surface for hardness as a function of calcium concentration (g/L) and % pectin.

4. Conclusions

The responses obtained coincide with what was anticipated in the literature. There
was a region where the maximum hardness was obtained that corresponds to the interval
of 30–35 mg/L of calcium. Naturally, as the pectin concentration increased, the calcium
concentration was kept constant, and the hardness of the gel increased. The optimal
formulation depends directly on the final use of the gel in the industry.
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Abstract: Thermoplastic starch films (TPS) are an alternative for single-use plastics in packaging.
Evaluating large-scale production alternatives that maintain the properties of these bio-based poly-
mers is a crucial factor in understanding their potential industrial use. This preliminary study focuses
on testing whether a mathematical model used to predict the drying conditions of ceramic film via
tape casting can be adapted to the production of TPS. It also determines the possible drying tape
speeds for this type of polymeric film.

Keywords: tape casting; film drying; starch

1. Introduction

Nowadays, a switch to environmentally friendly raw materials is increasingly nec-
essary, which poses a new challenge for engineering since, in the industry, it becomes
necessary to adapt manufacturing processes to the conditions tolerated by these new ma-
terials. Such is the case of bioplastics production [1,2], an industry in which some of the
raw materials considered as possible substitutes require humidity and temperature condi-
tions that are difficult to adapt in the polymer processing systems existing in the current
plastics industry, or else they need pretreatments to acquire the characteristics that allow
for their processability, which, at the same time, implies higher costs, such as in the case of
thermoplastic starch or TPS [3,4].

There are two general processes for film manufacturing, the wet process or casting and
the dry process. The first method consists of pouring a polymer solution onto a substrate
and then drying the solvent, a technique also known as solvent casting, often used at the
laboratory level. In addition, the second method is based on the thermoplastic properties
presented by some biopolymers, such as the extrusion process [5]. Related to the dry
method are also processes such as compression molding, injection molding, and blow
molding; however, due to costs and characteristics of the final materials, the large-scale
processing of TPS is not yet common worldwide, and research is still ongoing to improve
both properties and large-scale manufacturing [6].

Therefore, considering that the decomposition temperature of starch (200–220 ◦C) is
lower than the melting temperature (240 ◦C), which is why it cannot be processed as a
polymer in its native state [4], the study of film properties of this biopolymer at the labo-
ratory level generally begins with preparation via the manual casting molding technique,
which allows for the use of starch gelatinized with water as a film-forming solution, which
is poured into a mold that can be made of glass, acrylic, or Teflon. We would then wait
for the solvent to evaporate, finally leaving a film in equilibrium with the humidity of the
environment (dry) that can be removed from the mold (Figure 1). With this technique, film
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formation is favored, avoiding flow problems and the thermal degradation of biopolymer
dispersions. Considering that the processing conditions required to transform biopolymers
into thermoplastic materials via techniques such as extrusion can affect the properties of
some of the components, especially the active ones [5,7], it is practical for experimentation;
however, it is not useful in performing larger scale processes, as needed in the industry,
since it does not allow for the preparation of film segments of large dimensions and re-
quires long drying times [8]. In addition, some local irregularities are often unavoidable,
such as variations in drying speed or final film thickness related to geometric and drying
conditions. For these reasons, and due to the long drying time required, this methodology
is not suitable for preparing larger films [9,10]. To solve this, solvent methods are used
continuously, such as the tape casting method.

Figure 1. Solvent casting molding.

Although the tape system was developed in 1943 to produce ceramic films, this system
has not changed much in recent years and consists of solution preparation equipment and
a line of coating machines (Figure 2). The solution preparation equipment is a stand-alone
batch operation and includes a thermostated vessel equipped with mixing and feeding
systems; the latter consists of a coating applicator, which consists of a nozzle with a guide
gate that is adjusted according to the final dry film thickness, usually set in micrometers;
the nozzle, in turn, acts as a reservoir for the solution. On the other hand, there is the
coating line on which the nozzle rests, which is a drag belt system pulled at a constant
speed by a motor, which moves to cause the solution to be dragged between the guide
gate and the conveyor belt, the result is a film in solution formed on the belt. This moves
through the drying chamber that removes the solvent via evaporation, producing at the end
of the process a dry film that is detached from the conveyor belt [5,7]. In recent years, the
tape casting system has been considered an alternative for the continuous film production
of biodegradable plastics, although there are still few studies on this topic, and despite
allowing the formation of a continuous film, it is not common in the conventional plastics
industry [6].

Figure 2. Tape casting system.

Studies have shown that a continuous casting method (blade coating or tape casting)
can be used on an industrial scale for bioplastics production because the film-forming
suspension is prepared on continuous conveyor belts with effective thickness control. The
formed film is dried via heat conduction, convection, or radiation over short periods [11].
With this in mind, the wet method is a coating operation and, as such, pre-existing tech-
nologies can be adapted to the production of biopolymer films [5]. The production of
edible films via dry methods means productivity and economics. However, considering
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the severe processing conditions required to transform biopolymers into thermoplastic
materials, the properties of some of the components, especially the active ones, may be
affected. Therefore, wet processes can offer a moderate and useful way to manufacture
edible films, even account for the fact that it is an energy-intensive procedure [11].

When large-scale film preparation is required, it is essential to study the rheological
properties and the effect of additives (plasticizers, fillers) on the thermoplastic behavior
of film-forming materials in order to select the appropriate processing parameters [11].
Starch gels present thermoplastic behavior, which allows us to process films by applying
different thermal and mechanical techniques. However, they present great changes in
properties related to the change in starch concentration and its vegetable origin, as well as
to the particular characteristics of the added additives. For this reason, specific analyses
should be carried out for each type of filmogenic suspension to be processed; among
the studies that have been reported for TPS, it is found that according to the rheological
study of lecithin and leavening leucocytes, the following stand out: According to the
rheological study of le Marcotte et al. (2001) [12], starch gels at different concentrations (4%,
5%, and 6%) present pseudoplastic behavior and absence of thixotropy. They were also
reported to retard the sedimentation of solids added to the suspension, which facilitates
the inclusion of fillers such as nanoparticles and fibers. On the other hand, differences in
the proportion between amylose and amylopectin in starch generate changes in rheological
properties, with gels with higher amylose content being more viscous [13], as well having
as greater adhesiveness, in addition to presenting changes in thixotropy and pseudoplastic
behavior [14]. Implying that a more detailed analysis of this type of gel is necessary when
it is desired to scale up the production of films in systems such as tape casting, taking into
account the flux pattern of the suspension is the main property related to the formation of
good films via this technique [15].

For film formation, according to the needs of the industry, drying times must be
taken into account. In addition, despite its frequent use in the food and chemical industry,
reports on starch film drying are scarce in the literature; most of these reports refer to
convection drying, and this absence is even more evident in studies related to the tape
casting technique. We finding very few articles on this subject in the last decade, with most
of them being carried out by a single research group.

The drying of starch films depends on several factors; for example,
Oliveira de Moraes et al. (2015) [8] and Karapantsios (2006) [16] reported on the influ-
ence of temperature and suspension thickness on the conduction drying of starch-based
films, considering that the thickness of the spread suspension was the most important
variable controlling the properties of the films. De Moraes et al. (2013) used a doctor
blade opening of 3-to-4 mm to obtain films with a maximum drying temperature of 60 ◦C.
They found that suspensions of 3-mm thickness can be dried in 2.3 h. Furthermore, in
de Moraes et al. (2013) [15], the authors report that the film thickness is always less than
the blade spacing and depends on the spreading speed, using conveyor belt movement
speeds of approximately 265 cm min and achieving drying times of 5 h, In both articles,
shorter drying times are found than those reported in the literature for films prepared via
solvent casting (more than 13 h) [17]. Other works, such as Mendes et al. (2020) [18], report
that a 1.5 mm-thick layer that was conducted through two stages of oven drying at 90 ◦C
allowed for complete drying. On the other hand, considering the form of heat transfer
for film drying, a study by de Moraes and Laurindo (2018) [19] finds that infrared drying,
compared to convection drying, as well as the coupling of these, can be a viable procedure
for the large-scale production of starch-based films reinforced with cellulosic fibers. The
article reports that drying with infrared radiation requires half the time of drying with heat
conduction at 60 ◦C. However, higher infrared heating power may favor crack formation,
affecting film properties.

On the other hand, only Elizabeth Gamboni et al. (2021) [5] evaluates the interaction
between the conveyor belt material and the starch-based filmogenic solution as a factor
in the design of a tape casting equipment. The study reports on the spreadability of the
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filmogenic solution and its adhesion ability, eventually choosing the polyurethane tape as
the most suitable material for its performance and lower cost.

Finally, there is only one article that refers to the modeling of the biofilm production
process via tape casting, that of Vogelsang et al. (2014) [7], which describes the preparation
of a dextran-based film using water as solvent. The results are compared with a model in
which correlations are established between the processing speed and the dry film thickness,
which is the variable of interest at the end of the process. The flow is described by a nozzle,
which, in its lower part, has a sheet that drags the fluid, forming a velocity profile in which
the maximum velocity develops in the drag band, and the velocity in the nozzle is taken as
zero assuming that there is no slip in that flow layer.

To develop the conical casting model for pseudoplastic fluids, it is described via the
Navier–Stokes equation of motion (1) and the behavior of the viscous fluid with the power
law (2), taking into account the solution proposed by Tadmor and Gogos (2006) [20].
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On the other hand, in the work of Tok et al. (2000) [21], a model is used for the
processing of ceramics via tape casting, finding the thickness ratio in relation to the conveyor
belt speed by performing the non-Newtonian combination of pressure and drag flow model.
In this work, the power law equation is also used as a basis for describing the suspended
flow, continuing with the coordinates of the Figure 2, where an infinite plane, x – z, located
at y = H0/2, which presents a maximum fluid velocity Umax, is assumed. No-slip
conditions are considered, in which the same velocity of motion is presented for both the
fluid and the plane. In the above conditions, the fluid presents a static pressure gradient
(ΔP). Looking at the way the fluid moves in the reservoir nozzle and on the moving
conveyor belt, it is observed that the model in the tape casting system can be described as a
flow through parallel plates via Equation (3), where ρs and ρtp are, respectively, the density
of the fluid and dry film; L is the channel length; and m and n the power law parameters.
The correlation correction factor α is introduced for the reduction of the film extension at
the nozzle outlet. In addition, because the thickness between the suspension and the film
changes due to the effect of solvent evaporation, the factor β, which considers the correction
for mass loss, must also be introduced. Thus, finally, the film thickness corresponds to
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Therefore, this preliminary study proposes the modeling of the conditions necessary
in order to obtain a given film thickness as a function of the conveyor belt speed in a
tape casting system for the production of starch-based bioplastic films, using the model
proposed by Tok et al. (2000) for ceramics.

2. Methods

The model of Tok et al. (2000) [21] (Equation (3)) is used to predict the velocities
required for starches. To compare the functionality of the model in biopolymers, the results
reported by Vogelsang et al. (2014) [7] were used, obtaining the data from the graph
reported in the article using Engauge Digitizer software. Velocity increments between 0
to 13 mm/s were used, and the pressure drop in the reservoir (756.25 Pa) was previously
determined, using Excel solver to determine the film thickness parameters.

Finally, using the information found for cassava starch with fiber addition reported in
Oliveira de Moraes et al. (2015) [8], outlined in Table 1, parameters are proposed for the
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calculation of speed and nozzle opening conditions in a tape casting system described by
Vogelsang et al. (2014) [7] to prepare starch-based film. The values of m (3.545 Pa·sn) and n
(0.604), found in de Moraes et al. (2013) [15] for a temperature of 60 ◦C, were considered.

Table 1. Experimental data cassava starch film (Oliveira de Moraes et al., 2015) [8]. Temperature:
60 ◦C; conveyor belt speed: 41.67 mm/s.

Gap (m) Density (Kg/m3) Drying Time (min) Final Thickness (mm)

0.001 498 36 0.06
0.002 828 52 0.069
0.003 1025 67 0.118
0.004 1190 100 0.148

3. Results and Discussion

3.1. Validation

The experimental data, as well as those in the model, show a lower thickness with
higher velocities, assuming then that the speed of the conveyor belt exceeds the flow velocity
through the nozzle, which reduces the volume on the belt and, as a consequence, generates
a lower thickness; then, the drag flow component becomes the dominant component at
high speed. It is found that with the model of Tok et al. (2000) [21], the results found by
Vogelsang et al. (2014) [7] can be predicted (Figure 3).

Figure 3. Film thickness vs. conveyor belt speed. Comparison between experimental results ob-
tained by Vogelsang et al. (2014) [7] and theoretical results replicating the model proposed by
Tok et al. (2000) [20].

3.2. Prediction of Starch Film Conditions

According to the graph constructed using the model of Tok et al. (2000) [21] (Figure 4),
it is inferred that the larger the nozzle opening, the higher the speed required to obtain a
thinner film. On the other hand, due to the change in the geometry of the equipment with
which the calculations were performed, differences are found with the final thicknesses
reported by Oliveira de Moraes et al. (2015) [8]. It is also expected that other conditions,
such as drying time, ambient humidity, and length of the conveyor belt, among others,
influence the results.

According to the results of the graph, it is expected that a nozzle opening of 3 mm is
the most suitable for a starch using a speed of approximately 40 mm/s since it is the one
that presents an average thickness, which could be considered acceptable.

27



Biol. Life Sci. Forum 2023, 28, 4

Figure 4. Prediction of cassava starch film thickness vs. conveyor belt speed with different nozzle
openings (2 mm, 3 mm, and 4 mm).

4. Conclusions

Models proposed for ceramic materials processed via tape casting can be adapted to
bioplastics with the same process.

The modeling of polymer processing via tape casting needs further study; it could
present an opportunity to work with materials that require high moisture contents.
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Abstract: Broccoli is a highly perishable vegetable with unique nutritional characteristics. Modified
atmosphere packaging (MAP) has proven to be a successful technology to extend broccoli shelf-life.
The main disadvantage of MAP is the extensive use of petrochemical-based films resulting in huge
quantities of domestic plastic waste. In this study, suitability of a biodegradable cellulose-based film
for broccoli florets packaging was evaluated, as an alternative to polypropylene film. Florets packaged
in cellulose-based film showed a high mass loss and extremely low in-package O2 concentrations,
which made this material unsuitable for broccoli packaging application. Improved gas and water
vapor barrier properties should be considered for biodegradable packages, in order to make their
application for vegetable packaging feasible.

Keywords: cellulose-based film; packaging; storage; postharvest shelf-life; quality; Brassica oleracea
var. italica

1. Introduction

Broccoli is a vegetable highly valued by modern consumers due to its health-promoting
properties. However, since broccoli has a high respiration rate, it presents accelerated
senescence during storage and a short shelf-life [1]. Modified atmosphere packaging
(MAP) has proven to be a successful technology to preserve broccoli quality and extend its
shelf-life [2]. MAP technology consists in packaging horticultural products in permeable
films. Inside the package, a modified atmosphere, with decreased O2 concentration and
increased CO2 concentration with respect to normal air, is generated with the interplay of
product respiration and package permeability. This modified atmosphere slows down the
product respiration rate, extending product shelf-life [3]. The main disadvantage of MAP is
the extensive use of petrochemical-based films, resulting in huge quantities of domestic
plastic waste. Replacing these films with bio-based and biodegradable materials could
contribute to reducing the environmental impact of plastics [4]. In this line, in recent years,
cellulose-based materials have been developed for their application in food packaging [5].
The aim of this study was to evaluate the suitability of a cellulose-based film for broccoli
florets packaging, as an alternative to conventional polypropylene film.

2. Materials and Methods

2.1. Plant Material and Experimental Design

Broccoli heads (Brassica oleracea var. italica cv. Legacy) were cut into florets, washed,
disinfected (NaClO, 100 ppm), dried, and packaged under a passive modified atmosphere.
Approximately 100 g of broccoli florets was packaged in micro-perforated biaxially ori-
entated polypropylene (PP) and cellulose-based (NatureFlexTM NVS23, Futamura Group,
Cumbria, UK) (CB) bags. Broccoli packaged in macro-perforated polypropylene was used
as a control. Bags were sealed using a Supervac GK105/1 packaging machine (Wien, Aus-
tria) with air injection. Samples were stored at 4 ◦C during 14 d. At preselected storage
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times (0, 7, and 14 d), three packages (each package constituted an experimental unit)
were sampled for each packaging film. Different packages were used at each sampling
point. Samples were immediately evaluated and the following quality attributes were
measured throughout shelf-life: headspace gas composition, mass loss (ML), texture, and
sensory attributes.

2.2. Headspace Gas Composition

O2 and CO2 concentration inside packages was measured using a gas analyzer
(OXYBABY® 6.0, WITT-Gasetechnik, Witten, Germany), extracting a 6 mL sample di-
rectly from the package. Results were expressed as partial pressure (kPa) of O2 and CO2
inside the bags.

2.3. Mass Loss

Mass loss (ML) was calculated by weighing broccoli florets prior to packaging (day 0)
and at each sampling point. It was expressed as a percentage of initial weight (%).

2.4. Texture

A texture analysis was performed using a TA.XT2i Texture Analyzer (Stable Micro
Systems Ltd., Godalming, UK). The Texture Analyzer was equipped with a 3 mm diameter
cylinder probe in order to evaluate hardness of broccoli florets’ stalks through a penetration
test. Test conditions used for measurements were a 2.0 mm s−1 pre-test speed, 1.0 mm s−1

test speed, 5.0 mm s−1 post-test speed, and 5 mm penetration distance. Data of force (N)
versus time (s) were registered using Texture Exponent Software (Version 3.2, Stable Micro
Systems Ltd., Godalming, UK). The hardness value was determined as maximum force (N)
registered in the force vs. time curves. Measurements were made on 4 broccoli stalks per
experimental unit.

2.5. Sensory Evaluation

Overall appearance, color, and odor of broccoli florets were individually scored using
a subjective scale from 1 to 5. A panel composed of seven members with sensory evaluation
experience in vegetable quality was trained and carried out the evaluation. The rating scale
for overall appearance was 5 = excellent, as freshly harvested; 4 = very good, minor defects;
3 = fair, moderate defects; 2 = poor, major defects; and 1 = very poor, inedible. In the case
of odor, 5 = typical odor; 4 = slight off-odor; 3 = moderate off-odor; 2 = strong off-odor; and
1 = rot odor. In the case of color, 5 = dark green; 4 = green, yellow traces; 3 = light green,
slightly yellow; 2 = light green, very yellow; and 1 = yellow. A score of 3 was considered as
the limit of marketability and a score of 2 as the limit of edibility [6].

2.6. Statistical Analysis

Two-way ANOVA considering packaging condition, storage time, and their interaction
was performed and when significant differences were observed, Tukey’s test was applied
(p < 0.05). Data are expressed as the mean ± standard error. XLSTAT (Statistical and data
analysis solution, Lumivero, Denver, CO, USA) software was used for statistical analyses.

3. Results and Discussion

3.1. Headspace Gas Composition

PP samples showed a slight modification of internal package atmosphere (p < 0.05),
reaching equilibrium O2 and CO2 concentration of 17.5 ± 0.7 and 3.6 ± 0.8 kPa, respectively.

CB samples showed a rapid change in headspace composition, reaching O2 and CO2
concentration of 2.4 ± 1.2 and 22.5 ± 1.6 kPa at day 3, respectively (Figure 1). Accord-
ing to the literature, CO2 concentrations higher than 20 kPa could induce fermentative
mechanisms, which would be detrimental to product quality. Over time, there was an
excessive accumulation of CO2 (40.4 ± 1.6 kPa at day 9) and depletion of O2 (0.5 kPa at
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day 9), which makes cellulose-based film unsuitable for application in the packaging of
high-respiration-rate products such as broccoli.

Figure 1. Effect of packaging condition on headspace O2 and CO2 concentration throughout storage
at 4 ◦C. Mean values (n = 3) and standard error (vertical bars) are represented. Different letters
indicate significant differences between packaging conditions at each sampling time (p < 0.05).

3.2. Mass Loss (ML)

Florets in cellulose-based film showed a marked ML, significantly higher than PP
and control samples (p < 0.0001) (Figure 2). This result is striking because cellulose-based
film provided a lower barrier to water vapor than the macro-perforated film. This could
be explained with the high-water vapor transmission rate (WVTR) of the NatureFlexTM

film, which causes a low relative humidity inside the package, thus increasing the broccoli
transpiration rate. At day 9 of storage, CB samples showed ML values higher than 7%,
which exceeds the marketability limit for fresh broccoli [7]. Therefore, the high WVTR of
the cellulose-based film could be a limitation for its application on high-respiration- and
-transpiration-rate products such as broccoli.

Figure 2. Effect of packaging condition on mass loss (ML) of broccoli florets throughout storage at
4 ◦C. Mean values (n = 3) and standard error (vertical bars) are represented. Different letters indicate
significant differences between packaging conditions at the same sampling time (p < 0.05).

3.3. Texture

A significant effect of packaging film on broccoli florets’ hardness was found (Figure 3).
No change in hardness was observed for PP samples. CB samples showed a significant loss
of hardness throughout storage (p < 0.05). This behavior could be due to the development
of fermentative processes (low O2 in-package concentration), which could damage the
tissue structure [8], and to the extensive ML verified in these packages. Therefore, the
cellulose-based film proved not to be a good packaging alternative for maintaining broccoli
florets’ texture.
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Figure 3. Effect of packaging condition on broccoli florets’ hardness throughout storage at 4 ◦C. The
data are expressed as the change in hardness relative to the initial value (%). Mean values (n = 3)
and standard error (vertical bars) are represented. Different letters indicate significant differences
between packaging conditions at the same sampling time (p < 0.05).

3.4. Sensory Evaluation

Sensory attributes’ evolution of broccoli florets packaged in different films is shown
in Figure 4. PP samples presented scores above the marketability limit throughout all
of the storage period. Control florets showed a rapid and significant decrease in the
color and overall appearance score. Florets in cellulose-based film showed no significant
difference in the color score compared to PP florets. However, they showed a marked
decrease in characteristic odor scores. Additionally, overall appearance decreased to the
minimum score. Therefore, it can be assumed that gaseous conditions established inside
the cellulose-based film favored the development of fermentative metabolism, producing
volatile substances that generated off-odors, compromising broccoli florets’ shelf-life.

Figure 4. Effect of packaging condition on sensory attributes of broccoli florets throughout storage at
4 ◦C. Mean values (n = 3) and standard error (vertical bars) are represented. Different letters indicate
significant differences between packaging conditions at the same sampling time (p < 0.05).

4. Conclusions

Too low O2 concentrations and the excessive product mass loss presented with cellulose-
based film make it unsuitable for packaging broccoli florets in the conditions assayed.

Interventions in the film that improve its gas and water vapor barrier properties
should be considered to make its application in vegetable packaging feasible.
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Abstract: Phenolic compounds from propolis extract (PE) have antioxidant and antimicrobial proper-
ties; however, extracts from this raw material are not water soluble. This study aimed to stabilize the
phenolic compounds from green propolis extract in cassava and potato starch nanoparticles produced
by the anti-solvent precipitation method. The obtained materials displayed a crystalline structure
related to starch nanomaterials with a V6h-type crystalline structure. The starch nanoparticles inter-
acted with the phenolic compounds by means of hydrogen bonds and increased the hydrophobicity
in the nanomaterials. The developed starch nanomaterials loaded with the phenolic compounds from
PE could be potentially used as a novel ingredient in food packaging.

Keywords: active nanomaterials; biopolymer; functional ingredients; food packaging

1. Introduction

Propolis is a resinous and heterogeneous material collected by Apis mellifera bees from
different parts of plants, including the buds and exudates [1]. This natural compound has
high amounts of flavonoids and phenolic acids, with it being used worldwide in traditional
medicine due to its antioxidant and antimicrobial properties [2]. However, extracts from
propolis have limited water solubility, reducing their application in the pharmacology and
food industries [3].

Recently, Alves et al. [3] stabilized phenolic compounds from brown propolis extract
using starch nanoparticles and observed that the obtained nanomaterials have high an-
tioxidant activity. The authors concluded that the starch nanomaterials loaded with the
phenolic compounds from brown propolis extract could be used as active ingredients in
food packaging materials. Green propolis is another type of propolis abundant in Brazil,
which has phenolic compounds with antioxidant and antimicrobial properties [4]. However,
the stabilization of phenolic compounds from green propolis extracts using biopolymeric
nanoparticles has not been investigated. Hence, this research aimed to produce and charac-
terize cassava and potato starch nanoparticles loaded with the phenolic compounds from
green propolis extract.

2. Materials and Methods

2.1. Materials

In the current research, starches isolated from cassava and potato were used as macro-
molecules. Native starches were purchased from Juréia and Shambala Naturais Food Indus-
tries (Florianópolis, Brazil). Green propolis was purchased from Breyer® (Formigas, Brazil).
Distilled water, ethanol (≥99.6%, Êxodo Científica, São Paulo, Brazil), and hydrochloric
acid (37 wt%, Neon, São Paulo, Brazil) were used as solvents. Potassium chloride and
sodium carbonate were purchased from Dinâmica (São Paulo, Brazil). Folin–Ciocalteu
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reagent was acquired directly from Sigma-Aldrich (São Paulo, Brazil). All reagents used
were of analytical grade, and they were used as received.

2.2. The Production of Starch Nanoparticles Loaded with the Phenolic Compounds from the
Propolis Extract

Firstly, propolis extract (PE) was produced according to the methodology and best
conditions described by Alves et al. [3]. In sequence, PE was acidified with hydrochloric
acid (100:1 v/v, hydroethanolic solution: HCl 37 wt%, pH = 1). In parallel, starch nanoparti-
cles (SNPs) were produced by the anti-solvent precipitation method [3,5]. Dispersions (5%
w/w) of cassava starch and potato starch were prepared in distilled water at 25 ◦C followed
by gelatinization at 90 ◦C for 30 min. The gelatinized starch solutions were cooled to 30 ◦C
and then the acidified PE was dripped using a peristaltic pump (flow of 0.7 mL/min) in a
1:1 (% v/v) ratio.

The resulting slurry (starch dispersion + acidified PE) was stirred at 25 ◦C for 12 h
and then centrifugated at 4000 rpm for 15 min using a centrifuge (Kasvi, São Paulo, Brazil).
The SNPs were centrifuged three times with hydroethanolic solution (80% v/v) and finally
washed with absolute ethanol (99.6%). The SNPs were separated by centrifugation and the
ethanol was evaporated using a forced-air convection oven (Solidsteel, São Paulo, Brazil) at
60 ◦C for 10 min. Finally, the SNPs were frozen at −18 ◦C for 48 h and then lyophilized
(Liotop L 101). The resulting nanomaterials loading the phenolic compounds from PE were
named cassava (CSNPs-PE) and potato (PSNPs-PE) starch loading the phenolic compounds
from PE, and cassava (CSNPs) and potato (PSNPs) starch nanoparticles without PE.

2.3. Characterization of the Starch Nanoparticles Loaded with the Phenolic Compounds from Green
Propolis Extract

The loading efficiency (LE) of the total phenolic compounds (TPC) from the acidified
PE stabilized with the SNPs was calculated using Equation (1) [6]:

LE(%) =
TPCi − TPCs

TPCi
∗ 100, (1)

where TPCi is the TPC of the PE and TPCs is the TPC of supernatant collected after the first
centrifugation. The quantification of TPC was carried out using the method described by
Alves et al. [3].

Diffraction analysis was performed with an X-ray diffractometer (Rigaku MiniFlex 600
DRX, Tokyo, Japan) equipped with Cu-Kα radiation (λ = 0.154056 nm). XRD diffractograms
were obtained 2θ = 3◦ and 60◦ (rate of 10 ◦/min). Equation (2) (Bragg’s law) was used to
calculate the interplanar spacing d (nm) from the X-ray patterns.

nλ = 2dsinθ, (2)

where n is the reflection order (n = 1), λ is the wavelength of CuKα radiation, and θ is the
reflection angle [7].

Chemical bonds were studied using a Fourier transform infrared spectrometer (FTIR,
Cary 600, Agilent, Santa Clara, CA, USA) in the wavenumber range of 4000 and 400 cm−1

(4 cm−1 resolution). In each analysis, 32 scans were performed [7].
The water contact angle (WCA) of all starch nanoparticles was investigated using

the methodology reported by Amirabadi et al. [8]. The samples were compressed into
tablets using a hydraulic machine with two heated plates at 25 ◦C and controlled by PID
controllers. A cylindrical piston was used as a mold. Approximately 0.2 g of each sample
was deposited in the mold and 1 ton of force was applied. The pellets were approximately
1.5 mm thick and 1 cm in diameter. The water contact angle of the compressed samples
was analyzed in an optical tensiometer (Ramé-Hart 250), with 5 μL of water being dropped
over each compressed sample. The WCA was defined as the average of 10 measurements
taken over a 5 s interval.
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3. Results

Characterization of the Starch Nanoparticles Loaded with the Phenolic Compounds from Green
Propolis Extract

The green propolis extract had a TPC of 763.36 mg GAE/g. After anti-solvent precipita-
tion, the LE oscillated between 65.45 and 73.32% in PSNPs-PE and CSNPs-PE, respectively.

The samples revealed X-ray diffractograms of starch nanomaterials (Figure 1a). In par-
ticular, the X-ray diffractograms were typical of a V6h-type crystalline structure, exhibiting
diffraction peaks at 2θ = 13.0◦ (d = 0.68 nm) and 20.0◦ (d = 0.44 nm).

 
Figure 1. (a) X-ray diffractograms and (b) FTIR spectra of starch nanoparticles with (PSNPs-PE and
CSNPs-PE) and without (PSNPs and CSNPs) PE.

The FTIR spectra of the samples show a peak centered at 3400 cm−1, associated
with the vibration of hydroxyl groups (O–H stretching) of the starch chains. A band
at 3350 cm−1 was correlated with the O–H stretching vibration of the phenolic groups
(Figure 1b) [9]. Furthermore, a slight band at 1723 cm−1 suggests the C=O stretching of
the carboxylic group, indicating the presence of polyphenols from PE. Vibration of the
phenol groups was also observed in the band centered at 1640 cm−1, assigned to aromatic
ring C=C stretching, as well as aromatic C–H deformation vibration at 1110 cm−1 [9]. C–H
deformations and aromatic stretching at 1461 cm−1 was correlated with the presence of
flavonoids (hydrocarbons CH3 and CH2’s vibrations were overlapping) [9]. In the region
around 1000 cm−1, a new band was observed in starch nanoparticles loaded with the
phenolic compounds from green PE.

The WCA of the CSNPs and PSNPs remained constant at 41.05◦ ± 0.17 (Figure 2).
With the incorporation of the phenolic compounds from PE, an increase in the WCA was
observed (Figure 2); hence, the starch nanoparticles loaded with the phenolic compounds
from green PE had a WCA ranging between 66.80◦ ± 1.21 (CSNPs-PE) and 75.70◦ ± 0.75
(PSNPs-PE).

Figure 2. The WCA of potato (a) and cassava (b) starch nanoparticles and potato (c) and cassava
(d) starch nanoparticles loaded with the phenolic compounds from green PE.
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4. Discussion

In the current research, starch nanoparticles based on cassava and potato starches
had similar LE values when compared with starch nanoparticles loaded with the phenolic
compounds from brown propolis extract [3]. These results suggest that the LE could be
independent of the type of propolis used in the PE.

Regarding the crystalline and chemical bond results, it is possible to conclude that the
nanoparticles are composed of six glucose units per helical turn [10], with it being the case
that the phenolic compounds altered this crystalline structure since a reduction in the peak
intensity at 13◦ was observed in the X-ray diffractograms. Furthermore, the displacement
observed at 1000 cm−1 in the FTIR spectra of the starch nanoparticles loaded with the
phenolic compounds from PE suggests that structural modification resulted in spatial
displacement of and an increase in the CO group band, probably caused by hydrogen
bonds between the phenolic compound from PE and amylose/amylopectin chains [11].

Finally, the increase in the WCA values confirms the presence of phenolic compounds
from PE in the starch nanoparticles. These phenolic compounds have hydrophobic proper-
ties and then increased the WCA values. The increase in the WCA could be important in
packaging materials that will be used in contact with food.

5. Conclusions

In the current research, cassava and potato starch nanoparticles loaded with the pheno-
lic compounds from propolis extract (PE) were produced and characterized. The developed
nanomaterials displayed a V6h-type crystalline structure, typical of starch nanoparticles.
This crystalline structure was modified by the incorporation of phenolic compounds from
PE. The FTIR results revealed that the starch chains interacted with the phenolic compounds
from PE by means of hydrogen bonds. Finally, the starch nanoparticles had hydrophilic
surfaces with a water contact angle (WCA) of 41.05◦. With the incorporation of phenolic
compounds from PE, the WCA in the starch nanomaterials increased between 60 and 80%,
indicating that the phenolic compounds reduce the hydrophilicity of the nanoparticles.
Based on these results, it can be considered that starch nanoparticles loaded with the
phenolic compounds from PE can serve as promising ingredients to manufacture food
packaging materials.
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Abstract: In the context of the so-called lignocellulose bio-refinery, the coconut shell (S) and pulp (P)
of Acrocomia aculeata (Arecaceae) are interesting agro-industrial wastes that can be used as feedstock
for the production of high value-added products. The aim of this work was to evaluate these
lignocellulosic residues S and P, to obtain the microcrystal (MCC) and microfiber (MFC) of cellulose,
and to characterize them to propose possible applications. First, cellulose content in the raw materials
was determined, being 39.69% and 45.42% for both (S and P)) respectively, respectively. Then, the
purification of residues was carried out via alkaline and bleaching treatments. Next, in order to
obtain MCC and MFC from the purified cellulose, a chemical treatment with HCl (for MCC) and a
mechanical treatment with a blender (for MFC) were performed. The size and morphology were
observed via MEB, and properties were characterized using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and differential thermogravimetric analysis (DTG).

Keywords: coconut fruit; shell; pulp; cellulose; microcrystals; microfiber

1. Introduction

The South American palm species Acrocomia aculeata (Arecaceae), commonly known as
mbocayá, macaw, macauba, or just coconut palm, has attracted the attention of researchers
in recent years, mainly for its great potential as a sustainable oil crop [1–3]. In Paraguay,
the A. aculeata fruit (coconut) has been processed since 1940 [4] for oil extraction. From the
process, the shell (S), pulp (P), endocarp, and almond expeller remain as waste, which can
be used to obtain new products with greater added value [5,6].

Lignocellulosic wastes as S and P from coconut fruit represent a renewable cellulose
source, the primary raw material for nano and micro celluloses (NCs and MCs) [7]. Cellu-
lose derivatives with desirable properties for different applications are a current topic of
study in the scientific community. Although NC is a material with exceptional properties,
the high consumption of mineral acids during its extraction process is, in most cases, still a
disadvantage.

Microcrystal (MCC) and microfiber cellulose (MFC) have gained increasing interest
as reinforcing polymeric materials due to their availability, relatively low cost, and high
mechanical resistance [8–10]. There are also numerous industrial applications for these
fibers, which exploit their chemical functionality (reactivity) for crosslinking, their ability
to retain water, and their hydrogen bonding capability [11].

MCC and MFC compositions must be studied for each source because characteristics
such as crystallinity, thermal stability, and final chemical composition are dependent on
their origin [12]. This information is essential to explore MFC and MCC uses as reinforcing
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agents in developing polymeric biodegradable compounds, e.g., packaging applications
with improved properties.

This work describes the characteristics of two lignocellulosic agroindustrial wastes
from coconut fruit (S and P), their main components, and the methods used to obtain MCC
and MFC from them. The main characteristics of the MCC and MFCs, considering their
possible application as reinforcing agents in films for food packaging, are also presented.

2. Materials and Methods

2.1. Raw Materials

Coconut shell (S) and pulp (P) were provided as agroindustrial waste by Industrial
Aceitera S.A. paraguayan company. They were washed to remove dirt and other impurities.
Then, they were dried in an oven at 105 ± 5 ◦C for 3 h. Finally, sample particles between
0.85 and 2 mm were obtained using a mill IKA M20, as NREL/TP51042620 establishes them.

2.2. Compositional Analysis

The chemical composition of the constituents (S and P) was determined: organic
extractive (TAPPI 204 cm-97), holocellulose, and hemicelluloses based on the standard
ASTM D1104 [13,14], soluble and insoluble lignin (NREL/TP510-42618).

2.3. Cellulose Preparation

Cellulose purification was carried out via two chemical treatments: (i) alkaline treat-
ment with 5% NaOH (w/v) solution; (ii) bleaching process, using 1.5% NaClO2 solution
(v/v) with acetic acid (pH 4–5), both treatments for 120 min at 80 ◦C, 600 rpm, and a
solid/solution ratio of 1:20. The yield was calculated based on the dry basis weight of
each constituent.

Microfibrillated and Microcrystal Cellulose Preparation

MFC was prepared by blending the bleached cellulose in a high rotation brand blender
(model BL 767) at 25,000 rpm at different times (5, 10, 20 min), maintaining a ratio of 1%
(p/v) (fiber/solution) in a volume of 500 mL of solution. At the end of the corresponding
time of the mechanical treatment, the solution was filtered, and the MFCs obtained were
dried in an oven at 45 ◦C for 18 h.

For the MCC, the bleached cellulose was subjected to different times of acid hydrol-
ysis (15, 30, and 60 min) with 2.5 N HCl at a constant temperature of 85 ± 2 ◦C and a
fiber/solution ratio (1:20), with a constant stirring. The reaction was stopped with an
ice bath and adding NaOH. It was filtered through a fritted glass filter and washed with
distilled water until pH neutral. Subsequently, it was dried in an oven at 45 ± 5 ◦C for
around 18 h.

2.4. Characterization of MCC and MFC
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The presence of functional groups was studied using a Thermo Fisher (Nicolet iS5,
Thermo Fisher, Waltham, MA, USA) FT/IR (Fourier transform infrared spectrometer). For
the FTIR scan, KBr pellets containing 2 mg of dry sample with 200 mg of KBr powder were
prepared. Spectra in the range of 400–4000 cm−1 was obtained with a resolution of 4 cm−1,
and the signal was accumulated from 32 scans [15,16].

2.4.2. X-ray Diffraction (XRD)

X-ray diffractometer was measured using the X′Pert3 Powder via Cu-Kα radiation at
45 kV and 40 mA in an angular range of 10◦ to 40◦/2θ with a step size of 0.0170/2θ and a
count time of 50.1650 s in each step.

44



Biol. Life Sci. Forum 2023, 28, 8

The crystallinity index (CrI) was measured using Segal’s Equation on the diffraction
peak height intensity, as indicated in Equation (1):

%CrI =
I002 − Iam

I002
(1)

where I002 is the maximum intensity of the diffraction peak, taken at 2θ between 22◦ and
23◦ for cellulose I, and Iam is the intensity of the amorphous diffraction peak taken at 2θ
between 18◦ and 19◦ for cellulose I.

3. Results and Discussion

3.1. Compositional Analysis

The raw materials (S and P) were analyzed to determine the cellulose content (Table 1).

Table 1. Composition of S and P from coconut fruit.

Composition Shell (%w/w) Pulp (%w/w)

Extractives 6.27 17.13
Cellulose 39.65 45.42
Hemicellulose 19.22 15.89
Lignin 30.80 17.90
Ash 4.06 3.66

A higher cellulose content (45.4%) is observed in the pulp (P), but the value obtained
for the shell (S) is also important (39.6%). Comparing the lignocellulosic composition of
P of the coconut fruit with the non-woody and woody raw materials commonly used to
obtain cellulose, such as pinewood (37–43%), eucalyptus wood (41–50%), bamboo (43%),
and bagasse (42–55%), similar and even higher cellulose contents are observed. These
values open the expectations for the use of these lignocellulosic wastes from coconut fruits
to obtain cellulose and, after a purification process, obtain MCC and MFC from them.

3.2. Cellulose Preparation and Purification

Table 2 shows the results of the yields after the alkaline and bleached treatments. The
lower yield of alkaline treatment may be due to the presence of oil in both raw materials
(S and P), mainly in the shell (S), as seen in the content of extractives in Table 1 regarding
the bleaching treatment, the yield is quite promising for industrial scaling.

Table 2. Alkali and bleached treatment yields.

Time (min) Pulp (%w/w) Shell (% w/w)

Alkaline treatment 240 20.52 30.88
Bleaching treatment 120 45.56 58.31

Figure 1 shows the DTG traces for S and P before and after alkaline and bleaching
treatments.

The purification of cellulose was verified using DTG as the functional groups and
characteristic peaks of hemicellulose (around 250 ◦C) and lignin (a small shoulder above
390 ◦C) are not seen, leaving only the characteristic cellulose peak (around 340 ◦C), in-
tensified in both bleached samples. In addition, the effectiveness of alkali and bleaching
treatments of the coconut residues was analyzed using FTIR spectroscopy by the decrease
in or disappearance of peaks characteristics of hemicelluloses and lignin.
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Figure 1. (a) DTG of S and (b) DTG of P before and after the alkaline and bleaching treatments.

3.3. Characterization of MCC and MFC
Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 shows the FTIR analyses performed on the MFC of the S at different times of
mechanical treatment.

Figure 2. FTIR of the MFC of coconut shell (S) obtained at 5 (S-5), 10 (S-10), and 20 min (S-20).

Absorption bands close to 3400, 2900, 1430, 1370, 1160, and 897 cm−1 were associated
with cellulose type I [17,18]. The peak at 2900 cm−1 was assigned to the CH stretching of the
cellulose. The peak at 1640 cm−1 was due to the vibration of the adsorbed water molecules
and also to the carbonyl groups, which may indicate the presence of hemicellulose [19,20].
The absorption peak at 1430 cm−1 was related to the crystalline band, which refers to
the symmetric stretching of CH2. The peak at 897 cm−1 was attributed to asymmetric
stretching of the out-of-plane ring in cellulose due to β-glucoside bonding. The peak at
1640 cm−1 was associated with the H–O–H stretching vibration of carbohydrate-absorbed
water. This indicates the presence of hemicellulose in MFCs, which favors fibrillation
during mechanical treatment [20].

Other figures from the FTIR analysis for the MFC of the P and the MCC of the P and S
show the same characteristic peaks of cellulose, indicating that purified MCs have been
obtained using different treatments.

The crystallinity indices obtained using Equation (1) for the MCC are presented in
Table 3.
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Table 3. Crystallinity index for MCC and MFCs of coconut fruit.

Sample %CrI Sample %CrI

MCC
S15′ 42.42 P15′ 46.40
S30′ 68.19 P30′ 64.36
S60′ 69.74 P60′ 67.03

The peaks identified for the MCC samples correspond to Type I cellulose, and crys-
tallinity index (%CrI) increased as the chemical treatment time increased, as observed in
Table 3, for the S60 sample, with the 60 min of treatment. The increase in the crystalline
index could be explained by the total or partial elimination of the hemicellulose and lignin
structures, which reduced the amorphous region [21].

Regarding SEM analysis (Figure 3, a decrease in the diameter was verified for the MCFs
as the mechanical treatment increased, being the best condition after 20 min treatment. The
estimated diameter, after 20 min of treatment, was between 1 and 3 microns for the pulp (P)
and 6 and 8 microns for the shell (S). In addition, a smaller size of the microfibers is evident
in the MFCs obtained from the pulp compared to those obtained from the shell.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. SEM micrographs of MFC from coconut fruit shell (a–c) and pulp (d–f) obtained after 5 min
(a,d), 10 min (b,e), and 20 min (c,f) of mechanical treatment.

4. Conclusions

Coconut fruit wastes were valued by obtaining microcrystals (MCC) with high crys-
tallinity index and cellulose microfibers (MFC) with high fibrillation. The purification
treatments of the extracted cellulose were effective according to the characterizations
carried out after the alkaline treatment and bleaching, verified via FTIR and TGA analysis.

In addition, high yields of purified cellulose for shell (S) and pulp (P) were obtained.
Given their richness in cellulose and their (MCC) and (MFC) characteristics, S and P have
the potential to be used as reinforcement for food packaging on the way to obtaining
environmentally friendly materials.
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Abstract: A study of materials for wind turbine blades with nanotechnology—from the energy
point of view—is an essential topic because resources and fossil fuels are running out. Human
beings need to create alternative energies, including wind energy. This research aims to improve
the mechanical properties of epoxy resin wind turbine blades by incorporating nanocelluloses
obtained from pineapple residues. To determine the quality of the nanobiocomposites, materials
with different epoxy resin–nanocellulose ratios were prepared. The mechanical properties of tension,
compression, and bending were evaluated, and hardness tests of the material were conducted. The
results indicated a general improvement in all the mechanical properties considered over the material
without the nanocellulose.

Keywords: blades; nanobiocomposites; nanocellulose; epoxy resin; pineapple waste

1. Introduction

The primary function of a wind turbine is to transform the kinetic energy into electrical
energy produced by the movement of the blades of the wind turbine as a consequence of
the passage of the wind through them. The wind circulates on both sides of the blades with
different geometric profiles; a depression area is generated on the top face concerning the
pressure on the whole face. Following this pressure, a resistance force is generated that
opposes the movement, generating force in the rotor through kinetic energy. Turbine blades
are elementary for the generation of electrical energy. They are in charge of receiving the
power of the wind through speed [1,2].

The useful life and efficiency of the blades depend on their manufacturing. Ancient
materials such as wood, steel, and aluminum have been used. Currently, they are manufac-
tured with composite materials such as steel alloys, polyester, or epoxy resin reinforced
with fiberglass or carbon fiber. The blades must be light in weight and have adequate
mechanical behavior during their useful life. In this research, a material that comes from
the agro-industrialization of pineapple cultivation is used. This fruit is widely distributed
in Latin America and generates many problems for the environment [3–7].

Because of the extensive area coverage that pineapple cultivation represents, it is
crucial to consider the large amount of waste or residues generated from the crop’s produc-
tion and industrial processing. The use and revalorization of these residues would avoid
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their inadequate disposal. This would be advantageous both from an economic point of
view by reducing costs and from the perspective of the mitigation of environmental and
health harms. There are methods for obtaining a material called nanocellulose, derived
at the nanoscopic level from cellulose, which is part of the structure or plant cell wall of
the pineapple and other plants. Cellulose is known to be the main component of the cell
walls of plants; it is the most abundant biomaterial on the planet and provides remarkable
properties of tensile strength [7–10].

This research aims to improve the mechanical properties of wind turbine blades. It is
expected to obtain a composite material between the epoxy resin and the nanocellulose from
pineapple peel waste. Incorporating this material aims to improve mechanical properties
such as resistance, hardness, and modulus of elasticity, among others.

2. Materials and Methods

2.1. Materials

Pineapple wastes were supplied by Florida Products S.A., (Heredia, Costa Rica).
Sodium hydroxide (NaOH), sodium hypochlorite (NaClO), clorhidric acid (HCl), sulfuric
acid (H2SO4), and ethanol 95% reagents were obtained from Sigma-Aldrich (USA). A com-
mercial epoxy resin (Hawk epoxy R1) with an epoxy resin catalyst (USA, Hawk epoxy C2)
was used.

2.2. Nanocellulose Preparation

Pineapple peels were placed in a solution of 20 wt. % NaOH at 70–90 ◦C for one and
a half hours, cleaned, and placed again in 12 wt. % NaOH for one hour. Next, they were
bleached with a 2.5 wt. % NaClO solution at 60 ◦C for two hours. Afterward, white cellulose
was treated with 17 wt. % HCl at 60 ◦C for two hours to obtain microcellulose. Finally, to
obtain nanocrystalline cellulose, the acid hydrolysis of microcellulose was carried out using
a solution of 65 wt. % H2SO4, a temperature of 55 ◦C, and constant stirring for 60 min. The
samples were washed repeatedly with deionized water until they reached a neutral pH.
Finally, nanocellulose suspension was dialyzed for 24 h to remove salt residues [6–8].

2.3. Composites Preparation

Epoxy resin with pineapple peel nanocellulose (0, 0.25, 0.5, 1, 2.5, 5, and 10 wt. %) was
prepared. Epoxy resin catalyst was used. A glass mold of 10 × 10 cm was used to prepare
samples. The mixtures were placed in the glass molds, separately.

Nanocellulose composites were prepared at 220 rpm for 8 min in a stirrer at room
temperature. Samples were cured at 30 ◦C for 1 h, 60 ◦C for 30 min, and 100 ◦C for 2 h.

2.4. Sample Characterization

Samples were characterized using the Brinell hardness (HB) test (TH 1100 LEEB brand
durometer), as well as tension (tensile strength), compression (compressive strength), bend-
ing (bending stress), and torsion (torsional strength) tests (Discovery DHR III Rheometer,
TA Instruments). The samples for the analyses were prepared according to the ASTM
protocols [11].

3. Results and Discussion

In general terms, it is observed that the addition of nanocellulose from pineapple peel
waste generates positive results. The best results are observed by adding 0.25% up to 1%
nanocellulose. At higher percentages, the mechanical properties decrease until reaching
the brittle point of the material. Figure 1 shows the results of the Brinell hardness (HB)
test. The Brinell scale characterizes the indentation hardness of materials through the scale
of penetration of an indenter loaded on a material test piece. A pineapple nanocellulose
content between 0.25 and 2.5% in the samples shows an increase in the BH parameter.
Samples with 5% and 10% pineapple nanocellulose show a low BH value.
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Figure 1. The Brinell hardness (HB) test in epoxy resin samples with nanocellulose obtained from
pineapple wastes.

Similarly, Figure 2 shows the results of the tensile strength test in epoxy resin samples
with nanocellulose obtained from pineapple wastes. The samples with a nanocellulose
content between 0.25% and 1% showed higher tensile strength values than the nanomaterial.
This indicates that the nanomaterial acts as a reinforcement for the epoxy matrix. In contrast,
at higher values between 2.5% and 10%, it acts as a load that somewhat limits the material’s
mechanical properties.

 
Figure 2. Tensile strength in epoxy resin samples with nanocellulose obtained from pineapple wastes.

Figure 3 shows the variation obtained from the compressive strength tests in the
epoxy resin samples. In this case, this parameter significantly decreased for all samples
with nanocellulose compared with samples without nanocellulose. The nanocellulose
acts as a nanomaterial that decreases the internal pressure of epoxy resin. Samples with
nanocellulose are compressed the easiest.

 
Figure 3. Compressive strength in epoxy resin samples with nanocellulose obtained from pineap-
ple wastes.
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Figure 4 shows the bending stress results obtained in all samples. Increased bending
stress was observed in samples with 0.25 to 0.7% nanocellulose. Bending stress is a combi-
nation of compressive and tensile stresses. Thus, bending stress results are combined, as
shown in Figures 2 and 3. Some samples showed an increase in bending stress, and some
showed a dramatic decrease.

 
Figure 4. Bending stress test in epoxy resin samples with nanocellulose obtained from pineap-
ple wastes.

Finally, in the torsional stress test (Figure 5), samples with a nanocellulose content
between 0.25% and 0.7% show an increase in this property. In the same way, some samples
showed a decrease. For example, the 5% and 10% nanocellulose samples showed minor
torsional stress, as shown for bending stress.

 
Figure 5. Torsional stress test in epoxy resin samples with nanocellulose obtained from pineap-
ple wastes.

4. Conclusions

Positive results were found concerning the behavior of epoxy resin with inclusions
of natural fiber as a nanocellulose base. The agricultural residues of pineapple, usually
discarded or destroyed, proved to be a significant source of lignocellulosic biomass suitable
for producing nanocellulose. As such, lignocellulosic materials are taken advantage of, and
a double effect is achieved: the ecological benefit by eliminating a source of contamination
and added economic value provided to the material.

The results indicated a general improvement in all the mechanical properties evalu-
ated compared with the material without the pineapple nanocellulose. The mechanical
properties in some epoxy resin samples were increased by incorporating nanocellulose in
the polymer. This study could help improve the generation of alternative energies using
plastic turbine blades reinforced with natural nanomaterials.
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Abstract: The objective of this work was to formulate PVA films with the addition of modified
phenols, chitosan, silver, or copper nanoparticles with fungistatic and bacteriostatic activity. The
films were characterized by Fourier transform infrared spectroscopy, thermogravimetry analy-
sis, differential scanning calorimetry, and scanning electron microscopy. The bacteriostatic activ-
ity against Salmonella gallinarum and Lactobacillus acidophilus, and the fungistatic activity against
Penicillium acidophilus were determined. The results indicated that the addition of phenols enhanced
the effect on the stability of the chemical structure of the PVA film. PVA films with modified
bioactives and nanoparticles inhibited the colonization of the microorganisms tested, indicating
germicidal control.

Keywords: food packaging films; chitosan; PVA; nanoparticles; phenols extract

1. Introduction

Worldwide, numerous efforts are being made to reduce the use and environmental
impact of petroleum-derived plastics, which has led to an increase in research aimed
at obtaining biodegradable materials with special functionalities that allow their use in
different sectors, such as environmental, food, medicine, and agriculture, among others [1].

The raw materials derived from renewable resources are biodegradable. The materials
used for the formation of biodegradable films are mainly composed of cellulose, chitosan,
starch, dextrins, alginates, and pectins [2–5]. In general, films made from biopolymers
are sensitive to environmental conditions, especially relative humidity, and have low me-
chanical strength even when protein films have high elasticity [6]. A possible alternative
to improve the mechanical characteristics of protein-based films could be the mixture
of these biopolymers with synthetic polymers, such as polyvinyl alcohol (PVA), which
is hydrophilic and biodegradable [7]. Some studies on the development and character-
ization of films based on mixtures of PVA and proteins, such as PVA/wheat gluten [8],
PVA/hydrolyzed collagen [9], and PVA/gelatin [10], among others.

In the area of food packaging, it is very important to preserve the food quality and
nutritional value for consumer safety [11]. Recently, it has been proposed to incorporate
different nanomaterials and bioactive compounds into edible films to improve the film’s
physico-chemical, mechanical, and thermal characteristics and provide other properties
such as antimicrobial films without causing environmental problems [12,13].
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Metallic nanoparticles (MNPs) constitute a special and particularly valuable group of
nanoparticles (NPs) with interesting properties in the protection, preservation of food, and
extension of the shelf life of food [14–17]. Other bioactives like polyphenols from lignins
and tannins constitute a special valuable group of micro- and nanoparticles (NPs) with
interesting properties in the protection and preservation of food, among other applica-
tions [1,15,16,18–21].

Chitosan (CHT) is recognized for its effective germicidal action, with a broad microbial
spectrum and low toxicity in animals and humans [22,23]. The polycationic structure of
chitosan plays a fundamental role in electrostatic fixation and bacterial deactivation. The
bactericidal activity of functionalized chitosan films combined with polyvinyl alcohol has
been reported [7]. Regarding the capacity of antifungal activity, it suppresses sporulation
and germination, inhibiting its growth [7,23].

The objective of this work is to formulate different films based on PVA functionalized
with different bioactives (CHT and phenols), AgNPs, and CuNPs. The morphological,
physical-chemical, and thermal properties and germicidal activity of the films were eval-
uated. The germicidal properties in microorganisms were evaluated, which are found in
greater proportion in the daily environment and in some pathogens that affect food without
adequate conservation.

2. Materials and Methods

2.1. Materials

The materials used were glutaraldehyde and spam 80 from drogueria Paysandu
(Uruguay) and polyvinyl alcohol (PVA) from Acros Organics (USA). The chitosan 1% p/v,
AgNPs, CuNPs, and phenols were supplied from the Nuclear Research Center, Faculty of
Science, University of the Republic.

2.2. Preparation of PVA Films

First, 10 mL of 10% PVA solution was prepared and dissolved in water, and then 1 mL
of Spam 80 was added with vigorous agitation. Subsequently, 8 mL of glutaraldehyde was
slowly added (dropwise) with continuous agitation. The solutions were cast on a Petri dish
and maintained under constant agitation for 48 h at room temperature until solidification.
Then, 0.5 mL of AgNPs (1 mM and 2 mM), CuNPs (1 mg/mL), chitosan NPs (1 mg/mL),
and phenol NPs (2 mg/mL) were added in order to increase the germicidal properties of
the PVA films. The codes and descriptions are given in Table 1.

Table 1. Film sample codes and descriptions.

Codes Description

PVA PVA film = control
PVA-PH PVA film with 0.05 mg/mL of phenols
PVA-CH-PH PVA film with 0.025 mg/mL of chitosan and 0.05 mg/mL of phenols
PVA-AgNPs PVA film with 0.025 mg/mL and 0.05 mg/mL of AgNPs
PVA-CuNPs PVA film with 0.025 mg/mL of CuNPs

2.3. Films Characterization
2.3.1. Scanning Electron Microscopy

The films were analyzed using a scanning electron microscope (JSM-6390LV, Jeol,
LANOTEC, San Jose, Costa Rica), with a voltage acceleration of 10 kV, secondary electrons
(SEI), and a spot size of 40. Images were taken at different magnifications to identify the
morphology of the films.

2.3.2. Fourier-Transform Infrared Spectroscopy

FTIR spectra of the films were recorded using an FTIR Nicolet 6700 spectrophotometer
with a diamond ATR module (Thermo Fisher Scientific, Miami, FL, USA) in the number
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range waveform from 4000 to 500 cm−1 with a standard resolution of 4 cm−1 and a scanning
speed of 32 cm−1/s. The results were analyzed using the OMNIC 8.1 software (OMNIC
Series 8.1.10, Thermo Fisher Scientific).

2.3.3. Thermogravimetric Analysis

The films were analyzed via thermogravimetric analysis (TGA) TGA-Q500 (TA Instru-
ments, Philadelphia, PA, USA) equipped with Universal Analysis 2000 software (version
4.5A, TA Instruments, USA). Approximately 5 mg of the sample was used for the TGA
analyses, with a temperature ramp of 10 ◦C/min from 25 to 800 ◦C under nitrogen (flow
rate 90 mL/min).

2.3.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed using the DSC Q200 equip-
ment, TA Instruments (USA). The samples were analyzed in duplicate using a ramp that
covered a cycle from 25 ◦C to 400 ◦C, with a heating rate of 10 ◦C/min and a nitrogen flow
of 10 mL/min. The data obtained were analyzed using the TA Universal Analysis software
(Advantage Software v5.5.24).

2.4. Determination of Control of Environmental Microorganisms
2.4.1. Determination of Bacteriostatic Activity against Lactobacillus

For the test, pure cultures of Lactobacillus acidophilus were maintained in 10 mL of
liquid medium with 20% w/v glucose and 7% w/v yeast extract in a 50 mL flask. The pH
was adjusted to 5.5. Then, it was incubated at 30 ◦C for 48 h without shaking. Subsequently,
0.1 mL of the inocula was plated on Petri dishes with solid culture medium MRS and
films (PVA, PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-CH-CuNPs) of 2 × 2 cm were
incubated in an oven at 33 ◦C. The bacterial growth was monitored at 24 and 48 h (n = 2).

2.4.2. Determination of Bacteriostatic Activity against Salmonella gallinarum

A reconstituted Salmonella gallinarum strain was used for this determination. The
bacteria were cultured at 37 ◦C for 24 h. Then, 10 μL of the inocula was plated in Petri
dishes containing TSA culture medium. Subsequently, seeding was spread from one end
to the middle of the plate surface. Then, a piece of membrane 2 × 2 cm in diameter (PVA,
PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-CH-CuNPs) was placed in the center of the
plate and incubated in an oven at 37 ◦C. The bacterial growth was monitored until the 7th
day post-incubation.

2.4.3. Determination of Fungistatic Activity against Penicillium

For the test, pure cultures of Penicillium sp. were maintained in 10 mL of liquid
medium with 20% w/v glucose and 7% w/v yeast extract in a 50 mL flask. The pH was
adjusted to 6.0. Then, it was incubated at 37 ◦C for 7 days under shaking. Subsequently,
0.1 mL of the inocula was plated on Petri dishes containing solid culture medium MRS and
films (PVA, PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-CH-CuNPs) of 2 × 2 cm and
incubated at 33 ◦C. The fungal growth was monitored on days 5, 7, and 10 (n = 2). Some
photographs were taken to illustrate the effect.

3. Results and Discussion

3.1. Films Characterization

The morphology of the films (PVA, PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-
CuNPs) were analyzed using SEM (Figure 1). The morphology of the surface and cross-
section of the PVA films was smooth with some pores between 5 and 20 μm and a thickness
of 110 μm. The PVA-PH film had a rough surface with pores between 20 and 100 μm and
a thickness of 200 μm. Otherwise, the PVA-CH-PH film had a smooth surface with pores
between 1 and 25 μm and a thickness of 100 μm. The PVA-AgNPs film presented a rough
surface with microparticles in the presence of pores with sizes between 1 and 15 μm; this
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film had a thickness of 150 μm. Similar to the PVA-AgNPs, the PVA-CuNPs film presented
a rough surface with microparticles between 5 and 20 μm on the surface, and the thickness
of this film was 50 μm.

 
Figure 1. SEM surface (a,c,e,g,i) and cross-sectional (b,d,f,h,j) images of (a,b) PVA, (c,d) PVA-PH,
(e,f) PVA-CH-PH, (g,h) PVA-AgNPs, and (i,j) PVA-CuNPs.

3.1.1. Fourier Transform Infrared Spectroscopy Analysis

FTIR-ATR analysis was carried out to study the molecular interaction between CH,
PVA, AgNPs, CuNPs, and natural phenols in the films.

Figure 2 shows the FTIR spectrum of the PVA-based polymeric film samples, where it
was possible to observe a broad absorption band at 3014–3680 cm−1 that was attributed
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to the stretching vibration of OH groups, which may be due to the presence of hydroxyl
groups and residual moisture content of PVA films [24,25]. On the other hand, the nearby
bands at 2920 and 2854 cm−1 were attributed to the asymmetric and symmetric stretching
of the CH and CH2 groups, respectively. In addition, a peak was observed at 1740 cm−1,
which was due to the stretching of the C-O group [3].

Figure 2. FTIR spectra of PVA, PVA-AgNPs, PVA-CH-PH, PVA-CuNPs, and PVA-PH films.

The peaks at 1563 cm−1 are designated as the stretching vibrations of the C=O group,
while the peaks near 1420, 1370/1330/1242, 1086, and 838 cm−1 are attributed to the
in-plane bending of the OH, the bending of the CH group, and the stretching of the C-O
and CH of the PVA, respectively [11,25–28]. In addition, an absorption peak was observed
at 1142 cm−1 in the long band between 1085 and 1150. According to the literature, this
vibrational band is mainly attributed to the PVA crystallinity, which is related to the
carboxyl (C-O) stretch band [24,29,30]

According to the results, it was clearly observed that the main peaks of the spectra
are mainly associated with polyvinyl alcohol. This is due to the high concentration of this
material, which is the polymeric matrix of the films, depending on the other components
present. However, the bands at 1420–1375, 1085–1150, and 838 cm−1, which are also
characteristic of chitosan, may be interposed with those of PVA. In this case, for chitosan,
these bands are attributed to the symmetric deformations of the CH2 and CH3 groups, the
stretching vibrations of the C–O–C groups characteristic of polysaccharides, and the amine
groups of chitosan, respectively [31–33].

3.1.2. Thermogravimetric Analysis

Figure 3 shows the TGA and derivative of TGA (DTG) of PVA-PH, PVA-CH-PH,
PVA-AgNPs, and PVA-CuNPs films. All the films show similar curves with four steps
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of weight loss as a function of the increasing temperature. The first step between 25
and 125 ◦C corresponds to the evaporation of water [34]. The second step was the main
degradation region at 150–350 ◦C due to the degradation of the exposed side chain and
the breakdown of polymeric chains of PVA and chitosan [35]. The third weight loss
(350–425 ◦C) corresponds to the oxidative decomposition of carbon residues, [35] and the
final weight loss (425–500 ◦C) represents the decomposition to ash [27,34,36].

Figure 3. TGA and DTG curves of (a) PVA, (b) PVA-AgNPs, (c) PVA-CH-PH, (d) PVA-CuNPs, and
(e) PVA-PH films.

According to the thermal profiles of the samples, there are no significant differences in
the thermogram curves. This indicates that the different additives applied in the formula-
tions do not improve the thermal stability parameters. This is possibly associated with the
low concentration of the additives and/or the low degradation temperature, which may be
involved in the main PVA decomposition events.

3.1.3. Differential Scanning Calorimetry

Figure 4 shows the DSC curves of the PVA, PVA-AgNPs, PVA-CH-PH, PVA-CuNPs,
and PVA-PH films as a function of temperature. The results showed endothermic events in
different temperature ranges. The first is reported near 45 ◦C and corresponds to the glass
transition temperature (Tg) of the PVA polymer [37]. On the other hand, events between 60
and 170 ◦C represent dehydration processes due to the evaporation of physically adsorbed
water content [35]. Finally, the events that appear near 175–195 ◦C and 240–350 ◦C can be
attributed to the melting point (Tm) and thermal pyrolysis of the PVA polymer, respectively,
which agrees with what has been reported by other authors [27,38,39].
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Figure 4. DSC curves of PVA, PVA-AgNPs, PVA-CuNPs, PVA-PH, and PVA-CH-PH films.

According to the results, it was possible to observe a displacement of +10 ◦C in the
thermal pyrolysis events for the PVA-PH film compared to the PVA film. This could be
associated with the molecular interactions between PVA and phenols, which in turn have a
more stable chemical structure.

3.2. Fungistatic and Bacteriostatic Activity

The results of bacteriostatic activity of the films against Lactobacillus showed that the
PVA film presented moderate bacterial growth on the films; in the PVA-AgNPs films at a
concentration of 1 mM and 2 mM, the bacterial growth was minimal and null, respectively.
Similarly, in the PVA-CuNPs and PVA-PH, the growth was minimal at 2% and 1% of the
plate, respectively. The highest inhibition activity was observed for the PVA-CH-PH film,
where there was a synergy between the germicidal activity of the two compounds. It should
also be mentioned that there was no invasion of the microorganism on the film in any of
the cases, and there was actually an inhibition of growth (Figure 5).

We observed the growth inhibition of Salmonella in PVA-AgNPs 2 mM films, whereas,
in PVA-AgNPs 1 mM films, total bacterial growth on the film was observed. The antibacte-
rial activity of the nanocomposite films was also investigated against Salmonella typhimurium
using the disk diffusion method. The results showed that the PVA film has excellent an-
tibacterial activity against Salmonella typhimurium, as reported in other works [40,41]. In
the PVA-PH and PVA-CH-PH films, we determined the growth inhibition of Salmonella sp.,
whereas, in the case of the PVA-CuNPs film, the growth was over the entire edge of the
film (Figure 6).
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Figure 5. Culture and inhibition control of Lactobacillus sp. after 7 days of contact with PVA; PVA-
AgNP 1 mM; A-AgNP 2 mM; PVA-CuNPs; PVA-PH; and PVA-CH-PH films.

Figure 6. Culture and inhibition control of Salmonella after 7 days of contact with PVA; PVA-AgNPs 1
mM; PVA-AgNPs 2 mM; PVA-CuNPs; PVA-PH; PVA-CH-PH films.

Other authors determined the antibacterial and antifungal activities of nanocomposite
PVA films [40] and PVA-Starch film with the addition of oregano essential oil [42]. Moreover,
the microbial activity of the films with the addition of AgNPs was determined in films
with the addition of these NPs [40,43]. In addition, chitosan was used due to its germicidal
activity in PVA films [40].
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The results of the fungistatic activity against Penicillium sp. (Figure 7) showed that in
all the treatments, there was no fungal growth on the culture media or film after 7 days
of incubation. The cultures were kept under study for a longer time to test resistance and
control over time. The behavior at 21 days showed a slight minimum growth in the PVA
film, whereas in the others, the growth did not manifest.

Figure 7. Culture and inhibition control of Penicillium after 7 days of contact with PVA; PVA-AgNP 1
mM; PVA-AgNP 2 mM; PVA-CuNPs; PVA-PH; and PVA-CH-PH films.

The fungistatic and bacteriostatic activity of the phenols incorporated in the PVA-PH
films developed in this research had similar behavior to that reported by other authors [44],
who found antimicrobial activity in films using bioactives such as phenols of plant extracts
and propolis, without being incorporated into films. This form of direct application of
bioactives produces diffusion, which produces inhibitory activity by halo production.

It has been determined in the literature that phenolic compounds such as phenol,
hexachlorophenol, and thymol present an intermediate level of disinfection, and their
activity is closely related to the concentration and the microbial species to be treated. Their
mechanism of action is via the disruption of the cell wall and membrane and inactiva-
tion of enzyme systems. Moreover, Abud-Blanco et al. [19] determined that films with
sulfonated phenolic compounds showed antibacterial activity against Enterococcus feacalis.
Otherwise, tannins obtained from plant extracts were reported as antimicrobial agents for
both Gram-positive bacteria such as Listeria monocytogenes and Staphylococcus aureus, and
Gram-negative bacteria Escherichia coli and Salmonella enterica Serovar Typhimurium [45].

Other authors [18] described the germicidal properties of propolis and its phenolic
components, like caffeic acid, ferulic acid, isoferulic acid, 3,4-dimethoxycinnamic acid,
pinobanksin, caffeic acid benzyl ester, and caffeic acid phenethyl ester, which present an-
timicrobial properties and inhibitory effect on different bacteria such as E. coli, Lactobacillus
plantarum, S. aureus, S. epidermidis, Pseudomonas aeruginosa, P. fluorescens, Listeria monocyto-
genes, L. innocua, Klebsiella pneumoniae, Salmonella typhimurium, S. enteritidis, Streptococcus
agalactiae, S. mutans, Bacillus cereus, B. subtilis, Citrobacter freundii, Enterobacter aerogenes,
Shigella dysenteriae, Yersinia enterocolitica, and Pantoea agglomerans.

The antimicrobial tests carried out on the PVA-CuNPs film showed an inhibition
since the bacterial strains did not grow on the film. They reach the edge in some cases
or present an inhibition halo of about 2 mm. Other studies in which the NPs were used
directly were reported by the authors of [17], who observed inhibition halos of the positive
control for Staphylococcus epidermidis, Aerococcus viridans, Ochrobactrum anthropi, and
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Micrococcus lylae with diameters of inhibition of 21, 18, 7, and 19 mm, respectively, whereas
for the negative control, the diameters of inhibition were 6 mm for all the bacteria studied.
Many researchers affirm that the essential mechanism for the cytotoxicity generated by NPs
is the release of Cu2+ ions that react with the thiol (SH) groups of the proteins present on
the surface of the bacterial cell membrane. These proteins protrude from the cell membrane,
allowing the transport of nutrients through the cell wall. The NPs can inactivate these
proteins, thereby reducing the membrane permeability and causing cell death [17].

It is important to emphasize that none of the developed films grew microorganisms
on the film, which indicates that the bioactives and NPs added to the PVA films had great
germicidal control over the microorganisms studied. Future work on the study of other
genera of microorganisms that are present in food or food packaging can be conducted,
and it is also important to study the permanence of bioactives and NPs in the film since it
would be desirable that they not be released in the food to be preserved.

4. Conclusions

The films obtained can be of different thicknesses, thin for coating, or of greater caliber
for container food packaging. The methodology for obtaining films was adequate to obtain
PVA membranes that are physically and chemically similar to each other and have a low
production cost. The incorporation of phenolic, NPs, and chitosan bioactives into PVA
showed a synergistic effect on antibacterial and fungicidal activity. Based on this study, the
modified films that incorporate different bioactives can be applied as novel potential food
packaging materials.
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Abstract: It is undeniable that suitable packaging will extend the shelf life of the food. The packaging
industry has had to renew and innovate in a world where consumers are increasingly environmentally
conscious in order to deal with the impact of the production of petroleum-derived plastics and the
management of the waste generated by them. In this way, the use of biopolymers has been proposed,
mainly those produced from renewable sources and with biodegradability and/or compostability
properties. However, these types of materials are more expensive and do not have the same per-
formance as petroleum-derived materials. Besides, the technologies for film preparation are not
adapted for these materials. Therefore, new technologies must be studied and implemented to make
the packaging industry a sustainable industry. Recently, non-solvent phase inversion (NIPS) and
electrospinning techniques, which are widely used for membrane fabrication, have been proposed
for the fabrication of films for food packaging applications from biopolymers and green solvents.

Keywords: biopolymers; films; green chemistry; bio-based polymers

1. Introduction

Packaging was identified as an important stage of the food supply chain since it is
responsible for food safety by extending the life of the food and maintaining its organoleptic
characteristics until the final consumer. The goal of the food packaging industry is to
provide a quality product as well as safe transportation and distribution to the last stage
of the supply chain (the consumption stage) at the lowest possible packaging cost [1].
Consumers have been one of the growth drivers of the food packaging market due to their
interest in less processed foods as well as their awareness and expectations regarding the
environmental sustainability aspects of food packaging [2–4].

The packaging material depends on many aspects, such as the type of food, indus-
trial processing, shelf-life, the means of transport as well as the distribution and storage
requirements [5]. These materials will be in contact with food, so they must be safe and
special care must be taken to avoid the eventual migration of undesired constituents into
the food. The development of new materials for food packaging is a challenge that concerns
researchers together with the food industry to meet consumer expectations as well as avoid
socioeconomic problems. Among these socioeconomic problems, it stands out that suitable
food packaging could contribute to reducing food loss and waste [6]. It is estimated that by
stopping food waste it is possible to save enough food to feed 2 billion hungry people [7].
On the other hand, there is a growing interest in reducing the generation of waste derived
from the use of packaging, mainly those made of synthetic plastic.

Conventional plastics are typically made from petrochemical processes and are con-
sidered synthetic plastics. These plastics are usually non-biodegradable, which greatly
contributes to pollution. For this reason, biodegradable materials have been used as a
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substitute, mainly for single-use plastics (SUP) [5,8–10]. SUP are widely used in food
industry packaging, resulting in a great volume of waste generated [8,11]. In this way, the
food packaging industry, which is responsible for over 40% of plastic waste, has promoted
the search for new strategies [4]. Furthermore, environmental and regulatory aspects
have also contributed to the increase of new eco-friendly materials researched for food
packaging towards a green economy [12]. By 2030, the European Commission expects all
plastic packaging to be reusable or recyclable [13]. This will contribute to a sustainable
packaging industry.

Bio-based plastics are one of the most explored strategies aimed at developing sus-
tainable food packaging materials [3,4,9,14]. However, these materials are not necessarily
biodegradable or compostable and need to be recycled. For many years, recycling has
been a strategy to reduce the volume of plastic waste and has an environmental benefit
since it allows to reduce the use of virgin materials in plastic production [15]. However,
it is often impracticable for food packaging due to the possibility of contamination by
residual products and particles [5]. Furthermore, it has been reported that recycled food
packaging could not be safe due to the increase in potentially hazardous chemical levels
in the packaging that could migrate into the food [16]. Biodegradable and compostable
packaging are of interest when it is not possible to reduce, reuse or recycle; however, more
research and development are needed to satisfy the bio-packaging market [6,17]. It is also
worth mentioning that most of the costs involved in manufacturing food packaging are
attributable to raw materials, mainly when bio-based plastics and biodegradable materials
are considered [5,12,18,19]. This way, it has encouraged the development of technology for
obtaining eco-friendly, cheaper and degradable materials from organic waste streams (such
as underutilized byproducts from food processing industries and agro-industrial biomass,
among others) toward a circular economy not competing with food usage of agricultural
resources [6,14,20].

The food packaging industry could contribute to fulfilling some of the United Nations’
Sustainable Development Goals by using renewable resources or recycled materials and
implementing innovations in the design and production of biodegradable, compostable
and recyclable packaging materials [21,22]. However, even meeting these requirements
and necessities for being used in the food industry, the materials must be economically
competitive with the conventional plastics to be viable to survive in the market and to
stimulate the development of this kind of material [4,5].

2. Films for Food Packaging

Polymeric films act as barriers by controlling water vapor and atmospheric gases
permeation through them and are, therefore, a popular choice for food packaging pur-
poses [23]. The food packaging films market was worth USD 49.8 billion in 2021 and is
projected to reach USD 72.3 billion by 2027 [12]. Multilayer films combine several types
of plastic consisting of 3–9 layers and have become important in the food packaging for
developing high-performance food packaging in a cost-effective manner [5,24,25].

The most suitable material for film preparation will depend on the product charac-
teristics, but in any case, any undesirable migration from the film to the food must be
avoided, which means that the material must be safe [26]. Generally, it is important to
know the characteristics of gas permeation, such as oxygen and carbon dioxide, or the
exchange rate of these gases through the film. Furthermore, it is important to also consider
the permeation of moisture, flavor, and other volatile compounds as well as the selectivity
of these gases or vapors. Films with a low moisture permeability are often desired [3,5].

The gas and vapor permeation will depend on the environmental conditions in which
the product will be kept, such as humidity, temperature, oxygen, light (which can induce
degradation reactions during storage), among others. The mechanical resistance of the
film will allow safe handling and transportation of the product through the supply chain.
The material must also be easy to process and have migration limits according to the
regulations [5,27].
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The modification in the gas atmosphere near food products during storage has a great
influence on their shelf life [28]. In this way a technology known as modified atmosphere
packaging (MAP) has been proposed, in which the atmosphere inside the food package is
modified by altering the gas composition or by removing it (vacuum packaging). For fresh
products, the goal is to create a balance within the package where the respiratory activity
of a product is as low as possible by maintaining a low concentration of oxygen and/or
a high concentration of carbon dioxide [29]. However, there are very few materials that
are sufficiently permeable to match the respiration rate of fruits and vegetables and each
material has to be optimized for specific demands [26,30]. Modifying the atmosphere of
packaged foods can improve their visual appearance, texture, and nutritional appeal, and
it is considered minimal processing compared to applying food chemicals, preservatives,
or stabilizers since it inhibits the microbial growth [28,29].

When antioxidants, nutraceutical or antimicrobial agents, enzymes, oxygen/ethylene
carriers, flavor delivery or absorption systems are incorporated into the film matrix or
are applied as a coating, the system is considered as active or bioactive food packaging
in which the product, package and package environment interact to provide a positive
effect on the food [17,31–34]. All active packaging technologies include some physical,
chemical, or biological action to generate interactions between the packaging, the product
and the space left between the product and the packaging, aiming to increase the shelf life
of the food by a controlled absorbing or releasing of active ingredients or by scavenging
undesirable substances [9]. The active compounds can be added to or be naturally present
in the raw materials used for the film preparation, and it is important to know the toxicity
of these compounds, their action mechanisms and their stability [32].

3. Eco-Friendly Materials for Film Preparation

In 2021, 390.7 million tons of plastics were produced worldwide, and 90.2% of
these came from fossil sources, while post-consumer recycled plastics and bio-based/bio-
attributed plastics accounted for 8.3% and 1.5% of world production, respectively. This
year, packaging, building and construction applications were the two largest world plastics
markets. Particularly in Europe, more than 50 million tons were produced, and pack-
aging represented 39% [35]. For packaging applications, the most commonly used poly-
mers are low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropy-
lene (PP), polytetrafluoroethylene (PTFE), nylon (polyamide), polyethylene terephthalate
(PET), polyesters, polyvinyl chloride (PVC), polystyrene (PS) and ethylene vinyl acetate
(EVA) [17,29,35].

Most of these polymers have a low cost and appropriate physical, mechanical and
transport properties to be used in food packaging. However, they are petroleum-derived
polymers and have low or no biodegradability [29]. Degradability is the material ability
to break down into carbon dioxide, methane, water, inorganic components, and biomass,
and it could be done chemically or biologically. Biodegradability is performed using
microorganisms, such as fungi and bacteria, to achieve the breakdown of matter into lower
molecular-weight products that can then be used by other organisms until the complete
decomposition of matter. It is worth mentioning that the rate of degradation is highly
dependent on the chemical structure [36].

There has been a growing interest in reducing the environmental impact of plastics;
therefore, new materials have been studied for food packaging, such as bio-based poly-
mers and biodegradable polymers. Biopolymers include these two types of polymers
and are polymers that can be extracted from biomass (such as cellulose or starch), synthe-
sized from bio-derived monomers (such as Bio-PP or polylactic acid), and produced from
microorganisms (such as polyhydroxy-alkanoates) [21,29,36,37].

These materials are being designed to replace synthetic plastic materials with the goal
of achieving a minimal carbon footprint, high recycling value, or complete biodegradability
or compostability. Although not all bio-based polymers are inherently biodegradable, some
of them could exhibit antioxidant and antimicrobial activity and biocompatibility, among
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other positive effects [21,36,38]. Moreover, if these materials come from renewable waste
streams or biomass sources that are not competent with food and agricultural resources,
sustainable development is achieved by promoting a circular bioeconomy [14,21,36].

As previously mentioned, polymers for food packaging must be thermally stable,
flexible and have a good barrier to gases and chemicals, which will depend mainly on
the packaging matrix. However, most of the biopolymers used for food packaging have
been reported to have poor mechanical or barrier properties toward moisture and water
vapor compared to synthetic polymers [37,39]. Furthermore, while the technologies to
produce synthetic plastics are widely established, the technologies to produce bioplastics
lack comparable scalability and productivity. These factors have delayed the widening
applicability of biopolymers in food packaging [21,37].

The food packaging industry has been working on innovative solutions for improving
the barrier performance, mechanical strength, and thermal stability of the packaging and,
consequently, extending the food shelf life [31,40–42]. Among the strategies to improve the
characteristics of biodegradable polymers have been suggested: the use of nanotechnology
by the incorporation of nanofillers such as nanoparticles to modify or control the permeabil-
ity or the release of active ingredients or to provide antioxidant, antibacterial, antifungal or
antimicrobial properties [9,31,33,37,42–44]; the application of a surface treatment such as
coating using a good film-forming [41,45] or inducing a crosslinking [46]; and the blending
of biopolymers, which should be compatible [5,47].

Among the biopolymers most reported in the literature with a great potential to sub-
stitute synthetic polymers in the food packaging industry can be cited: starch, chitosan,
polylactic acid (PLA), and polyhydroxyalkanoates (PHA) [5,48,49]. PLA is the biopoly-
mer with the greatest potential to replace petroleum-based polymers (such as polystyrene
(PS) and polypropylene (PP)) in packaging applications due to its excellent barrier prop-
erties [38,39]. Oriented PLA (OPLA) showed to be a good film for tomatoes and other
breathable products because of the matching of the oxygen and carbon dioxide exchange
with the respiration rate of these products [27]. Table 1 summarizes some of the advantages
and limitations for the biopolymers more commonly used and reported in the literature.

Table 1. Advantages and limitations of biopolymers for food packaging applications.

Biopolymer Advantages Limitations Ref

Chitosan

• Availability
• Nontoxic
• Easy to form films
• Selectivity to carbon dioxide
• Oxygen permeability
• Antibacterial, antifungal, and

mechanical properties

• High sensitivity to water afecting
its mechanical stability [5,50]

Starch

• Low Price
• Zero toxicity
• High degradability
• Easy availability
• Already being commercialized

• Poor resistance to humidity
• Poor thermal processability
• Poor mechanical resistance
• It is not stable to heat

[51]

PLA

• The existing technology for the
manufacture of films can be used

• It has properties similar to polymers of
fossil origin (oxygen transfer; strength
and stability)

• Fragile [9,38]
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Table 1. Cont.

Biopolymer Advantages Limitations Ref

PHA

• Not toxic
• Insoluble in water
• Biodegradable/Biocompatible/Renewable
• Good UV resistance
• High tensile strength

• Cost of raw material when pure
glucose is used

• Low barrier properties
[9,44,52]

4. Films Preparation Techniques

Although biopolymers do not present the same performance for food packaging appli-
cations, another factor that has limited their widening application is that the current film
preparation techniques are not always suitable for these materials. Among the techniques
for synthetic polymers that have been tested for biopolymers is blown film extrusion.
This technique has undergone extensive industrial development for synthetic polymers.
However, it presents some limitations for biopolymers, as will be discussed below. Solution
casting is the most reported technique for biopolymer film preparation, although this
technique is difficult to implement on an industrial scale.

On the other hand, membrane preparation technology for separation processes is quite
developed. In this way, it is possible to take advantage of this area to design biopolymer-
based food packaging films. Non-solvent-induced phase inversion (NIPS) is a conventional
method for fabricating polymeric membranes, while electrospinning is an emergent tech-
nique. Both techniques could be used to prepare films for food packaging.

The blown-extrusion technique allows for the production of polymeric films of a vari-
ety of thicknesses on a large scale due to its low cost, continuity and simplicity of operation.
Multilayer films can also be produced by this technique. PLA films were successfully
produced by this technique by adding nanoparticles of MgO, which enhanced the film
plasticity [43]. Karkhanis et al. [53] prepared transparent PLA films containing cellulose
nanocrystals with high potential to be used for food packaging due to the enhanced barrier
performance obtained. Bilayer biodegradable films were also prepared by the co-extrusion
of PLA and Bio-flex® in blown-extruder equipment, showing that it is possible to obtain
multilayer films in a single step [54].

However, blown-extrusion processing requires a high melt viscosity resin, which
limits the application of other biopolymers different from PLA, and it is necessary to blend
the biopolymers with other polymers to improve their processability by modifying the
rheological properties of the blend [5,29,51].

Solution casting is the most popular technique to prepare biopolymeric films on a
laboratory scale because of its simplicity [5,51]. Besides, this technique allows for a better
crosslinking between two or more blended polymers [45]. However, this technique has a
high energy consumption for solvent evaporation (commonly, water), which has hindered
its expansion to an industrial scale [51]. Furthermore, the incorporation of nanoparticles
into the film is also limited due to the difficulties related to their uniform dispersion in the
film [5]. This could be overcome using tip sonication; this way, Manikandan, Pakshirajan
and Pugazhenthi [44] prepared PHA films with graphene nanoplatelets, which were uni-
formly distributed in the PHA matrix. On the other hand, Ochoa-Yepes et al. [55] reported
better mechanical and lower moisture content and water vapor permeability for the starch
films prepared by the extrusion/thermocompression process than the ones prepared by
solution casting.

The NIPS technique for the preparation of biodegradable films has recently proposed
by Liu et al. [56]. The authors prepared PLA films by NIPS for pork meat packaging to
extend the shelf life of the food. Although the authors used N-methylpyrrolidone as a
solvent, green solvents could be explored as an alternative to a sustainable film preparation.
NIPS is a technique widely used for polymeric membrane preparation. The membrane
industry is also looking for eco-friendly alternatives toward a sustainable membrane fabri-
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cation process. In this way, biopolymers and green solvents have been proposed [57,58].
On the other hand, electrospinning technology has been widely investigated for the fab-
rication of nanofibrous membranes for water treatment [59] and more recently for the
fabrication of food packaging materials [60]. PLA-based nanomaterials as well as active
and intelligent packaging materials have been fabricated for food packaging applications
by electrospinning with expected structures and enhanced barrier, mechanical, and thermal
properties [39].

5. Final Considerations

The food packaging film industry is directed towards sustainable development; for
this reason, it requires raw materials obtained from renewable or recycled sources, more
efficient and green production, and proper waste management.
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Abstract: Biotechnology is essential for developing profitable and productive techniques to obtain
metabolites. Two technologies can be used: solid or liquid fermentation and enzymatic treatments. In
this context, the objective of this work was to evaluate the use of rice husk, a lignocellulosic material,
to obtain bioactive compounds by lignin oxidative transformation and demethoxylation, respectively,
through enzymatic treatments of P. chrysosporium and G. trabeum. In the first step, solid fermentation
was used to obtain the enzyme Lig. Peroxidase and methoxyl hydrolase were quantified as 80 UE
and 50 UE, respectively. This enzyme concentrate was lyophilized and used to prepare an enzymatic
consortium (240 UE LigP and 150 UE metH) applied in the second phase of enzymatic treatment. The
overall process involved 20 days in the solid fermentation step and 2 h for the enzymatic treatment.
The obtained products were characterized by having veratryl alcohol and veratryl aldehyde at
contents of 70.4 ± 0.1 and 23.3 ± 0.3 mg/g, respectively. Moreover, the analyzed products did not
show cytotoxicity but revealed antioxidant and bacteriostatic activities. No anti-inflammatory activity
was detected. In the context of circular economy, the obtained results pointed out the use of combined
solid fermentation and enzymatic treatment as a viable strategy to valorize rice husk. The applications
of these bioactive compounds presenting bactericidal and bacteriostatic activity and not showing
toxicity are very common in medicine, agriculture, and environmental health, among others, and
can be incorporated both in free systems and immobilized in spheres, capsules or biopolymer films,
which is an important input for obtaining functionalized materials that are in high demand today.

Keywords: solid fermentation; enzymatic treatment; bioactive phenolic compounds

1. Introduction

Fungi represent a good substrate transformation tool, such as rice husk residues,
which use cellulose, polyphenols, and hemicelluloses as nutrients for their metabolic
growth and development. The substrates used are transformed to obtain compounds
with properties due to the biological actions of some of their metabolites. Antioxidant,
hypocholesterolemic, hypoglycemic, antibacterial, immunomodulatory, anticancer, and
regulatory effects of the cardiovascular and antiviral system have been described [1], the
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last three being the most relevant. These properties have been attributed to polysaccharides
and triterpenoidal compounds, secondary metabolites of some fungi. Many of these
compounds are currently being used to produce commercial medicines [2]. However,
preliminary research on basidiomycetes, specifically on Shiitake, has shown that these
compounds’ proportions vary with the fungus’s stage and the medium in which it is grown.
These skills are presented for fungi such as Lentinula edodes (Shitake), Pleurotus, Trametes,
and Phanaerochaetes.

It is known that both mycelium and depleted media, as well as different extracts ex-
hibit antibacterial properties, with different effectiveness against Gram-positive compared
to Gram-negative bacteria, as is the case for activity against pathogens such as Bacillus
megaterium, Streptococcus pyogenes, and Staphylococcus aureus).

Not only intrametabolites present these actions since an exopolymer, a glycoprotein,
isolated from Shiitake, when administered in a dose of 200 mg/kg body weight, reduces
the plasma level of total cholesterol by 25.1%, while the triglyceride level drops by 44.5%.

Among the compounds that can be obtained are β-glucans, which are non-cellulosic
polysaccharides consisting of glucose units linked by glycosidic bonds and with β-1-3 or
β-1-6 branches. They are isolated mainly from the fungal cell wall but can also be excreted
into the environment. They have immunostimulatory and anticancer activities, and anti-
infective, hypocholesterolemic, hypoglycemic, anti-inflammatory, and analgesic properties.

Polyketides are a diverse family of natural products with various pharmacological
activities and properties, including antibiotic, antifungal, cytostatic, hypocholesterolemic,
antiparasitic, and animal growth and insecticide promotion. Within polyketides statins,
polyketides are not aromatic, which was shown to inhibit cholesterol synthesis since they
are inhibitors of 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMG-CoA), the first
enzyme involved in cholesterol biosynthesis.

In addition to the constitutive compounds present in their growth, fungi have the
property of transforming the polyphenols present in the substrate where they grow (ligno-
cellulosic substrates), obtaining functional phenolic units from that catabolism.

These structures derived from complex polyphenols are a source of few natural phe-
nolic aromatic structures. Polyphenols produced by fungi can be depolymerized and
oxidized by acquiring new functional groups, such as aldehydes and acids, with various
uses. Today, some fungi have very specific activities, such as hydrolyzing the methoxyl
of thephenolic ring in position 3 and position 5, which allows for the ability to obtain
a greater quantity of building block-type products to re-engineer products. Within the
activities of these phenols, the germicidal activity of some fungi and bacteria can allow for
the development of products such as polyurethanes with germicidal activity and phenolic
extracts of fungicidal activity.

In the present work, phenolic extracts from rice husk production as a renewable
substrate were investigated using a combined system of solid fermentation and enzymatic
treatment that allows functional compounds (FC) to be obtained in a standardized way,
with the aim of a future scale-up.

2. Materials and Methods

2.1. Rice husk Samples

The rice (Oryza sativa, Olimar and Gurí) husk was provided by the Uruguayan rice
company COOPAR S.A., Lascano, Rocha Departament 15, 27300.

2.2. Strains Obtainment

Phanerochaete chrysosporium and Gloeophyllum trabeum strains were obtained from
the TNA Laboratory in Biochemistry and Biotechnology of CIN, Faculty of Sciences of
the University of the Republic, Uruguay. They were kept in potato dextrose agar (PDA)
medium and incubated at 22 ± 2 ◦C for 5–8 days. For liquid fermentation, GPEL broth
(glucose (20 g/L), extract of yeast (2.5 g/L), peptone (2.5 g/L)) adjusted to a pH of 4.5 with
0.1 N HCL and 0.1 N NaOH was used.
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2.3. Strain Obtainment
2.3.1. Inoculation and Fermentation

For the pre-inoculum preparation, 200 mL of GPEL broth was poured into 500 mL
flasks and then inoculated with 4 mm paper discs obtained from PDA boxes previously
invaded with the prepared mycelium. The incubation occurred under orbital stirring
(100 rpm) at 28 ◦C for ten days. Some pellets were taken and weighed from pure cultures
that were not contaminated.

The preparation of the semisolid fermentation (FSS) was carried out using fermentation
trays containing 5 kg of pasteurized rice husk with a moisture content of 50%, to which 0.5 L
of fresh pre-inoculum broth was added, using the prepared pellets with fungal growth. The
incubation conditions were set at a temperature between 20 and 30 ◦C. The fermentation
time frame was 20 days.

Samples (10 g) were taken every three days and leached with sterile water. Three
replications were made for each sample. The samples were filtered under vacuum to
separate the spent medium from the mycelium, which was subsequently weighed and
frozen at −18 ◦C for subsequent lyophilization. Samples were stored and refrigerated in
sterile bags until further chemical analysis.

2.3.2. Production of Enzymes

One hundred and fifty milliliters of medium was prepared with 10 g/L of glucose,
0.2 g/L of yeast extract, 0.5 g/L of ammonium tartrate, and 1 mL of Kirk’s salts, at pH
5. The medium was sterilized for 15 min at 121 ◦C and inoculated with 5 mL of growth
medium with each fungus. Each culture was maintained at 37 ◦C for 6 days, and the
supernatant was analyzed for enzyme activity.

2.3.3. Analysis of Enzymatic Activity

In the culture supernatant, enzymatic activity assays were performed. The samples
were analyzed in triplicate. A Shimadzu spectrophotometer (model UV-1800) was used to
determine the following: (a) Lig. Peroxidase: This activity was determined by the Tien and
Kirk Method. [3]. A 0.01 M of veratryl alcohol was used as a substrate in sodium tartrate
buffer (0.1 M, pH 3.0). The reaction was initiated by adding 4 mM H2O2 and monitored
by measuring the increase in absorbance at 310 nm that corresponds to veratraldehyde;
(b) Methoxyl Hydrolase: The measurement method was applied on a methoxylated model
compound. The reaction was followed by spectrophotometric measurements and the deter-
mination of the change in the spectrum. Two milliliters of 3,4,5-trimethoxybenzaldehyde
0.1 M, pH 4, was taken and incubated with 0.1 mL of the growth fungi supernatant at 30 ◦C.
The decrease in the substrate was measured by UV spectrophotometry.

2.3.4. Production of Functional Compounds from Lignin

The production of the FC units was carried out in a semi-solid fermentation system for
20 days in a controlled chamber. The rice husk (25 kg) was inoculated with the propagated
fungi Phanerochaete chrysosporium and Gloeophyllum trabeum previously tested for
enzyme production capacity. The semi-solid fermentation process was performed in an
open vessel without stirring. inside a controlled oven (humidity: 60–70%; temperature:
20–30 ◦C; pH 5–6). The activity of the inoculated fungi was controlled by measuring the
enzymatic activity in the material of semi-solid fermentation. For this, 2 g of inoculated
rice husk was taken and suspended in 10 mL of water. After 1 h, the enzymatic activity
was determined in the liquid: lignin peroxidase at an average of 80 EU/mL and methoxyl
hydrolase at an average of 50 UE/mL. Twenty days after enzymatic action, a volume
equal to that occupied by the solid material was decanted for 2 h and centrifuged, and the
supernatant was analyzed by UV spectrophotometry, which was also used to determine
the units of FC (veratryl alcohol and veratryl aldehyde). The samples were analyzed in
triplicate. The equipment used was a spectrophotometer of the Shimadzu brand (model
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UV-1800). The FC extracts were lyophilized in a Biobase BK-FD10S vacuum freeze dryer
and stored at 4 ◦C.

2.3.5. Enzymatic Process

From the analyzed samples, it was possible to determine the enzymatic activity in
the extracts of both Lig peroxidase and methoxyl hydrolase enzymes. The extracts were
lyophilized, and an enzymatic consortium was formulated in an aqueous medium with
0.2 M citrate buffer, pH 4.5, containing the following enzymatic constitution: 240 UE/mg
Lig peroxidase and 150 UE/mg methoxy hydrolase. This enzymatic solution was the
medium in which the residual lignocellulosic of the FSS was added in a proportion of 100 g
of the solid substrate (40% moisture) in 200 mL of medium. This procedure was performed
in shaker shaking at 30 ◦C for 2 h. After the oxidative depolymerization and hydrolysis of
the methoxy groups by the acting enzymes, the material was filtered, and the supernatant
liquid was stored at −18 ◦C for subsequent characterization analysis.

2.4. Characterization of the Obtained Product
2.4.1. Phenolic Compound Profile

The lyophilized extract was redissolved in ethanol/water (80:20, v/v), to determine the
phenolic compounds profiles by chromatographic analysis using a Dionex Ultimate 3000
UPLC (Thermo Scientific, San Jose, CA, USA), following the protocol previously described
by Bessada, Barreira, Barros, Ferreira, & Oliveira, (2016) [4]. Detection was carried out
using a diode array detector (DAD) using the preferred wavelengths of 280 nm and 370 nm.
Data acquisition was carried out using the Xcalibur® data system (Thermo Finnigan, San
Jose, CA, USA). The identification was performed with the available standard compounds
and by using literature information regarding the fragmentation pattern. Quantification
was performed using seven-level calibration curves obtained from commercial standard
compounds. The results were expressed in mg per g of extract.

2.4.2. Antioxidant Activity

Two cell-based assays were performed to evaluate the in vitro antioxidant activity of
the samples. Trolox (Sigma-Aldrich, St. Louis, MO, USA) was the positive control used
in both assays. The thiobarbituric acid reactive substances (TBARS) formation inhibition
capacity of the extract was evaluated using porcine brain cell homogenates following
the in vitro assay previously described by [5]. The results were expressed as EC50 values
(μg/mL), i.e., extract concentration providing 50% of antioxidant activity. The antihemolytic
activity of the extracts was evaluated using sheep erythrocytes by OxHLIA assay, as
previously described by [6]. The results were given as IC50 values (μg/mL) for the Δt of 60
and 120 min, i.e., extract concentration required to keep 50% of the erythrocyte population
intact for 60 and 120 min.

The cytotoxic activity was evaluated using four human tumor cell lines, namely MCF-7
(breast adenocarcinoma), NCI-H460 (non-small cell lung cancer), HeLa (cervical carcinoma),
and HepG2 (hepatocellular carcinoma). All cell lines were commercially acquired from
DSMZ (Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkul-
turen GmbH) and routinely maintained with RPMI-1690 medium enriched with 10% fetal
bovine serum, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL).
The cells were incubated under a humidified atmosphere at 37 ◦C and 5% CO2, and were
only used when they reached 80 to 90% confluence. A primary culture of non-tumor cells
was also tested from a freshly harvested porcine liver (PLP2) and established according to
the previously described [7]. The studied extracts were re-dissolved in water (8 mg/mL)
and further diluted to obtain the range of concentrations to be tested (0.125–8 mg/mL). An
aliquot (10 μL) of the extract’s different concentrations was incubated for 48 h with the
different tested cell lines (190 μL, 10,000 cells/mL). The cytotoxic potential was analyzed
using the sulforhodamine B colorimetric assay and according to the procedure previously
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described [8]. Ellipticine was used as a positive control, and the results were expressed as
extract concentration that causes 50% inhibition of cell proliferation (GI50 values).

2.4.3. Anti-Inflammatory Activity

The evaluation of the anti-inflammatory activity was performed determining the
capacity of the extracts to inhibit the lipopolysaccharide (LPS)-induced nitric oxide (NO)
production in a murine macrophage cell line (RAW 264.7). The extracts were re-dissolved
and further diluted following the previously described (Section 2.4.2.). The procedure was
performed according to what was previously described [9]. Dexamethasone corticosteroid
(50 mM) was used as positive control, and cells with and without LPS were considered neg-
ative controls. The obtained results were expressed in IC50 values (μg/mL), corresponding
to the concentration of the extracts responsible for 50% of NO production inhibition.

2.4.4. Antibacterial Activity

The antimicrobial activity was evaluated using six Gram-negative bacteria: Escherichia
coli, Escherichia coli ESBL, Klebsiella pneumoniae, Klebsiella pneumoniae ESBL, Mor-
ganella morganii, and Pseudomonas aeruginosa; and four Gram-positive bacteria: Ente-
rococcus faecalis, Listeria monocytogenes, MRSA (Methicillin resistant Staphylococcus
aureus), and MSSA (methicillin susceptible Staphylococcus aureus). The clinical isolates
were obtained from patients hospitalized in various departments at the North-eastern
local health unit (Bragança, Portugal) and Hospital Center of Trás-os-Montes and Alto
Douro (Vila Real, Portugal). To maintain the exponential growth phase, all microorganisms
were incubated at 37 ◦C in an appropriate fresh medium for 24 h before analysis. The
extracts were redissolved in water (100 mg/mL) and further diluted to obtain a range
of seven concentrations below the stock solution to determine the antibacterial activity.
The minimal inhibitory concentration (MIC) determination was conducted using a colori-
metric assay using p-iodonitrotetrazolium chloride according to a previously described
procedure [10]. Two negative controls were prepared, one with Mueller-Hinton Broth
(MHB). Two positive controls were prepared with MHB; each contained inoculum, but one
contained the medium, antibiotic, and bacteria for Gram-negative bacteria. Ampicillin and
imipenem were used as positive controls, while ampicillin and vancomycin were used for
Gram-positive bacteria.

To determine the MBC (Minimum Bactericidal Concentration), 10 μL of liquid from
each well that showed no change in color was plated on a solid medium, Blood agar
(7% sheep blood), and incubated at 37 ◦C for 24 h. The lowest concentration that yielded
no growth was the MBC. The MBC is defined as the lowest concentration required to
kill bacteria.

2.5. Statistical Analysis

The experiments were carried out in triplicate, and the results were expressed as mean
± standard deviation. SPSS Statistics software (IBM SPSS Statistics for Windows, Version
22.0. Armonk, NY, USA: IBM Corp.) was used to assess significant differences (p < 0.05)
among samples by applying a two-tailed paired Student’s t-test at a 5% significance level.

3. Results and Discussion

3.1. Protein and Phenolic Compounds Yield

Protein concentrations of 1.2 mg/mL was obtained in the filtrates of enzyme produc-
tion by mixed cultures of G. trabeum and P. chrysosporium. The enzymatic activities obtained
are shown in Table 1. Enzymatic activity of lignin peroxidase and methoxyl hydrolase was
determined, being higher for lignin peroxidase.
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Table 1. Enzymatic activity obtained in the liquid system of Gloeophyllum trabeum and Phanerochaete
chrysosporium.

Enzyme G. trabeum (UE/mL) P. chrysosporium (UE/mg)

Lignin peroxidase 80 50
Methoxyl hydrolase 50 31

Solid fermentation (SF) was carried out on 500 g of rice husk, with an enzymatic
extract of 80 UE/mL, and 50 UE/mL with a specific activity of 50 y 30 UE/mg of proteins.
Particularly, 50 g of rice husk in SSF was lixiviated with 200 mL of water, and 200 mL of
aqueous extract equivalent to 6.5 g FC (determined after the lyophilization) was obtained.
The performance of the process reveals that from 100 g of lignocellulosic material 56 g of
material at the end of the transformation was obtained. The other 44 g were solubilized
and depolymerized to obtain the phenols extract, 12% of the rice husk, and 85% of the rice
husk lignin content (14%). The products of the rice husk treatment were lyophilized and
characterized to identify and quantify the compounds present in the mixture (mg/g extract).

The biotransformation yields have been very interesting from the point of view of
the % of the oligomers solubilized in lignin since 45% of oligomers and soluble monomers
were obtained at pH 7. This fraction represents the modification obtained in the combined
solid fermentation process followed by an enzymatic transformation that allows for shorter
treatment times. In solid fermentation processes, only 40% can be obtained in 60 days,
while the time could be shortened to 20 days in this new stage procedure.

3.2. Phenolic Compounds Profile

Two organic compounds were found in the studied samples of rice husk (Table 2),
which were identified by comparing their retention time and maximum spectra with
two available standard compounds, namely veratryl alcohol (peak 1) and veratryl aldehyde
(peak 2), that have identified in rice husk samples [11–13].

Table 2. Retention time (Rt), wavelengths of maximum absorption in the visible region (λmax),
tentative identification, and quantification (mg/g extract) of the organic compounds present in rice
husk (mean ± SD).

Peak Rt (min) λmax (nm) Identification Quantification (mg/g Extract)

1 11.46 276 Veratryl alcohol 70.4 ± 0.1
2 21.77 278/sh309 Veratryl aldehyde 23.3 ± 0.3
- - - Total 93.7 ± 0.2

Standard calibration curves: veratryl alcohol (y = 51,266x + 414,240, R2 = 0.999) and veratryl aldehyde (y = 43,916x
+ 305,634, R2 = 0.999).

3.3. Bioactive Properties

The antioxidant activity was measured in vitro using two cell-based bioassays, namely
TBARS and OxHLIA, which assess the extracts’ ability to inhibit the formation of thio-
barbituric acid reactive substances (TBARS), such as malondialdehyde (MDA), which
results from the degradation of lipid peroxidation products (TBARS assay), and to protect
the erythrocyte membranes from oxidative hemolysis initially induced by 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (AAPH)-derived free radicals (OxHLIA assay),
respectively. The results obtained with these assays are shown in Table 3, where the extract
concentration required to provide 50% of antioxidant activity via TBARS formation inhibi-
tion or to keep 50% of the erythrocyte population intact for 60 and 120 min is presented.
Thus, the lower the extract concentration (EC50 or IC50), the greater its antioxidant activity.
Furthermore, when measuring the antioxidant activity of natural extracts, some antioxi-
dants may react more quickly and become depleted in the system, while others may offer
prolonged antioxidant protection. The OxHLIA bioassay thus allowed for a distinction to
be made between short-term (60 min Δt) and long-term (120 min Δt) antioxidant protection.
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The rice husk extract yielded an EC50 value of 804 μg/mL in the TBARS bioassay, and IC50
values of 136 and 341 μg/mL in OxHLIA for Δt of 60 and 120 min, respectively (Table 3).
These values are higher than Trolox’s, but while this synthetic analog of α-tocopherol
is a pure antioxidant, the rice husk extract is a complex mixture of various compounds,
including non-active constituents. In general, it appeared that the extract performed better
in the OxHLIA bioassay than in the TBARS, as the result was closer to the positive control.

Table 3. Antioxidant, anti-inflammatory, and cytotoxic activities of rice husk extract and positive
control (mean ± SD).

Rice Husk Positive Control

Antioxidant activity Trolox
TBARS inhibition (EC50, μg/mL) 804 ± 39 5.8 ± 0.6

OxHLIA (IC50, μg/mL) 60 min Δt 136 ± 5 19 ± 2
120 min Δt 341 ± 17 41 ± 2

Anti-inflammatory activity Dexamethasone
NO production inhibition (EC50, μg/mL) >400 16 ± 1

Cytotoxicity (GI50, μg/mL) Ellipticine
MCF-7 (breast carcinoma) 310 ± 6 0.91 ± 0.04

NCI-H460 (non-small cell lung carcinoma) >400 1.03 ± 0.09
HeLa (cervical carcinoma) >400 1.91 ± 0.06

HepG2 (hepatocellular carcinoma) 239 ± 3 1.1 ± 0.2
PLP2 (non-tumor porcine liver primary cells) >400 3.2 ± 0.7

Anti-inflammatory activity (IC50 values,
μg/mL)

RAW 264.7 (murine macrophage) >400 16 ± 1
Statistical differences (p < 0.05) between extract and positive control were found using a two-tailed paired Student’s
t-test.

The antiproliferative capacity of rice husk extract was tested against several cell lines.
The obtained results are presented in Table 3 as the extract concentration required to inhibit
the cell proliferation in 50% (GI50 values). The selection of the tested tumor cell lines was
based on the higher incidence associated with those types of cancer. The studied extract
only demonstrates the capacity to inhibit the proliferation of MCF-7 and HepG2 cell lines.
The highest susceptibility was observed for the HepG2 cell line, exhibiting the lowest GI50
values (GI50 = 293 μg/mL). No activity was observed for the remaining tumor cell lines
tested (NCI-H460, HeLa) as they showed GI50 values higher than the highest concentration
tested (GI50 > 400 μg/mL). No cytotoxicity was observed regarding the primary culture of
non-tumor cells (GI50 > 400 μg/mL), highlighting the security associated with the studied
agro-waste material.

Similar results were described by Gao and co-workers [11], having demonstrated the
antiproliferative potential of rice musk for the HepG2 cell line. The cytotoxic potential of
this agro-waste material is scarcely studied. Most of those studies evaluated the cytotoxic
properties of peptides obtained from rice husk. The highest cytotoxic power was described
for samples with the highest hydrolyzed protein content. The authors considered that
the presence of glutamic acid and proline are the main ones responsible for the reported
activity [12]. Further studies are needed to understand the compounds responsible for the
demonstrated potential and the mechanisms involved.

The anti-inflammatory potential of rice husk extract was assessed through the NO
inhibition production by the LPS-stimulated murine macrophage cells (RAW 246.7). The
extract concentration with the capacity to inhibit in 50% de NO production (IC50 values) is
exhibited in Table 3. No activity was observed with the cell-based assay used at the tested
concentrations (between 400 and 6.25 μg/mL). The extract does not exhibit a capacity to
inhibit the NO production with GI50 values >400 μg/mL.

The phenolic compounds identified in rice samples, namely ferulic acid and quercetin,
are described as potent anti-inflammatories [13]. Also, studies with rice bran describe their
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components as having anti-inflammatory potential [14]. Although the activity has not
been demonstrated, its study is very scarce, and it would be interesting to use assays that
evaluate other mechanisms involved in the inflammatory process.

The antioxidant activity of rice husk subjected to solid-state fermentation with dif-
ferent strains of Pleurotus sapidus was previously evaluated by Pinela et al. (2020) [15]
using the same bioassays. With OxHLIA, the authors reached higher IC50 values (179 and
259 μg/mL for 60 min Δt when using monokaryotic and dikaryotic strains, respectively)
than in the present work. Curiously, the residual or spent mushroom substrate obtained
after the fructification of the dikaryotic strain had a lower IC50 value (83 μg/mL). Still,
the antihemolytic activity of unfermented rice husk (IC50 of 42.8 μg/mL for 60 min Δt)
was higher than that of fermented samples. For TBARS, both unfermented and monokary-
otic strain-fermented samples presented the same result (~155 μg/mL), which are much
higher what was observed in the present work (Table 1) in the spent mushroom substrate
(317 μg/mL). In general, the authors concluded that the fermentation process decreased
the antioxidant activity, and the content of phenolic compounds (mainly phenolic acids).

Regarding the results obtained for antibacterial activity (Table 4), the extract of rice
husk presented the capacity to inhibit the growth of all tested bacteria in a range of 20 to
5 mg/mL. Methicillin-resistant Staphylococcus aureus was the microorganisms with better
antimicrobial results in a MIC of 5 mg/mL. These results were expected because Staphylococ-
cus aureus is a Gram-positive bacteria and was more sensitive than Gram-negative bacteria
due to differences in the chemical and physical properties of the cell wall. Moreover, the
presence of sugar parts of lignin can interact with the peptidoglycan of the cell membrane
of bacteria. The results obtained are in accordance with Tran et al., 2021 [16], who focused
their study on the sustainably rice-husk-extracted lignin, nano-lignin (n-Lignin), lignin-
capped silver nanoparticles (LCSNs), n-Lignin-capped silver nanoparticles (n-LCSNs), and
lignin-capped silica-silver nanoparticles (LCSSNs), using them for antibacterial activities.
The results showed that the antimicrobial activity of all compounds was better against
Gram-positive bacteria, S. aureus, than against Gram-negative bacteria, E. coli.

Table 4. Antibacterial activity (MIC and MBC values mg/mL) of rice husk (mean ± SD).

Rice Husk Ampicillin Imipenem Vancomycin

MIC MBC MIC MBC MIC MBC MIC MBC

Gram-negative bacteria
Escherichia coli 10 >20 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.

Klebsiella pneumoniae 10 >20 10 20 <0.0078 <0.0078 n.t. n.t.
Morganella morganii 10 >20 20 >20 <0.0078 <0.0078 n.t. n.t.

Proteus mirabilis 20 >20 <015 <0.15 <0.0078 <0.0078 n.t. n.t.
Pseudomonas aeruginosa 10 >20 >20 >20 0.5 1 n.t. n.t.

Gram-positive bacteria
Enterococcus faecalis 10 >20 <0.15 <0.15 n.t. n.t. <0.0078 <0.0078

Listeria monocytogenes 10 >20 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.
MRSA 5 >20 <0.15 <0.15 n.t. n.t. 0.25 0.5

MIC and MBC correspond to the minimal sample concentration inhibiting the bacterial growth or killing the
original inoculum. n.t.—Not tested.

The tested sample presented a bacteriostatic effect but not bactericidal.

4. Conclusions

From the tests carried out, it can be concluded that using an FSS process for rice
residues can be an important management and recovery solution for rice husk that can
provide circularity to the processes, obtaining products of great added value for bioremedi-
ation. On the other hand, the extraction of the enzymes produced by the microorganisms
allows for their use in a second liquid process where compounds such as veratraldehyde
and veratrylic alcohol are obtained with bacteriostatic properties with an interesting activ-
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ity for Gram-negative bacteria, such as Escherichia coli, Klebsiella pneumonia, Pseudomonas
aeruginosa, Proteus mirabilis, and Morganella morganii, and Gram-positive bacteria, such
as Enterococcus faecalis and Listeria monocytogenes. The use of veratraldehyde alcohol and
veratrylic aldehyde in the obtained extracts marks an interesting application for materials
to be functionalized with germicidal properties, such as food containers and clothing and
sanitary accessories. In future works, the encapsulation of the extracts for their controlled
release and incorporation into different matrices for different applications will be studied.
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Abstract: The increasing global consumption of conventional plastics has led to significant environ-
mental challenges due to their resistance to degradation and dependency on petroleum, a volatile
resource. In this context, polylactic acid (PLA) has emerged as a promising biopolymer alternative,
offering excellent physical and mechanical properties while being derived from renewable resources.
The synthesis of PLA involves the production of lactide, a crucial cyclic monomer. This study focuses
on lactide synthesis using zinc oxide (ZnO) nanoparticles as catalysts. The synthesis process consists
of three stages: the dehydration of lactic acid, oligomerization to obtain a PLA oligomer, and depoly-
merization with simultaneous distillation to produce lactide. The ZnO nanoparticle catalyst proved
to be highly efficient in regulating the molecular weight of the oligomer during depolymerization,
which directly impacts the molecular weight of the PLA. The lactide purification using ethyl acetate
resulted in an average purity of 90.0 ± 1.79%, demonstrating the effectiveness of the purification
process. The quantification of lactide through high-performance liquid chromatography (HPLC)
showed excellent linearities, allowing for the accurate determination of lactide content. The lactide
synthesis yielded 77–80%, and the stability of the synthesized lactide was confirmed through a second
purity determination after four months, with only a 1.7% loss in lactide content. Overall, this study
showcases the feasibility of lactide synthesis using ZnO nanoparticles as catalysts and contributes
valuable insights into producing high-quality lactides for PLA manufacturing.

Keywords: lactide synthesis; zinc oxide nanoparticle; polylactic acid

1. Introduction

The global consumption of conventional plastics has witnessed a steady rise alongside
improvements in quality of life. Unfortunately, these plastics pose significant environmental
challenges, accumulating in landfills and oceans worldwide due to their resistance to
environmental and biological degradation [1]. Furthermore, concerns over the volatile costs
of petroleum, the primary precursor of conventional plastics, have added to the urgency
of finding sustainable alternatives [2]. As a result, extensive research efforts have been
directed towards exploring renewable and biodegradable sources of plastics [1].

Among the various alternatives, polylactic acid (PLA) has emerged as a promising
biopolymer, garnering significant interest in recent years. PLA exhibits excellent physical
and mechanical properties and can be processed using existing machinery with only minor
adjustments [3].

Using lactide as a biopolymer offers significant environmental benefits due to its
renewable and biodegradable nature. Unlike conventional plastics derived from petroleum,
PLA is produced from renewable resources, which reduces dependency on fossil fuels
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and mitigates the environmental impact of plastic production. Additionally, PLA exhibits
superior biodegradability, breaking down into harmless natural compounds over time,
thus minimizing plastic waste accumulation and its adverse effects on ecosystems.

The most widely employed method for industrial PLA production is ring-opening
polymerization (ROP), a process that involves the propagation of cyclic monomers initiated
by various ions [4] and applied to olefins. Lactide, the intermediate cyclic monomer in the
PLA production process, holds particular significance [5,6].

The synthesis of lactide typically begins with the distillation of lactic acid, followed by
its oligomerization, wherein heating lactic acid at high temperatures leads to the release of
condensed water. Subsequently, some of the resulting oligomers with specific molecular
weights undergo depolymerization to yield lactide [7–9].

However, lactide synthesis via ROP is known for its high cost and low yield [9].
Therefore, researchers have focused on exploring the most suitable catalytic systems and
optimal reaction conditions to enhance the overall yield and properties of synthesized
PLA [4,6].

In this context, homogeneous tin-based catalysts have been widely studied for their
role in increasing the molecular weight of the oligomer, thus impeding its depolymerization
to lactide. Conversely, ZnO nanoparticle catalysts have shown promise in this stage of the
process [10,11]. ZnO effectively maintains the depolymerization equilibrium necessary for
lactide production by regulating the molecular weight of the oligomer [10]. The molecular
weight of the oligomer significantly impacts the molecular weight of the resulting PLA, as
reduced mobility affects the occurrence of the “back-biting” reaction [12].

In this work, we present the synthesis of lactide through ROP catalyzed with ZnO
nanoparticles, starting from a solution of commercial lactic acid. We assess the efficiency of
this process by determining the production and conversion yield while also measuring the
purity of the lactide using HPLC and its thermal properties through DSC-TGA analysis.
Herein, we provide a comprehensive account of our observations and discuss the obtained
results.

2. Materials and Methods

2.1. Materials

L-lactic acid was procured from Mater Food, Paraguay, with a monomer concentration
of 88.2% in water. ZnO nanoparticles were obtained from US Research Nano-materials Inc.,
Houston, TX, USA, as an aqueous dispersion of Nano-ZnO, 30–40 nm, with a concentration
of 20 wt% in water. Ethyl acetate (analytical-grade organic solvent) was used for lactide
purification. Chromatographic-grade acetonitrile and water (Merck) were utilized for
lactide quantification. All chemicals were used directly without further purification.

2.2. Lactide Synthesis

Lactide synthesis was carried out using ZnO nanoparticle dispersion (30–40 nm,
20 wt%) as a highly efficient catalyst at a load ratio of 0.6 wt%, following the method
reported by Hu et al. [10].

The process consists of three stages, each with specific conditions: the dehydration of
lactic acid, oligomerization to obtain a PLA oligomer, and depolymerization with simulta-
neous lactide distillation. The process was performed in triplicate.

The lactide synthesis was conducted using a laboratory-scale system, as depicted in
Figure 1.

Initially, an aqueous solution of the commercial lactic acid (250 g) and Nano-ZnO
catalyst (20 wt%) at a load ratio of 0.6 wt% was introduced into a round-bottom flask. The
temperature was raised to 80 °C using a thermal oil bath, and a vacuum pump decreased
the pressure down to 60 kPa, as optimized by Hu et al. [10]. Dehydration proceeded until
no more water was expelled from the solution.
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Figure 1. Scheme for the dehydration process.

For the oligomerization of lactic acid, it was important to avoid excessively high
molecular weight, as this would hinder the subsequent formation of lactide. Therefore,
the temperature was gradually increased to 150 °C, while the pressure was reduced to
10 kPa. During this step, water was produced by the formation of ester bonds between the
hydroxyl and carboxyl groups and had to be removed [7]. To achieve this, the conditions
were maintained for three hours or until no further water condensed in the double-neck
flask. The product obtained at this stage was the PLA oligomer, characterized by a lower
molecular weight due to the fewer repeating units in the chain [13].

After completing the oligomerization, the subsequent stage was undertaken, using the
same setup, but without the condenser. To depolymerize the oligomer and obtain lactide,
the pressure was gradually reduced to 3 kPa, and the temperature was raised to 220 ºC. This
allowed the removal of lactide from the reaction system through distillation [10]. Lactide
was collected in a round-bottom flask submerged in an ice bath for rapid solidification. The
process continued until no more product was obtained from the heated flask.

2.3. Lactide Purification

To ensure the suitability of lactide for PLA production, it is essential to remove any
residual acid and water. Recrystallization in an appropriate solvent is an effective purifica-
tion method, with ethyl acetate demonstrating excellent capability for this purpose [10,14].

The recrystallization process followed the conditions reported by Hu et al. [10] and
Sanglard et al. [14]. The crude lactide was dissolved in ethyl acetate (1:1.5 w/v) and stirred
at 80–90 °C for 10 min. The hot solution was filtered to remove any undissolved impurities
and the filtrate was then cooled to room temperature and subsequently to 4 °C for lactide
recrystallization. The resulting crystals were collected using vacuum suction and dried in a
vacuum oven at 40 °C to complete the purification process.

To account for any potential lactide loss during recrystallization, three batches of
purified lactide were re-purified together in ethyl acetate. This approach ensured a unified
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lactide purity level and facilitated a comparison of yields for each recrystallization process.
The recrystallization yield was calculated using Equation (1).

ηrecry =
Crude lactide [g]

Purified lactide [g]
× 100 (1)

2.4. Lactide Quantification

The quantity of lactide produced was determined through dry-weight measurement,
accounting for the conversion yield of lactic acid into lactide (Equation (2)) and the produc-
tion yield (Equation (3)). The theoretical production of lactide was calculated based on the
actual lactic acid content in the solution.

ηconv =
Lactide [g]

Lactic acid [g]
× 100 (2)

ηprod =
Actual lactide production [g]

Theoretical lactide production [g]
× 100 (3)

2.5. Lactide Characterization

For the determination of purity, a quantitative HPLC method was employed, ana-
lyzing the lactide content using a standard calibration curve prepared in the range of
25–125 μg/mL.

The quantification was performed using Shimadzu LC-20A HPLC equipment, with a
low-pressure quaternary pump, an autosampler in which 25 μL of the sample is injected,
and an Octadecylsilane (C18) column measuring 25 cm × 4 mm internal diameter ×
5 microns of padding.

The mobile phase consisted of a 2:8 (v/v) mixture of acetonitrile and water, with a flow
rate of 0.8 mL/min. The detector wavelength was set at 250 nm, and the oven temperature
was maintained at 30 °C. Lactide samples (0.1 g) were dissolved in anhydrous alcohol in
25 mL flasks, followed by shaking and filtration. The resulting filtrate was used for HPLC
analysis.

The quantification method was based on the work of Feng et al. [15], who developed
an innovative method for lactide quantification using hydrolytic kinetics. To assess the
stability of the synthesized lactide, a second determination was performed.

Thermal analysis of the synthesized lactide was conducted using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). A sample of the synthesized
lactide (5 mg) was analyzed using a NETZSCH STA 449 F3 Jupiter simultaneous thermal
analyzer (Selb, Germany), with a heating rate of 15 °C/min from 25 °C to 410 °C under a
nitrogen atmosphere with a flow rate of 50 mL/min.

3. Results

3.1. Lactide Purification

Lactide synthesis was performed in triplicate, and Figure 2 shows the appearance
of the crude synthesized lactide, while Figure 3 displays the recrystallized lactide after
purification.

From the figure, we can see that the purification of lactide produces the formation of
white and homogeneous crystals.
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Figure 2. Crude synthesized lactide.

Figure 3. Recrystallized lactide.

3.2. Lactide Quantification

The results of the lactide synthesis and subsequent purification yields are summarized
in Table 1.

Table 1. Yields in the synthesis and purification of lactide.

Run Number ηconv ηprod η1
recry η2

recry

1 68.71 77.91 54.51
2 67.75 76.70 47.63 36.59
3 71.04 79.55 57.40

The maximum conversion of concentrated lactic acid to lactide was 71.04%, which
is in agreement with the value reported by Hu et al., where 3 more grams of lactide was
obtained for every 100 g of lactic acid [10].

Regarding crystallization, a maximum yield of 57.4% was reached.
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3.3. Lactide Characterization

The quantification of lactide using HPLC exhibited excellent linearity, with an R2 value
of 0.9998 in the equation of the line area = 5851.3[X] − 33,532, as shown in Figure 4, obtained
from the injection of concentrated lactic acid standards between 25 and 125 μg mL−1. The
purity of the synthesized lactide, determined through triplicate analysis of the sample
dilutions, was found to be an average of 90.0% ± 1.79 g.

Figure 4. Chromatogram of standard solution (50 μg/mL).

The synthesized lactide was stored in a vacuum-sealed desiccator to maintain its sta-
bility. Determination and subsequent applications were performed promptly to minimize
potential degradation. The stability of the synthesized lactide was evaluated by repeating
the purity determination 120 days later, resulting in an 88.3% purity.

Thermogravimetric and differential scanning calorimetry analyses (TGA/DSC)
(Figures 5 and 6) show the melting point (Tm), decomposition temperature (Td), and en-
thalpy of the fusion (ΔHm) of the lactide.

The mass decomposition curve and the respective derivative are presented in Figure 5,
revealing Td = 227.8 °C. Decomposition initiated at 108.32 °C with a weight loss of 0.54%,
and it was nearly complete at 237.11 °C, with a weight loss exceeding 99.9%.

The melting properties of the synthesized lactide are depicted in Figure 6, with
Tm = 97.2 °C and ΔHm = 98.05 J/g.

Figure 5. Thermogravimetric analysis of synthesized lactide.

92



Biol. Life Sci. Forum 2023, 28, 13

Figure 6. Differential scanning calorimetry analysis of synthesized lactide.

4. Discussion

4.1. Conversion and Production Yields of Lactide

The production yield of lactide varies significantly among different works, depending
on the chosen method, catalyst, and reaction conditions [16].

In this study, we adopted the conditions determined by Hu et al. [10], who achieved
a remarkably higher production yield of 91%, coupled with a high lactide purity of 95%.
This notable result might be attributed to the low pressure (1 kPa) used in their process,
which not only prompted the reaction to progress forward but also facilitated the removal
of water, a crucial factor for lactide molecule formation [9,17].

In our experimental setup, the vacuum pump could only reach a working pressure of
3 kPa, whereas other investigations employing the distillation of lactide operated at much
lower pressures, typically between 1300 and 400 Pa [18–20]. Such conditions allowed for
better yields and faster distillation of lactide.

Regarding the recrystallization yield during the purification process, limited infor-
mation is available in the literature. For instance, Sanglard et al. [14] researched the
recrystallization of lactide using different solvents, reaching a recrystallization yield using
ethyl acetate of approximately 70% [14], slightly higher than the results obtained in this
investigation.

4.2. Characterization of Lactide

The storage conditions of lactide influence its purity. Prolonged exposure time to
oxygen and moisture can lead to the conversion of lactide back to lactic acid [21]. Therefore,
in this study, all synthesized lactide was stored in a vacuum-sealed desiccator to minimize
such degradation. On the other hand, although a second recrystallization may improve
purity, it inevitably results in a loss of 20–30% of lactide [4].

The purity of lactide (90.0 ± 1.79%) is in agreement with that in other investigations.
Sanglard et al. [14] reported lactide purities ranging from 84% to 96%, while Feng et al. [15]
achieved an average purity of 90.73% with a relative standard deviation of 1.5%. However,
the research by Hu et al. [10], on which our methodology was based, yielded lactide with a
purity of 95%.

Remarkably, the lactide remained stable with a purity of 88.3% after four months of
storage under the described conditions. This is noteworthy compared to studies where
lactide stored for only 14 days experienced a 5% loss in purity [21].

Regarding the thermal properties of lactide, the melting and decomposition tempera-
tures (Tm = 97.2 °C and Td = 227.8 °C) are in agreement with those in other investigations.
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For example, Peñaranda et al reported Tm = 95.65 °C and Td = 195.12 °C [22], while
Nyiavuevang et al. reached Tm = 94 °C and Td = 240 °C [23].

5. Conclusions

This study demonstrates the feasibility of synthesizing lactide, a crucial intermediate
in the production of poly(lactic acid) (PLA), using zinc oxide aqueous nanoparticles as
efficient catalysts. The use of these catalysts resulted in lactide yields of 77–80%, indicating
the effectiveness of the catalytic system.

The purification process using ethyl acetate showed a yield of approximately 57%,
consistent with prior research studies. The average purity of the obtained lactide was
90.0 ± 1.79%, affirming the effectiveness of the purification method.

Overall, this study contributes to the understanding of lactide synthesis using zinc
oxide aqueous nanoparticles as catalysts and provides valuable insights into the production
of high-quality lactide for PLA manufacturing. Further research can focus on process
optimization and scale-up studies to enhance the efficiency and yield of lactide produc-
tion, further advancing the development of sustainable and environmentally friendly
biopolymers as alternatives to conventional plastics.
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