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Antimicrobial packaging has recently attracted a great deal of interest from the food industry due
to the boost in consumer demand for minimally-processed, preservative-free products. Antimicrobial
polymeric packaging systems can be considered an emerging technology that could have an important
impact on shelf life extension and food safety. Novel polymeric-based packaging materials are
continually being developed. Multifunctional composites with desired properties can be tailored by
combining reinforcement phases with antimicrobial agents into a polymer matrix. Thus, the importance
of active agents like metal nanoparticles, essential oils, or natural extracts in different polymeric matrices
has been demonstrated in a broad number of papers [1,2]. One of the main ideas behind this approach
is to improve the matrix barrier and mechanical performance. In particular, the use of nanoparticles
instead of conventional fillers is beneficial from an application viewpoint, given that the nanoscale
fillers display higher specific surface area and density compared to microparticles; therefore, lower
nanofiller concentrations are required to reach properties equivalent to or even better than those
obtained by conventional microfiller loadings, which makes the processing easier and minimizes
the raise in composite weight. Nonetheless, although the aim of these new materials is to improve
packaged food quality and safety, the toxicological effects derived from their potential migration
from the polymer structures is still under consideration. This Special Issue, with a collection of
12 original contributions and one review, provides selected examples of the most recent advances in
the preparation and characterization of antimicrobial composites for food packaging applications.

Amongst the major reasons for food deterioration and spoilage are the presence of foodborne
pathogens and other microorganisms, including bacteria such as Campylobacter jejuni, Clostridium
botulinum, Escherichia coli, Listeria monocytogenes, Salmonella spp., Staphylococcus aureus, Vibrio spp.
and Yersinia enterocolitica, viruses like Hepatitis A and Noroviruses and parasites such as Cyclospora
cayetanensis, Toxoplasma gondii and Trichinella spiralis [3]. Consequently, the demand for antibacterial
drugs in food packaging is continuously rising. In this regard, Huang et al. [4] have reviewed
the different types of biodegradable and non-biodegradable materials used for food packaging
and the most important antibacterial agents, both natural and synthetic, employed to restrain the
growth of bacteria. Synthetic ones, like ethylenediaminetetraacetic acid (EDTA) and fungicides, are
advantageous since they are more economic and present better activity, though they usually exhibit
higher toxicity. Conversely, natural antimicrobials obtained from materials in nature, like essential oils
(EOs), bacteriocins, lysozyme, chitosan, acid compounds (i.e., ascorbic acid, citric acid, lactic acid) and
grape fruit seed extracts (containing numerous phenolic compounds such as catechins, epicatechin,
gallic acid and procyanidins), frequently require complex extraction procedures.

EOs, also known as volatile oils, since they contain volatile chemical compounds extracted from
plant materials such as flowers, buds, seeds, leaves, wood, fruits, roots, barks, etc., possess antibacterial,
antifungal, antioxidant, antibiotic and antiseptic properties [5]. They can be used as antimicrobial
agents by mixing with the basic materials, by coating onto the food packages or by loading into an
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antibacterial pouch. Among these approaches, mixing EOs with other polymers is frequently used
since it is suitable and easily applied to a large scale.

On the other hand, bacteriocins such as nisin and pediocin are bactericidal substances generated by
bacteria, encoded by genes and synthesized by ribosomes, which can be used as antimicrobial agents [6].
Lysozyme, a hydrophilic monopeptide chain, can also restrain bacterial infections, particularly those
induced by Gram-positive bacteria. Its antimicrobial action is owed to its ability to hydrolyze the β-1–4
glycosidic bonds between N-acetylmuramic acid and N-acetylglucosamine in peptidoglycans [7], the
main cell wall component, demolishing the cell wall, thus provoking intracellular materials to leak
out and leading to bacterial death. Grape fruit seed extracts also display a large range of microbial
growth inhibition against both Gram-positive and Gram-negative bacteria [8], together with antiseptic,
germicidal, antibacterial, fungicidal and antiviral properties.

Chitosan (CS) is a biopolymer with good film-forming ability and intrinsic antimicrobial properties
widely applied in the fields of biomedicine, food packaging and environmental protection [9]. It is
produced from chitin with a linear structure, which is constituted by random deacetylated unit and
acetylated unit. CS antimicrobial activity depends on a number of factors, including its molecular
weight, degree of deacetylation, degree of substitution, physical form, as well as structural properties
of the cell wall of the target microorganisms [10]. The antimicrobial action of CS has been attributed
to different mechanisms (Figure 1) [11,12]: (I) Electrostatic attractions between its positively-charged
chains and the negatively-charged bacterial cell walls, causing the polymer absorption onto the target
bacteria, leading to cell wall disruption. (II) Generation of reactive oxygen species (ROS). (III) Its
chelating effect on metals and oligoelements, which are essential for bacterial growth, and their
deficiency results in bacterial death. Among CS disadvantages are its rapid dissolution in acidic
solutions and poor mechanical and processing properties, making it difficult to be processed into food
packaging. The electrospinning of chitosan in the form of nanofibers is another promising process that
has been widely explored [13].

Figure 1. Principal mechanisms of antimicrobial action of chitosan. Adapted from [11], copyright©
2020, Xing et al.

Layered double hydroxides (LDHs) comprise positively-charged brucite-like layers of divalent
and trivalent metal hydroxides, in which the excess of positive charges is compensated by anions
and water molecules present in the interstitial position [14]. They show important properties, such
as biocompatibility, null toxicity, and allergenicity. In particular, ZnAl hydroxides are effective
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antimicrobial agents for E. coli and S. aureus bacteria. ZnAl layered double hydroxide-CS hybrids have
been prepared by mixing Zn/Al molar ratio of 5.0 in deionized water and adding CS concentrations in
the range 0–3.0 g·L−1 [15]. The mixture was placed into a three-necked round-bottomed flask, and urea
was added (urea/NO3−molar ratio of 4:1). The structure and surface properties of the hybrids were
characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), UV-Vis spectroscopy and zero point charge techniques. CS amount is
a major factor influencing the antibacterial activity of the hybrids. An increase in the antibacterial
activity was found for CS concentrations in the range of 0.5 to 1.5 g L−1, while higher loadings led to
poorer antimicrobial activity, since the high CS content disrupts the antibacterial action of the metallic
nanostructures released from LDH.

Amongst the non-biodegradable polymers used in antimicrobial food packaging are polypropylene
(PP), high-density polyethylene (HDPE), low-density polyethylene (LDPE), poly(vinyl chloride) (PVC),
poly(ethylene-co-vinylacetate) (EVA) and poly(ethylene terephthalate) (PET). However, nowadays
it is increasing the use of biodegradable polymers such as polylactic acid (PLA), cellulose, starch
and CS, particularly in countries where landfills are the major way of waste management, because
they are green, sustainable and environmentally friendly. PLA resulting from renewable substances
such as potato, wheat or corn starch is biodegradable, and is regarded as a safe (GRAS) substance.
It shows a large number of advantages including non-carcinogenicity, biocompatibility, sustainability,
hydrophilicity, water solubility and chemical stability. However, it is highly permeable to gas and
vapor, which limits its use for short-life packaged food [16]. Therefore, it is usually mixed with other
polymers like cellulose, polycaprolactone (PCL) and polyhydroxybutyrate (PHB). Further, in order to
develop antimicrobial properties [17], it can be mixed with plant extracts (e.g., lemon), essential oils
(e.g., carvacrol and thymol, present in oregano oil), enzymes (e.g., lysozyme) and metals (e.g., silver).

In this regard, the antimicrobial properties and water vapor performance of PLA films coated with
a cellulose derivative/cocoa butter carrier incorporating Eucomis comosa extract as an active substance
have been investigated [18]. The coatings reduced the water vapor permeability of the biopolymer and
provided improved resistance against UV-aging, which is desirable to extend the shelf life, quality and
freshness of food products.

PLA packages have also been filled with bioactive molecules derived from EOs such as carvacrol
and thymol [19]. In order to reduce the high volatility and reactivity of these compounds, they have
been encapsulated by cyclodextrins (CDs), cyclic oligosaccharides made of 6 (α), 7 (β), or 8 (γ) units
of D-glucose monomers linked by α(1,4) bonds, that have an internal hydrophobic cavity suitable to
interact with bioactive molecules of EOs, while the external part is hydrophilic, improving their water
solubility and steadily increasing their effectiveness at low concentrations. Different loadings in the
range of 0 to 5 wt.% of β-CD–thymol or β-CD–carvacrol were mixed with PLA via injection process,
and their mechanical, structural and thermal properties were investigated. The polymer Young´s
modulus and tensile strength were significantly reduced with increasing content of β-CD–thymol
or β-CD–carvacrol due to their plasticizing effect onto the polymer matrix, disrupting its crystalline
structure and increasing its ductile properties, which is beneficial in order to avoid breakages during
processing. Further, thermogravimetric analysis (TGA) showed a small drop in the temperature
of degradation of the package as the concentration of the complexes increased. More importantly,
packages containing 2.5% and 5% β-CD–carvacrol or 5% β-CD–thymol showed inhibition against
Alternaria alternata upon 10 days of incubation, which is interesting from both the economic and
social viewpoints, since Alternaria fungi are among the main pathogens causing post-harvest diseases
and significant economic losses. Therefore, these novel biopackages have could be used in the
agro-food industry.

PLA-based composites filled with different contents of TiO2 nanoparticles (0–20 wt.%) have been
prepared by solvent casting followed by hot-pres processing [20]. Structural characterization carried out
by X-ray diffraction (XRD) and FTIR spectroscopy did not show modifications in the polymer structure
due to the presence of the nanoparticles, while TGA demonstrated a small rise in the degradation
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temperature with increasing nanoparticle content. The presence of the nanoparticles inhibits E. coli
growth and biofilm development, ascribed to a direct interference on bacterial metabolism.

Active nanocomposite packaging films based on PLA reinforced with nano-Ag were prepared via
solvent evaporation method and used as packaging for strawberries [21]. Compared with pristine PLA,
the nanocomposites had better physical properties, and successfully reduced the weight loss rate of
strawberries during storage, and delayed the reduction in hardness, soluble solids and titratable acid
content. In particular, the active packaging film with 5 wt.% nano-Ag showed the best preservation
effect of the strawberries freshness.

On the other hand, cellulose, a polysaccharide consisting of a linear chain of β(1→4) linked
D-glucose units, is the most abundant natural polymer, which can be extracted from corncobs. It is
environmentally friendly and biodegradable. Composite films made of cellulose and its derivatives such
as methylcellulose (MC), hydroxypropylmethylcellulose (HPMC) and carboxymethylcellulose (CMC)
are currently attracting a lot of interest to produce films due to their suitable properties, recyclability
and degradability. However, their high cost and high water permeability restrict their applications.
In this regard, bacterial cellulose has been mixed with CS cross-linked with borate, tripolyphosphate,
or their mixture, and composite films were fabricated via solution casting. The cross-linking
increased the mechanical properties, such as the tensile strength, and composites crosslinked with the
borate/tripolyphosphate mixture exhibited the best properties. However, the antibacterial activity was
reduced compared to non-crosslinked composites [22].

With the aim to design new biomaterials via eco-friendly processes, bacterial cellulose nanofibers
have been mixed with PHB by a melt compounding technique followed by plasma treatment [23].
Besides, to attain improved antibacterial activity, ternary nanocomposites incorporating a plasma
coating made of ZnO nanoparticles have been developed. The plasma treatment maintained the
thermal stability, crystallinity and melting behavior of the binary nanocomposites, despite their
nanofiber content, while it increased the mechanical performance and antimicrobial activity. More
importantly, the ZnO plasma coating totally restricted the growth of Gram-positive bacteria, hence the
ternary composites are great candidates as green food packages.

Besides cellulose and hemicellulose, lignin attracts scientific interest as a source of aromatic
compounds, representing 30% of all non-fossil organic carbon on Earth. In addition to its abundance
and inexpensive supply, it displays many attractive properties, such as biodegradability, antioxidant
activity (due to its phenolic structure), high carbon content, high thermal stability, and stiffness [24].
HPMC/lignin and HPMC/lignin/CS films with HPMC contents in the range of 1–30 wt.% have been
prepared by solution processing [25]. Efficient antimicrobial activities against both Gram-positive and
Gram-negative bacteria were found at both 35 ◦C and low (0–7 ◦C) temperatures. Storage resulted in
an increase in antimicrobial activity against Gram-positive bacteria due to the degradation of lignin
over time. The scavenging and antimicrobial activities of both binary (HPMC/lignin) and ternary
(HPMC/lignin/CS) composites were influenced by the lignin concentration: The composite with 5%
loading showed the best activity and the 30% the poorest.

Starch, a polysaccharide comprising glucose monomers joined in α(1→4) linkages, can also be
used as a food packaging material, acting as an adhesive, additive or thickener. It behaves as a moderate
oil barrier, while it absorbs the moist from the environment due to its large amount of hydrophilic
groups [26]. To improve its chemical, mechanical and barrier properties, different components such as
blackberry pulp microparticles synthesized via freeze-drying can be added [27]. The incorporation of
these antioxidant particles makes the starch surface rougher, thicker, more flexible and more soluble in
water, while it reduces its mechanical strength. The performance of the films was conditioned by the
particle loading and its way of incorporation in the matrix (direct or by sprinkling). Nanocomposites
with 20 wt.% loading displayed reduced water vapor permeability compared to the starch matrix, due
to the improved dispersion of the nanoparticles within the matrix and the formation of tortuous paths
for water diffusion. However, higher contents resulted in higher water vapor permeability owed to the
formation of particle aggregates. Nanocomposites with particles introduced by sprinkling had higher
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antioxidant capacity and water solubility, hence higher potential to release bioactive compounds when
used in food packaging materials.

With regard to the EOs, a lot of research has been devoted over the last years to incorporate them
into food packages. EOs contain a variety of substances, such as terpenes and phenolic compounds,
which are responsible for their antibacterial properties. They have recognized a GRAS status and are
the most widely used additives in the food industry to provide antimicrobial function. The EO derived
from cinnamon bark contains about 50% cinnamaldehyde, an effective antimicrobial fungicide and
insecticide. The addition of cinnamon active chemicals to packaging systems significantly reduces the
growth rate of microorganisms [28], thus increasing the life-span. For such purpose, cinnamon oil
was added to algae films, and the resulting compounds were characterized by soil bury tests, tensile
tests, FTIR and SEM [29]. The best mechanical performance and longest shelf-life rate of the films was
attained upon addition of 5 wt.% cinnamon.

Another attractive EO is orange oil, which is typically extracted as a by-product of orange
juice production by centrifugation. It is composed mostly of terpenes, in particular d-limonene,
and long-chain aliphatic hydrocarbon alcohols and aldehydes. The incorporation of low loadings
(i.e., 3 wt.%) of orange oil into mango peel pectin film strongly improves the antimicrobial action
against Gram-positive bacteria, hence it is a very suitable candidate as antibacterial material for food
packaging [30].

The incorporation of EOs into polymers provides important advantages in terms of their
wide-spectrum activity and safety. Further, since they can be released as a vapor, their antimicrobial
role does not entail direct contact with the target microorganism. However, the integration of EOs
into commodity polymers using traditional manufacturing processes is a challenging task due to
their loss during high-temperature processing and reduced antimicrobial efficacy [31]. Halloysite
nanotubes (HNTs), naturally-occurring clays with a tubular structure and chemical composition similar
to kaolin [32], can act as active carriers for sensitive oils such as carvacrol, present in the oil of thyme
(obtained from pepperwort and wild bergamot). This is an effective strategy to incorporate EOs into
plastic polymers without lost in antimicrobial function [33]. The HNTs/carvacrol mixtures hybrids can
be melt-compounded with synthetic polymers such as LDPE to fabricate ternary LDPE/(HNTs/carvacrol)
composites, followed by a multilayer coextrusion process at high temperature with an ethylene vinyl
alcohol copolymer (EVOH). The resulting multilayered (LDPE/[HNTs/carvacrol])/EVOH films showed
tailored structure and thickness from the micro to the nanoscale, and displayed excellent antimicrobial
action against Gram-negative bacteria and fungi like A. alternata and Rhizopus. This novel approach
provides the ability to customize packaging for a variety of food products that are affected by bacteria,
such as meat and fish, or by molds such as cheese, bread and fresh products.

Thermosetting polymers derived from EOs also display a wide range of outstanding properties
that make them suitable for food packaging [34]. Even so, the antibacterial properties of these materials
can be considerably improved by addition of very small amounts of metal oxide nanoparticles such as
TiO2 [35] or ZnO [36]. The antimicrobial efficiency of these nanoparticles is influenced by their size,
shape, concentration and degree of functionalization [37,38]. Due to their nanoscale size, very high
specific surface area and controllable surface chemistry, the nanoparticles can distinguish between
bacterial cells and mammalian ones [39]. Their antimicrobial function has been attributed to the
generation of ROS that can target physical structures, metabolic paths, as well as DNA synthesis.
Other mechanisms of action like lipid peroxidation, cell membrane lysis, redox reactions at the
nanoparticle–cell interface, bacterial phagocytosis, etc. have also been reported [40].
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Abstract: Hybrid nano-supra molecular structured materials can boost the functionality of nano- or
supra-molecular materials by providing increased reactivity and conductivity, or by simply improving
their mechanical stability. Herein, the studies in materials science exploring hybrid systems are
investigated from the perspective of two important related applications: healthcare and food safety.
Interfacing phase strategy was applied, and ZnAl layered double hydroxide-chitosan hybrids,
prepared by the urea method (U-LDH/CS), were successfully synthesized under the conditions of
different chitosan(CS) concentrations with a Zn/Al molar ratio of 5.0. The structure and surface
properties of the U-LDH/CS hybrids were characterized by X-ray diffraction (XRD), Fourier-transform
infrared spectrometer(FTIR), scanning electronmicroscopy (SEM), ultravioletvisible (UV-Vis), and
zero point charge (ZPC) techniques, where the effect of CS concentration on the structure and surface
properties was investigated. The use of the U-LDH/CS hybrids as antimicrobial agents against
Escherichia coli, Staphylococcus aureus, and Penicillium cyclopium was investigated in order to clarify
the relationship between microstructure and antimicrobial ability. The hybrid prepared in a CS
concentration of 1.0 g·L−1 (U-LDH/CS1) exhibited the best antimicrobial activity and exhibited average
inhibition zones of 24.2, 30.4, and 22.3mm against Escherichia coli, Staphylococcus aureus, and Penicillium
cyclopium, respectively. The results showed that the appropriate addition of CS molecules could
increase antimicrobial ability against microorganisms.

Keywords: chitosan; ZnAl hydroxide; hybrid; urea method; chitosan amount; antimicrobial activity

1. Introduction

The use of nanostructures is known to achieve levels of functionality not possible to reach when
using bulk materials [1]. It is in this context that the notion of hybrids has been introduced, which
is a strategy that aims to combine different structures in order to obtain a more efficient one. An
infinite number of possibilities can emerge from the combination of phases in hybrid systems [2].
Different types of hybrid materials have been studied, including organic hybrids, inorganic hybrids,
and organic-inorganic hydrids. Organic hybrid systems still dominate several traditional areas of
chemical science and well-known applications, such as the synthesis of pharmaceutical compounds
and drugs [3]. However, the mechanical properties (resistance to temperature and environmental
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stability) of the latter limits their application fields [4]. The applications of hybrid inorganic materials
range from ion exchangers, semiconductors, adsorbent, electrochemical sensor catalysts, and catalyst
support [5,6]. The toxicity and low biocompatibility of organic-inorganic hybrids also limit their
application in biomedical science and drugs production. Among the techniques used for the preparation
of hybrids, mention may be made, inter alia, of: Directintercalation, in-situ polymerization, intact
melt-blending, and surface-modified blending. Organic-inorganic hybrids overcome the limitations of
the previous two by their non-toxicity, their biocompatibility, and the strengthening of their mechanical
properties [7,8]. Bacterial pathogens are one of the primary causes of human morbidity worldwide [9].
Historically, antibiotics have been highly effective against most bacterial pathogens; however, the
increasing resistance of bacteria to a broad spectrum of commonly used antibiotics has become
a global health-care problem. In recent years, the use of hybrid materials with a wide range of
properties and applications has increased considerably. Construction of organic-inorganic hybrid
materials is a rapidly expanding field in materials chemistry for the design of advanced materials with
specific structure and functionality [10]. Bio-inorganic hybrids may exhibit, not only a combination of
properties from the disparate components, but also further enhanced property tunability and new
synergistic properties that arise from the interactions between the biological molecules and inorganic
materials [11]. Among various hybrids of inorganic and organic materials, layered double hydrotalcites
(LDH) and chitosan (CS) are of particular interest due to their wide applications range. LDH and
CS have received considerable attention recently due to their wide applications in a variety of areas,
including chemistry, physics, materials science, and the biomedical science [12–14]. Chitosan (CS) is a
naturally occurring, cationic polysaccharide composed of (1,4)-linked 2-amino-2-deoxy-β-D-glucose
and 2-acetamido-2-deoxy-β-Dglucose units. Chitin is the transformed base material resulting in
chitosan, which is obtained from shrimp, crab, and lower plants and animals. By changing different
parameters, one can achieve the desirable targeted chitosan molecule without changing the chemical
compositions [15].CS has three types of functional nucleophile groups consisting of a C-2 NH2 group,
a secondary C-3 OH group, and a C-6 primary OH group. CS is a biopolymer that presents reactive
functional groups that are susceptible to chemical modification, and has been shown to be a functional
polymer that can covalently graft antioxidant/antimicrobial activity onto its backbone [16].CS has
shown interesting antibacterial and antifungal activities against a wide range of microorganisms when
compared to other polymers and biopolymers [17].Layered double hydroxides (LDH) are composed of
positively charged brucite-like layers of divalent and trivalent metal hydroxides whose excess positive
charge is compensated by anions and water molecules present in the interstitial position. Among the
heterostructured nanomaterials, layered nanohybrids have received intense attentions in many areas
due to their unique physico-chemical and mechanical properties that cannot be obtained from other
analogous nanohybrids [18]. Moreover, LDH has essential properties, such as biocompatibility, null
toxicity, and allergenicity [19]. They can be represented by the general formula:

[M(II)1−xM(III)x(OH)2]x+[An−
x/nYH2O]x−,

where M(II) =Mg, Ni, Co, Cu, Zn, Mn; M(III) = Al, Fe, Cr, V; An− = CO2−
3 , Cl-, SO2−

4 , etc., and x =
0.1–0.35.

ZnAl hydroxides are effective antimicrobial agents for bacteria such as Escherichia coli and
Staphylococcusaureus due to the hydroxides (–OH) and the nature of the metallic cations, where Zn2+ is
one of the most active ones, due to its strong oligodynamic features [20]. Zinc and CS have excellent
antibacterial activity [21,22]. The goal of layered double hydroxide-chitosan hybrids, prepared by
the urea method (U-LDH/CS) preparation was to assess the possible antimicrobial activity of pure
CS macromolecules under microbial culture medium pH conditions and to explore the impact of
U-LDH on CS through the inorganic-organic hybrid. Since the antimicrobial properties of CS are
limited to pH values below six [23–26], hybrid materials that have the ability to kill pathogenic bacteria
and prevent bacterial colonization are desired for utilization in several application areas such as
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food-contact materials, food packaging, textiles, water purification systems, prosthetic devices, and
hospital equipment surfaces. The aim here is to activate and reinforce the antimicrobial activity of
pure chitosan without taking into account both the conditions of the bacterial culture medium and its
molecular weight by integrating it into a hybrid structure. In this study, using interfacing phases, a
surface-modified blending process that is a strategy used to obtain a set of properties in one system
that are beyond the abilities of single phases [2], the LDH/CS hybrids as antimicrobial agents were
prepared in different CS concentrations by urea method, where CS was used as a soft template. In order
to clarify the relationship between the microstructure and antimicrobial ability, the physico-chemical
properties of the LDH/CS hybrids were characterized by XRD, FTIR, SEM, UV-Vis and pH of zero
point charge (pHzpc) measurements. In addition, the antimicrobial activity was also evaluated.

2. Materials and Methods

2.1. Experimental Materials

Chitosan (CS, DA ≥ 91%, MW 1.5.105 kD) was purchased from Sinopharm Chemical Reagent Co.
Urea (CON2H4), Al(NO3).9H2O, and Zn(NO3)2·6H2O, KOH, ethanol were purchase from Heng Xing
Chemical preparation Co. Ltd. (Tianjin, China). NaOH was purchase from Xilong Chemical Co., Ltd.
(Guangdong, China) and tetracycline powder (TC) was purchased from Sigma–Aldrich (Shanghai,
China).

2.2. Preparation of ZnAl Hydroxide and CS Hybrids

2.2.1. Preparation of the ZnAl Hydroxide by Urea Method

For the sake of comparison, ZnAl hydroxide (U-LDH5) with a Zn/Al molar ratio of 5.0 was
prepared using the urea method proposed by Zeng et al. (2009) [27], with slight modifications.
Zn(NO3)2·6H2O and Al(NO3)3·9H2O (total amount of metal ions was 0.12 mol) were mixed with a
set up Zn/Al molar ratio by using 600 mL deionized water. The mixed solution was poured into a
three-necked round bottomed flask, and urea (urea/NO3

− molar ratio of 4: 1) was added. The reaction
solution was magnetically stirred at 110 ◦C for 12 h. Then the resulting reactant was crystallized
statically at 80 ◦C for another 12 h. The precipitate was centrifuged and washed thoroughly with
deionized water and was subsequently dried at 80 ◦C overnight. The dried material was denoted
as LDH. For convenience, the resulting sample with the Zn/Al molar ratio of 5:1 was designated as
U-LDH5.

2.2.2. Preparation of the U-LDH5 and CS Hybrids

The hybrids (U-LDH/CS) of the LDH and chitosan (CS) were prepared under the conditions of
different CS concentrations and a Zn/Al molar ratio of 5.0 by the urea method. The U-LDH5 and CS
hybrids were prepared using CS molecules as a soft template. CS solutions at the CS concentrations
of 0.5, 1.0, 1.5, 2.0, and 3.0 g·L−1 were separately obtained by dissolving powered CS in the solution
containing 1% (w/v) acetic acid. During the preparation of the hybrid, 400 mL of mixed salt solution
containing Zn(NO3)2·6H2O (0.15 mol·L−1), Al(NO3)3·9H2O (0.03 mol·L−1), and urea (urea/NO3

− molar
ratio of 4.0) was placed into a three-necked flask. 100 mL of CS solution was dropped into the mixed
salt solution under stirring (300 rpm) in pH 8.5 at room temperature. After dripping, the reaction
temperature was raised to 103 ◦C for 12 h under stirring. After the reaction, it was crystallized at
80 ◦C for 18 h, filtrated, washed, and then dried at 90 ◦C for 6 h, and was denoted as U-LDH/CS. For
convenience, the resulting products prepared in the CS solutions of 0.5, 1.0, 1.5, 2.0, and 3.0 g·L−1 were
designated as U-LDH/CS0.5, U-LDH/CS1, U-LDH/CS1.5, U-LDH/CS2, and U-LDH/CS3, respectively.
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2.3. Characterization Techniques

It should be noted that 21 samples were analyzed and tested, including hybrid preparation
methods and analytical measurements, all in triplicate.

2.3.1. XRD Analyses

X-ray powder diffraction (XRD) analysis was performed on a Rigaku (Tokyo, Japan)
D/MAX-2500/PC with Cu Ka radiation (λ = 1.5405 Å), with an operating voltage of 40 kV, a current
of 30 mA, a scan rate of 2◦min−1, and a scanning range from 5 to 90 ◦2θ, in steps of 0.0334◦ with a
counting time per step of 650 s.

2.3.2. FTIR Analyses

Fourier-transform infrared (FTIR) spectra of the samples were obtained with a Perkin–Elmer
Spectrum One B instrument (Shanghai, China). Powder samples were molded in KBr pellets. 1 mg of
the powdered samples was carefully mixed with 250 mg of KBr (infrared grade) and pelletized under
a pressure of 10 t for 1 min. The pellets were analyzed to collect 32 scans in the range of 4000–400 cm−1

at a resolution of 2 cm−1.

2.3.3. SEM Analyses

Scanning electron microscopy (SEM) was carried out using aJSM-6700F microscope (JEOL, Tokyo,
Japan) operating at15 keV. Prior to analysis, the samples were covered with gold to avoid charge effects.
Samples were sputtered using ion sputtering technology at a magnification of 15,000.

2.3.4. UV-Vis Analysis

UV-visible (UV-Vis) spectra were recorded by spectrophotometer (Shimadzu UV-2550, Kyoto,
Japan). The range of wavelengths was 200~800 nm using high-purity BaSO4 as a reference.

2.3.5. Point Zero Charge Analysis

The determination of the pH point of zero charge (pHzpc) of the materials was carried out using
the potentiometric titration (PT) method described by Li et al. [28]. The pH at pHzpc was determined
in NaCl solutions (inert electrolytes) with different concentrations. The experiments were carried out in
a shaker at 150 rpm and 25 ◦C for 200 min. After the experiments, the pH in the solution was measured
while a 0.1 mol·L–1 NaOH solution was added. The adsorption amount of H+ (ΓH+) and OH− (ΓOH−)
was calculated. Finally, PT curves were obtained by plotting (ΓOH− − ΓH+) versus pH in NaCl solutions
with different concentrations, and the crossover point of (ΓOH− − ΓH+) ~ pHzpc curves was pHzpc,
which was electrically neutral. The permanent charge density (σp) at pHzpc was as follows: [29].

σp = F(ΓOH− − ΓH+)zpc/SBET (1)

where, SBET and F are the specific surface area of the samples and the Faraday constant (96485
C·m−2), respectively.

2.3.6. Rheological Analysis

Rheological compression measurements were carried out according to the norm established by Yi
et al. [30]. Circular disk-like samples with a 25 mm diameter and a 2 mm thickness were prepared on a
compression mold. Rheological studies were carried out on a controlled strain rheometer, (MCR 301,
Anton Paar, Austria). The dynamic (frequency sweep) tests were performed at a strain of 0.5%. Storage
modulus (G′) and loss modulus (G”) were measured in the frequency sweep experiments performed
over a frequency range of 0.1–100 rad/s, with data collected at five points per decade.
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2.3.7. Thermogravimetric Analysis

Thermogravimetric and differential thermal gravimetric analyses (TGA-DTG) for pure U-LDH
and the U-LDH composites with various CS contents was conducted on a Perkin–Elmer TGA 7-thermal
analyzer (Arizona, Waltham, MA, USA) under nitrogen at a purge rate of 20 mL/min, with the scanning
temperature in the range from 50 to 800 ◦C. A platinum crucible with a heating rate of 10 and 12 ◦C
/min and a sample weight of 63.3 mg each were used. Meanwhile, the U-LDH content in the CS
composite sample was determined on the basis of the residual ash percentage and the water amount of
the U-LDH/CS itself, which measured the weight loss between 200 and 400 ◦C.

2.4. In Vitro Antimicrobial Assay

2.4.1. Microorganism and Media

The bacteria Escherichia coli (E. coli, Gram-negative bacteria, ATCC 35218), Staphylococcus aureus (S.
aureus, Gram-positive bacteria, ST398) and Penicilinum cyclopium (P. cyclopium, fungi, AS 3.4513) as
target organisms were from the Xiangtan University General Microbiological Culture Collection Center.
The P. cyclopium strain was maintained in potato dextrose (PD) medium (Qingdao Hope Bio-Technology
Co., Ltd., Qingdao, China) at 28 ◦C for 72 h. The E. coli and S. aureus strains were maintained in mineral
salt (MS) media (Boyao Biotechnology Co., Ltd., Shanghai, China) in pH 7.0 at 37 ◦C for 24 h. PD
and MS are the most widely used media for growing fungi and bacteria [31,32]. All the samples were
measured to obtain their OD600nm values for calculating the bacteriostatic concentration. The controlled
test contained the nutrient medium with bacterial suspension but without antimicrobial agents.

Mineral salt (MS) agar plate medium (g·L−1): (NH4)2SO4 2.0, NaCl 5.0, K2HPO4 1.0, KH2PO4 1.0,
MgSO4 0.1, CaCl2 0.1, and agar 20 at initial pH 7.0. and PD agar plate medium (g·L−1): potato 20.4,
dextrose 20.4, and agar 20. All media were sterilized by autoclaving at 121 ◦C for 25 min.

2.4.2. Antimicrobial Test

The cultures of the bacteria and fungi strains were activated twice in liquid potato dextrose
and MS media, respectively, and then the culture at exponential growth phase (OD600 around 1.2
absorbance units). All antimicrobial experiments using the three cultures were performed in 250 mL
sterile shaking flasks (or 90 mm agar plates), where 100 mL cultures of P. cyclopium, E. coli, and S. aureus
strains were transferred into the PD and MS media in sequence for the antimicrobial tests.

Antimicrobial tests were performed using an agar diffusion test method [33]. In this assay, 100 mL
microbial suspensions were prepared, and50 μL of a bacterial suspension of E. coli, S. aureus, and P.
cyclopium was inoculated evenly onto agar plates. The thin tableting of the sample with 1.0cm diameter
was placed into an agar plate with a bacterial suspension. After incubation of E. coli and S. aureus
strains at 37 ◦C for 24h and P. cyclopium strain at 28 ◦C for 72h, the zone of inhibition around the mesh
samples was measured with digital vernier calipers in millimeters (mm). The zone of inhibition of the
samples was measured in four directions and reported as a mean value and calculated by Equation (1),

A= (D − d)/2 (2)

where A is the zone of inhibition, D is the total diameter of the thin tableting with inhibition area after
incubation, and d is the diameter of the thin tableting of the sample before incubation. In this assay,
the agar plates with different bacterial suspensions were used as reference samples.
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3. Results and Discussion

3.1. Characterization of the U-LDH/CS Hybrids

3.1.1. XRD Analyses

The XRD pattern of pure CS molecules is showed in Figure 1a, where there is a strong reflection
in the diffractogram of chitosan at 2θ=21.1, corresponding to the high crystallinity of chitosan. The
powder XRD patterns of the U-LDH5, U-LDH/CS0.5, U-LDH/CS1, U-LDH/CS1.5, U-LDH/CS2, and
U-LDH/CS3 hybrids are shown in Figure 1b. There is a typical layered double hydroxide structure
with sharp and intense (003), (006), (009), (110), and (113) reflections and broadened (015) and (018)
reflections with impure phase ZnO in all six samples, where only the U-LDH/CS1.5 and U-LDH/CS3

include impure phase ZnAl2O4. As seen in Table 1, the interlayer distances (d003 about 0.76 nm) for
the samples were typical of CO3

2− pillar hydroxide, indicating that CS molecules were not intercalated
into the interlayer spaces between the brucite sheets. All the lattice parameters of the U-LDH/CS
samples were the same as those of the U-LDH5, revealing that the incorporation of CS did not change
the structures of the U-LDH/CS hybrids, which still maintained the native structures. The results
demonstrate that the adding of CS as a soft template is conducive to the formation of a heterojunction
structure, ZnO-Zn(OH)2, which leads to high antimicrobial activity against bacteria combined with
high adhesiveness from the CS molecules.
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Figure 1. (a) XRD pattern of pure CS; (b) XRD patterns of the U-LDH5 and U-LDH/CS hybrids.

Table 1. Calculation of lattice parameters and basal plane for the U-LDH5, U-LDH/CS0.5, U-LDH/CS1,

U-LDH/CS1.5, U-LDH/CS2, U-LDH/CS3.

Samples Reflections U-LDH5 U-LDH/CS0.5 U-LDH/CS1 U-LDH/CS1.5 U-LDH/CS2 U-LDH/CS3

d003 (nm) 0.7691 0.7627 0.7680 0.7596 0.7659 0.7568
d006 (nm) 0.3828 0.3803 0.3818 0.3795 0.3813 0.3785
d009 (nm) 0.2487 0.2595 0.2597 0.2594 0.2598 0.2586
d110 (nm) 0.1631 0.1635 0.1630 0.1635 0.1636 0.1630

FW003 (rad) 0.4080 0.2240 0.2560 0.2990 0.260 0.5100
FW110 (rad) 0.7770 0.4760 0.1810 0.6500 0.79 0.6700

a (nm) 0.3262 0.3204 0.3895 0.2493 0.1640 0.9613
c (nm) 2.3073 2.2471 2.2743 2.2802 2.2097 2.2174

3.1.2. FTIR Analyses

The FTIR spectra of the pure CS, U-LDH5, and U-LDH/CS samples in the range of 4000–400 cm−1

are displayed in Figure 2. As can be seen from Figure 2, all samples show significant absorption peaks
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at about 3460, 1650, and 1366 cm−1 [34,35]. For the pure CS, these three peaks belong to the stretching
vibration of –C–OH or the stretching vibration absorption peak of –N–H, the absorption peaks of
amide I and amide II [36], and carboxylic acid (–C=O) or C–OH [37], respectively. Concerning U-LDH5,
the peeks are attributed to –OH stretching vibration and interlayer H2O absorption for 3460 cm−1,
bending vibration of adsorbed water and inter-laminar structure water for 1650 cm−1, and ν3 stretching
vibration characteristic of CO3

2− at 1366 cm−1. In addition to those three common peaks, pure CS at
2921 cm−1 has a stretching vibration peak of symmetrical or asymmetric –CH2 [38] on a pyranose ring of
the chitosan molecule and an oscillation absorption peak of –OH and –CH on the pyranose ring at 1435
cm−1 [39], and an absorption peak of –COC– on the glycosidic bond at 1082 cm−1. Regarding U-LDH5,
its FTIR presented a vibrational absorption peak of the lattice layer M–O (Zn–O, Al–O) of the main
body of the hydrotalcite in the range of 1000–400cm−1. The characteristic absorption peaks of chitosan
molecules appear at about 2921, 1435, and 1082 cm−1 in U-LDH/CS0.5, U-LDH/CS1, U-LDH/CS1.5,
U-LDH/CS2, and U-LDH/CS3 compared to U-LDH5, indicating that chitosan and ZnAl-LDH are
organically bound to CS and form hydrotalcite-chitosan composite material.

−

Figure 2. FTIR spectra of pure CS, U-LDH5, and U-LDH/CS hybrids.

3.1.3. SEM Analysis

In order to investigate the morphology of the hybrids, the U-LDH5 and U-LDH/CS hybrids were
observed by SEM, and the results are shown in Figure 3. As shown in Figure 3, all samples (U-LDH5

and U-LDH/CS) exhibit a typical hydrotalcite laminate structure, which is typical of LDH. There is
a certain degree of aggregation, which is due to the addition of CS leading to the U-LDH5 bonding
accumulation. Obviously, CS has an effect on the microstructure of the U-LDH/CS hybrids.
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Figure 3. SEM images of the U-LDH5 and U-LDH/CS samples, ×15,000.

3.1.4. UV-Vis Analyses

UV-Vis measurement is a very simple method that is used to probe the possible changes in the
molecule structure of materials. As can be seen from Figure 4, CS exhibits a strong absorption band in
a wide range from 230 to 500 nm, with the electronic transition of n→ σ * and n→ π * belonging to
–NH2 at ~230 nm and –C=O or –COOH between 220 to 500 nm. U-LDH/CS samples show a weaker
absorption band at 250–400 nm, which is due to the complexation of CS with U-LDH, which makes
U-LDH/CS exhibit the absorption characteristic of chitosan UV-Vis. On the other hand, with the
increase of the amount of chitosan, the absorption intensity of U-LDH/CS in this range also increases.
At the same time, the intensity in the absorption band increases, with CS concentration arriving at
the highest for U-LDH/CS1.5. With a further increase of the CS concentration, the intensity gradually
decreases. This suggests that CS has been incorporated into the U-LDH/CS hybrids and impacts the
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structure of the U-LDH/CS hybrids. This further confirms that CS and ZnAl-LDH have been combined
to form the U-LDH/CS complex.

Figure 4. UV-Vis DRS spectra of the pure CS, U-LDH5, and U-LDH/CS samples.

Based on the XRD, FTIR, and UV-Vis characterization analyzes, supported by studies
on “Antimicrobial Chitosan and Chitosan Derivatives” by Sahariah and Masson [23] and
“Polymer-inorganic supramolecular nanohybrids for red, white, green, and blue applications” by Park
et al. [40], the probable structure of the hybrid could be presented as the scheme in Figure 5.

Figure 5. Synthetic scheme of U-LDH/CS hybrids.

3.1.5. Point Zero Charge Analysis

Figure 6 shows the relationship between (ΓOH−ΓH+) and the pH of U-LDH/CS. The difference
between the adsorbed amount of OH− and H + on the surface of solid particles (ΓOH−ΓH+) is
positive, indicating that the sample surface is alkaline with a permanent positive charge. The point
zero-charge-pHpzcs of U-LDH/CS0.5, U-LDH/CS1, U-LDH/CS1.5, U-LDH/CS2, and U-LDH/CS3 were
11.38, 11.31, 11.39, 11.30, and 11.00, respectively. Among them, pHpzcs of U-LDH/CS1.5 was the
highest. According to Equation (2), the surface permanent positive charge density (σp) of U-LDH/CS0.5,
U-LDH/CS1, U-LDH/CS1.5, U-LDH/CS2, and U-LDH/CS3 were 3.59, 3.47, 3.55, 3.71, and 3.55 C/m−2,
respectively. The shifts in pHpzc and σp of the U-LDH/CS hybrids to higher values were believed to be
linked with the incorporation of CS molecules.
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Figure 6. Potentiometric titration curves of the U-LDH/CS samples.

3.1.6. Rheological Analysis

Rheological properties are indicative of melt-processing behavior in unit operations such as
injection molding. The linear viscoelastic responses of pure CS and the U-LDH hybrid in melt state
were studied with the help of dynamic oscillatory shear measurements, and were reported in terms
of storage modulus (G′) (Figure 7a) and complex viscosity (ŋ*) (Figure 7b). At a fixed frequency, the
(G′) values of the hybrids are higher than those of pure CS, however, the (ŋ*) values of hybrid are
lower than those of pure CS. Consequently, the decrease of the viscosity (ŋ*) has gone up with the
increase of U-LDH content. The viscous response of the material is stronger than the elastic response.
These results demonstrate that the incorporation of U-LDH could reduce the viscosity properties of
the CS matrix. The viscoelastic response in the low and medium frequencies region indicate that the
hybrids have an obvious difference in their behavior from that of pure CS. One behavioral difference is
that with the increase of CS content, the dependence of (ŋ*) on frequency becomes weaker, while the
dependence of (G′) on frequency becomes stronger in the low frequency region. This non-terminal
behavior may be attributed to the fact that the intercalated U-LDH layers weaken the mobility of the
CS chains and then restrict the long-range relaxation of them [41,42]. U-LDH/CS3 shows a fragility to
remain compact.
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(a) (b) 

Figure 7. Storage modulus G′ (a) andloss modulus G” (b) of the pure CS, U-LDH5, and
U-LDH/CS samples.

3.1.7. Thermogravimetric Analysis

Thermogravimetric Analysis (TG/DTG) is a thermal analysis technique that analyzes the
composition and structure of materials and their thermal stability by measuring the relationship
between mass loss and temperature during temperature control. To understand the thermal stability
of CS, U-LDH5, and U-LDH/CS with different CS concentrations, we performed TG/DTG analysis of
each sample. Figure 8a–g shows the TG/DTG curves of the CS, U-LDH5, and U-LDH/CS samples. The
hydration properties of CS polysacharides depend on primary and supra macromolecular structure [43].
The decomposition of chitosan is presented in two stages, the first one, which occurred at 50 ◦C and
extended to about 75 ◦C, was due to loss of water molecules, with a weight loss of about 9.3% [44],
followed by stability from 75 ◦C to about 250 ◦C. Then a second stage, corresponding to the primary
degradation of the pure CS, happened at 250 ◦C, with a percentage weight loss of about 49.3% from
250 to 550 ◦C, which was similar to the literature [43]. A slow degradation trend occurred after550 ◦C
that stabilized as it approaches 800 ◦C. Generally, in CS, the decomposition process of the N-acetylated
compound is overlapped by the N-deacetylated unit, thereby increasing the widening process seen at
temperatures up to 400◦C [45], CS had a total mass loss of approximately 65.6%.

As can be seen from Figure 8b, the U-LDH5 thermal decomposition process is divided into three
stages [46,47], between 247~300 ◦C for the first phase of weight loss, which is due to the removal of water
from the interlayer and the physical adsorption surface [48]. At this step, U-LDH5 remained a layered
structure. The second stage of weight loss, between 300 and 450 ◦C, was due to the decomposition of
the interlayer CO2−

3 and the removal of the hydrotalcite-plate-OH, marking the delamination of the
layered structure [49]. The last weight lost, that can be attributed to the decomposition of carbonate
ions in the interlayer, started after 700 ◦C [50]. From Figure 8b, the mass loss of U-LDH5 was 6% in the
first stage, corresponding to a maximum endothermic peak of 300 ◦C for DTG. The mass loss of the
second phase of 1.5% corresponded to an observed edge of DTG at 448 ◦C. The last stage of U-LDH5

weight loss presented an edge at 570 ◦C, corresponding to a 8.2% weight loss with a total weight loss
ofU-LDH5 of about 16.5%. The TGA-DTA curves of U-LDH/CS at different CS concentration, shown in
Figure 8c–ghave a quite similar trend with a difference in weight loss and endothermic peaks range.
U-LDH/CS0.5 showed a first mass loss of 2% at 75 ◦C between 50 and 102 ◦C, which can be accredited
to the loss of adsorbed water, followed by a second stage of weight loss of U-LDH/CS0.5 from 150 ◦C to
450 ◦C of 30%, with the maximum endothermic peak at 180.6 ◦C. U-LDH/CS0.5 weight loss of the third
stage was 4.07%, with the maximum endothermic peak at 650.1 ◦C, and the total weight loss was 36.7%.
U-LDH/CS0.5 TGA showed a gradual stabilization after 700 ◦C, which proceeded a new slight weight
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loss of mass then a definitive stabilization up to 800 ◦C. The first and second phases of U-LDH/CS1 mass
loss were 8.36% (40–190 ◦C) and 26.72% (200–450 ◦C), respectively, corresponding to the maximum
endothermic peak at 163.4 and 275.9 ◦C. The third and last phase was 5.01% at 750 ◦C, corresponding
to an extension of the primary degradation of the pure CS associated with decomposition of the
hydrotalcite interlayer. The total weight loss of U-LDH/CS1 was 40.09%. It was also noted that the total
mass losses of U-LDH/CS1.5, U-LDH/CS2, and U-LDH/CS3 were 46.3%, 51.3%, and 68.4%, respectively,
distributed over two phases. These phases corresponded to a loss of water molecules, similar to the
first phase of degradation of chitosan for the first stage, and the second stage was due to the primary
degradation of the pure CS associated with decomposition of the interlayer and carbonate ions of
hydrotalcite. The DTG curve of U-LDH/CS1.5 had two maximum endothermics peaks at 75 ◦C over the
range 50–150 ◦C and the second at 220 ◦C between 150 and 250 ◦C in addition to two edges at 260
and 460 ◦C. The DTG curves of U-LDH/CS2 and U-LDH/CS3 exhibited three maximum endothermic
peaks in the same temperature ranges and one edge each. Their maximum endothermic peaks were at
the same locations at 75 ◦C, 180 ◦C, and 280 ◦C in the interval ranges of 50 to 100 ◦C, 100 to 200 ◦C,
and 200 to 300 ◦C, respectively. It was only the edges whose positions were different; one at 550 ◦C
for U-LDH/CS2 and the other at 530 ◦C for U-LDH/CS3. TG/DTG curves showed that CS molar ratio
changes had a strong effect on the thermal stability of the hybrid, indicating that even though the CS
molar ratio increased, the charge density of the laminate decreased, but the hydrogen bonding between
the interlayer H2O and the interlayer CO2−

3 , OH- anion, the interlayer -OH, and the interlayer anion
interactions were not affected much. It is worth mentioning that U-LDH/CS2 and U-LDH/CS3 showed
a strong phase of weight loss at 200–550 ◦C, with a mass loss of 48.6% and 51.3%, respectively. These
losses may be due to the hybrid U-LDH/CS arrangement during the formation of spinel transformation
given the high concentration of CS. Obviously, increasing the concentration of CS for the preparation
of U-LDH/CS induced the decrease of the thermal resistance of the U-LDH/CS hybrid.
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Figure 8. Thermal gravimetric and differential thermal gravimetric TGA-DTG curves of (a) pure CS;
(b) U-LDH5; (c) U-LDH/CS0.5; (d) U-LDH/CS1; (e) U-LDH/CS1.5; (f) U-LDH/CS2; (g) U-LDH/CS3.

3.2. Antimicrobial Activity

The antimicrobial activities of the pure CS and U-LDH/CS hybrids prepared in different CS
concentration were measured according to the inhibition zone diameter method, and the results are
shown in Figure 9a–c. All samples were tested against E. coli, S. aureus, and P. cyclopium. As seen in
Figure 9a–c and Table 2, the control, pure CS (Figure S1), and U-LDH/CS3 meshes did not display
antimicrobial activity, while the U-LDH/CS0.5 and U-LDH/CS1 meshes exhibited strong antimicrobial
activity against the three microorganisms. In particular, U-LDH/CS1 showed the highest antimicrobial
ability and produced average inhibition zones of 24.2, 30.4, and 22.3mm against E. coli, S. aureus, and
P. cyclopium, respectively. The antimicrobial activity of U-LDH/CS1 was much larger than that of
U-LDH5 due to the incorporation of CS molecules. The results suggest that the hybrids of chitosan and
ZnAl-LDH made for the improvement of antimicrobial ability.
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Figure 9. Inhibition zones of the U-LDH/CS samples and control against (a) E. coli.; (b) S. aureus; (c) P.
cyclopium.
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Table 2. Antimicrobial activities of the U-LDH/CS hybrids.

Samples g E. coli S. aureus P. cyclopium

Control 0 mm 0 mm 0 mm
Pure CS 0 mm 0 mm 0 mm
U-LDH5 16.5 ± 0.3 mm 20.5 ± 0.6 mm 9.8 ± 0.7 mm

U-LDH/CS0.5 18.3 ± 0.4 mm 23.2 ± 0.2 mm 13.3 ± 0.7 mm
U-LDH/CS1 24.2 ± 0.8 mm 30.4 ± 0.5 mm 22.3 ± 0.5 mm

U-LDH/CS1.5 17.1 ± 0.3 mm 27.0 ± 0.6 mm 0mm
U-LDH/CS2 0 mm 14mm 0 mm
U-LDH/CS3 0 mm 0 mm 0 mm
Tetracycline* 21 ± 0.9mm 26 ± 0.9 mm 21 ± 0.8 mm

Notes: Values are mean of three replicates; * standard antibiotic.

The antimicrobial inactivity of pure chitosan was reported by Kong et al. in this term: “The
antimicrobial activity for chitosan is pH dependent”. The ability of chitosan to inhibit microbial
growth is observed only in an acidic medium, where the polymer is soluble and carries a net positive
charge [51,52]. The failure of chitosan to remain bactericidal at pH values of around six could be
explained by the presence of a large majority of positively uncharged amino groups as well as by
the poor solubility of chitosan [53,54]. The pH of the bacterial culture medium (pH 5.7~7.5) inhibits
the chelating effect that could cause the chitosan on the bacteria to cause their lysis. Therefore, to
overcome this limit, derivatization of chitosan is particularly aimed at enhancing the solubility of
chitosan in aqueous medium while improving chitosan antimicrobial properties. As an example,
Kong et al. [55] proposed the use of chitosan microsphere (CM) in a solid dispersing system, and even
in this case, chitosan, which showed inhibitory effects, had a deacetylation degree DD of 62.6%. Above
this value, and especially as reported by Kong et al. [55], in the range 83.5 to 97.5 of DD, CM showed
no antimicrobial activity. Furthermore, chitosan with a lower degree of acetylation (DA) resulted in
increased antimicrobial activity against various strains of fungi, Gram-positive, and Gram-negative
bacteria [56]. The chitosan used in this study had a DA of 91%, which is very high. The lack of
antimicrobial activity shown by chitosan could be made worse by the large size of pure chitosan
particles, which prevents their entry through the pores of the bacterial membrane. Hence, the inability
to cause membrane lysis as might be expected. This explains the importance of hydrolyzing chitosan
in order to reduce its molecular and voluminous mass and also associate it with other compounds
to protect it, thus enabling it to conserve its electrical charge. The significant antibacterial activity of
the U-LDH/CS >> U-LDH >>> CS hybrid is due to the combination of the antibacterial activity of
chitosan now protected by its association with the U-LDH and the antibacterial activity of the latter.
Using protecting groups presents advantages, such as allowing selective modifications at the reactive
centers, allowing reactions in the homogeneous medium, and giving a high degree of substitution
in the products [57]. Indeed, the introduction of functional groups, such as trimethyl or quaternary
alkyl groups, gives the polymer a permanent positive charge, improving its solubility in an aqueous
medium and making it possible to measure the bioactivity at pH 7 [23].

In Figure 9a, against Gram-negative E. coli, the antibacterial activity is marked by the translucent
outline around the material hybrid. This can be supported by the mechanism proposed by
Dutta et al. [58]. The inactivation of E. coli by chitosan occurred via a two-step sequential mechanism; an
initial separation of the cell wall from its cell membrane, followed by destruction of the cell membrane.
This is confirmed by the mechanisms proposed by Zeng et al. and Papineau et al. [26,59]. Chitosan,
through the hybrid, was reactivated and acted mainly on the outer surface of the bacteria. At a lower
concentration (0.2 mg/mL), the polycationic chitosan does probably bind to the negatively charged
bacterial surface to cause agglutination, while at higher concentrations the larger number of positive
charges may have imparted a net positive charge to the bacterial surfaces to keep them in suspension.
In Figure 9b, against Gram-positive S. aureus, the visible translucent areas are the inhibitions zones,
which do not results in the behavior of the hybrid U-LDH/CS towards the bacteria strain. The hybrid
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U-LDH/CS on the surface of the cell (S. aureus) can form a polymer membrane, which inhibits nutrients
from entering the cell [26]. The hybrid mechanism on fungi (P. cyclopium), shown in Figure 8c, can be
explained by the mechanism described by Bai et al. [60]. Chitosan, after being protected by U-LDH,
activated a dual function: (a) to direct the interference of fungal growth and (b) to activate several
defense processes. The strong antimicrobial activity shown by the U-LDH/CS hybrid results from
a synergistic harmony of the proportions of ZnAl-LDH and CS compounds, and the adequation of
their combination has activated the activity of the antimicrobial compounds CS, Zn2+, ZnO, and
Al2O3 contained in the structure of the hybrid. This could lead to the probable antimicrobial activity
mechanisms of the hybrid U-LDH/CS described below.

The antimicrobial mechanism of the hybrid could be compared to that of the chitosan derivative as
described by Hosseinnejad and Jafari [61]. It is a multiple action posed by all components of the hybrid
taken together or individually. The chitosan molecules of the hybrid, positively charged (cationic NH3+

groups), interfere with negatively charged bacterial cell membranes. This interaction with the bacteria
membrane leads to the alteration of cell permeability and membrane lysis [62–64]. The hybrid, via
chitosan, could activate a chelation of nutrients, causing the inhibition of microbial growth by the
essential metals [63,65]. The hybrid could also, through the generation of reactive oxygen species (ROS)
through its metallic compounds, cause lysis of the bacterium [66]. The production of ROS is presented
as a major contributor to the antibacterial activities of various metal oxides [67]. Such reactive species
are superoxide anion (O2), hydrogen peroxide (H2O2), and hydroxide (OH-). The toxicity of these
species involves the destruction of cellular components such as lipids, DNA, and proteins as a result of
their internalization into the bacteria cell membrane [61]. Beside these mechanisms, it also causes the
release of zinc ions (Zn2+) in medium containing ZnO nanoparticles and bacteria [68,69]. Released
Zn2+ has a significant effect, causing active transport inhibition as well as the disruption of the amino
acid metabolism and enzyme systems [70,71]. The probable antimicrobial activity mechanisms of
hybrid U-LDH/CS is proposed in Figure 10.

 
Figure 10. Schematicrepresentation of probable mechanisms involved in U-LDH/CS
antimicrobial activity.
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U-LDH/CS2 and U-LDH/CS3 showed either no antimicrobial effect, or a decreased antimicrobial
effect. The characterization analysis (UV-Vis, thermogravimetric, and rheological) showed that
U-LDH/CS2 and U-LDH/CS3 behaved almost like pure chitosan. It seems that at about 2 g L−1 or
more of chitosan concentration, U-LDH5 is either insufficient or unable to firmly attach and protect the
chitosan against the pH of the medium. LDH, which has not been attached to chitosan, has therefore
not been able to release in the medium metal oxides and ionic particles. So, the chitosan molecules
that are subjected to the pH of the medium diffuse this pH effect by their interconnection bond, which
considerably reduces the chitosan molecules that have retained their antimicrobial activity. In addition,
the large amount of chitosan also disrupts the antibacterial activity of metallic nanostructures released
from LDH. This explains why, from 2 g L−1 of chitosan concentration, there is a remarkable reduction
or loss of the antimicrobial activity of chitosan. This was confirmed by rheological, FTIR, UV-Vis, and
thermogravimetric analyses, which indicated that U-LDH/CS3 showed fragility to remain compact,
with U-LDH/CS2 and U-LDH/CS3 absorption bands being more similar to those of chitosan. The
amount of chitosan is a significant factor of effectiveness of the antibacterial activity of the hybrid. In
the range of 0.5 to 1.5 g L−1 of chitosan concentration, its plays a stimulating role in the antimicrobial
activity of the hybrid by producing an increase of the antimicrobial activity. This increase of the hybrid
antimicrobial activity is shown by the enlargement of the inhibition zones. However, in the range
of 1.5 to 3 g L−1, chitosan concentration has an inhibitory effect on the antimicrobial activity of the
hybrid. This results in a reduction or complete loss of the antimicrobial activity of the hybrid. The
concentration of chitosan therefore has a pivotal role in the synthesis and efficacy of the antimicrobial
activity of the U-LDH/CS hybrid.

4. Conclusions

The development and spread of antibiotic-resistant pathogens involves research to develop new
antimicrobial agents. Hybrids derived from chitosan are newly emerging areas of research into the
synthesis of antimicrobial agents. Hybridization of chitosan with ZnAl-LDH has the potential to restore
the effectiveness of the antibacterial activity of chitosan at a pH of about six and above, provide novel
candidates with a synergistic effect in terms of efficacy and lowered resistance selection propensity, and
could confer antibacterial activity against a broad spectrum of resistant microbes. Antibacterial hybrid
materials based on the ZnAl/chitosan matrix have been successfully synthesized. It was shown that the
obtained hybrid tested against E. coli, S. aureus, and P. cyclopium demonstrated the highest antimicrobial
activity toward S. aureus. It has been found that an increase of CS concentration around and above 1.5
g L−1 led to a decrease in the antibacterial activity of U-LDH/CS. The effectiveness of the antibacterial
activity of U-LDH/CS hybrids suggest that the proposed preparation of such hybrid materials could be
extended to the development of other organic-inorganic hybrid antimicrobial materials that may have
applications in several areas of biotechnology and medical engineering.
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Abstract: The purpose of this research was to examine the antimicrobial properties against
Gram-positive bacteria, as well as the water vapour characteristic of polylactic acid (PLA) films
covered with a methyl–hydroxypropyl–cellulose (MHPC)/cocoa butter carrier containing Eucomis
comosa extract as an active substance. The second purpose of the study was to evaluate the influence
of accelerated UV-A and Q-SUN irradiation (UV-aging) on the antimicrobial properties and the
barrier characteristic of the coatings. The results of the study revealed that MHPC/cocoa butter
coatings had no influence on the growth of Staphylococcus aureus, Bacillus cereus, and Bacillus atrophaeus.
MHPC/cocoa butter coatings containing E. comosa extract reduced the number of bacterial strains.
MHPC/cocoa butter coatings also decreased the water vapour permeability of PLA. It was shown that
accelerated UV-A and Q-SUN irradiations altered the chemical composition of the coatings containing
cocoa butter. Despite the alteration of the chemical composition of the layers, the accelerated Q-SUN
and UV-A irradiation had no influence on the antimicrobial properties of E. comosa extract coatings
against S. aureus and B. cereus. It was found that only Q-SUN irradiation decreased the coating activity
with an extract against B. atrophaeus, though this was to a small degree.

Keywords: coatings; Eucomis comosa extract; antibacterial; antimicrobial properties

1. Introduction

The food packaging industry is seeking to replace synthetic polymers with natural and
biodegradable materials that present grease, water vapour, and gas barrier properties. Polylactic
acid (PLA) is a compostable and renewable biopolymer that has been commercialized as a good
alternative substitute for synthetic polymers [1–6]. It can be produced from the bacterial fermentation
of renewable resources, such as sugar beet or corn starch. PLA has been approved as safe by the United
States Food and Drug Administration (FDA). Polylactic acid has an advantage, as its physical and
mechanical properties can be easily changed and tailored by simply varying its chemical composition
(quantities of D- and L-isomer), as well as altering any processing conditions. It is also important that
this biopolymer is commercially available, and its price is low [6]. As a consequence, these advantages
give PLA the greatest potential for packaging and medical applications.

With respect to barrier behaviour, PLA shows high gas transmission and low water vapour
barrier that renders this polymer unsuitable for several food packaging applications in the case of
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synthetic polymers. To improve barrier characteristics, the surface of the polymer should be modified.
A covering of biopolymer with coatings might be a solution [2–7]. For example, paraffin wax emulsions
and polyurethane- or styrene-based copolymers are typical hydrophobic sizing agents that are applied
in molten form to the surface of biopolymers and offer an improvement in water vapour barrier
property. The purpose of the wax is to provide a moisture barrier. However, paraffin wax has relatively
poor durability and flexibility as a surface-coating material. The addition of synthetic polymers and
modifiers, such as cellulose derivatives, rubber derivatives, vinyl copolymers, polyamides, polyesters,
and butadiene–styrene copolymers, compatible with wax, may overcome its defects. Often, special
resins or plastic polymers can be added to the wax to improve adhesion and low-temperature
performance and to prevent cracking [8]. Commercial products such as Eurocryl 2080 (Cebra Chemie,
GmbH, Bramsche, Germany), Exceval HR 3010 (Kuraray, Europe GmBH, Hattersheim am Main,
Germany), Ecroprint RA 112 (Michelman, Ecronova Polymer GmbH, Recklinghausen, Germany),
Ultralub (Keim Additec Surface, GmbH, Kirchberg, Germany), Aquacer 2650 (Byk, Wesel, Germany)
or cocoa butter (which is used in the food industry) are used as hydrophobic carriers to cover
packaging materials. This butter is considered the most important cocoa by-product, due to its
physical and chemical characteristics, which offer highly valued functional properties in the food
industry. The amount of cocoa butter and the fatty acid profiles depend on the growing conditions
of the cocoa beans. In cocoa butter, fatty acids are organised as triacylglycerol (TAG), the majority
of these TAGs being 2-oleyl glycerides (O) of palmitic (P) and stearic (S) acids (POP, POS, SOS).
Due to its hydrophobic properties, a cocoa butter carrier can be used to improve the water vapour
barrier properties of PLA [9]. Unfortunately, cocoa butter is not compatible with PLA, which is
a polyester. The addition of methyl–hydroxypropyl–cellulose, cellulose derivative, may improve in
coating adhesion to the PLA film.

In recent years, a great deal of effort has been devoted not only to barrier properties, but also to
the development of coatings with antimicrobial activity that decreases bacterial growth. Attention has
been concentrated on the development of coatings offering the highest possible eradication activity
in the shortest possible time. For antibacterial coatings, long lifetime is a key requirement in many
practical applications when these coatings are deposited on the contact surfaces of substrates, and
must simultaneously perform two functions: antibacterial and protective [4–7,10–13]. The contact
of active materials with foodstuffs, offering the ability to change composition or the atmosphere
around it, is an active packaging system that inhibits or decreases the growth of microorganisms
present on the surface of these perishable goods. Coatings with antimicrobial properties may contain
an active substance e.g., zinc oxide (ZnO) nanoparticles, essential oils, organic acids, bacteriocins,
exopolysaccharides, or plant extracts [4–7,10–17].

Eucomis (L.) L’Hér (Asparagaceae, formerly Hyacinthaceae) is a small genus consisting of bulbous
geophytes extensively used in southern African traditional medicine [18–22]. Various plant parts
and extract solvents of various Eucomis species have been tested for in vitro and in vivo antimicrobial
screening [18,22–25]. It has been shown that Eucomis extracts inhibited Bacillus subtilis, Escherichia coli,
and Staphylococcus aureus [22–25], as well as fungal cells, such as Candida albicans [24]. It was proven
that E. comosa water extracts had a marked influence on the viability of the S. aureus strain in a previous
study. A medium containing the E. comosa water extract caused a 2-log decrease in the number
of bacterial cells on average. A decrease in the number of S. aureus was dependent on the extract
concentration and was confirmed in tests, with the highest results being found in 25% extracts. It was
also noted that E. comosa water extracts triggered a decrease in the viability of the B. atrophaeus
strain [25,26].

The coating, which contained cocoa butter as a hydrophobic carrier, could be used to cover
PLA films. The cocoa butter was able to increase the water vapour barrier of PLA. In addition,
E. comosa extract as an active substance could be introduced into an MHPC/cocoa butter carrier
to create antimicrobial coating activity. Boxes covered with Methocel™ containing polylysine and
boxes containing polyethylene (PE) films covered with MHPC with ZnO nanoparticles were used as
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packaging material for fresh cod fillets [27]. It was demonstrated that the number of bacterial cells
stored in boxes covered with Methocel™ containing polylysine or in the boxes containing the PE films
coated with MHPC with ZnO nanoparticles did not go over 107 cfu/g. Quite opposite results were
obtained for boxes that were not covered with the active coatings (control samples). These results
suggested that the active coatings improved the quality of cod fillets after storage. In marine fish
stored in refrigerated aerobic conditions, Pseudomonas sp. and Shewanella spp. (Gram-negative bacteria)
were observed as dominant. It was proved that MHPC coatings with ZnO nanoparticles [28] and
polylysine [27] were active against Gram-negative bacteria, and they could be chosen as a packaging
material to extend the quality and freshness of cod fillets after storage. The Eucomis extracts were
active against Bacillus sp. and Staphylococcus aureus [25,26]. The polymer films or boxes covered with
active coatings containing E. comosa extract could be used as packaging material for vacuum packed
raw meat, fish, or cheese. The active coatings could extend the shelf life, quality, and freshness of
food products.

In general, an active packaging material should function during storage to inhibit microorganism
growth and extend the shelf life of any given food product. This means that coatings should offer
sufficient resistance against UV radiation [28]. Ultraviolet (UV) radiation is a section of the non-ionizing
region of the electromagnetic spectrum that comprises of approximately 8–9% of total solar radiation.
It can lead to a degradation in the physical–mechanical, optical, and antimicrobial properties of
materials. Introducing an active substance that is sensitive to UV in a coating carrier can lead to coating
inactivation after UV-aging. Introducing an active substance that is resistant to UV in a coating carrier
can prevent the inactivation of this coating after UV-aging [28–32].

The aim of this research was to examine the antimicrobial properties against Gram-positive
bacteria, as well as the water vapour characteristic of PLA films covered with an MHPC/cocoa butter
carrier containing E. comosa extract as an active substance. The second aim of the study was to evaluate
the influence of accelerated UV-A and Q-SUN irradiation (UV-aging) on the antimicrobial properties
and the barrier characteristic of the coatings.

2. Materials and Methods

2.1. Materials

The test microorganisms used in this study were obtained from a collection from the Leibniz
Institute DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,
Germany). The strains were supplied from an American Type Culture Collection (ATCC, Manassas,
VA, USA). The organisms used in this study were S. aureus DSMZ 346, B. cereus ATCC 14579, and
B. atrophaeus DSM 675 IZT.

Polylactide films, (A4, 20 μm) (CBIMO—Center of Bioimmobilisation and Innovative Packaging
Materials, Szczecin, Poland) were used in this research. MHPC (Chempur, Piekary Śląskie, Poland) was
used as a coating carrier. E. comosa bulbs (Department of Horticulture, Szczecin, Poland) were used to
prepare a water extract (as an active substance). To verify the antimicrobial properties of any coatings,
agar-agar, TSB, and TSA mediums (Merck, Darmstadt, Germany) were used. All mediums were
prepared according to the Merck protocol (each medium was weighed according to the manufacturer’s
instructions, then suspended in 1000 mL of distilled water and autoclaved at 121 ◦C for 15 min).

2.2. Extract Preparation

E. comosa dried bulbs were ground to powder and a sample of 5 g was extracted with 50 g of 70%
aqueous acetone. The sample was then kept in a sonication water bath for one hour. The temperature
of the bath was maintained at 15 ◦C by adding ice. The acetone extract was concentrated at 40 ◦C.
After the evaporation of the acetone, the sample was filtered through a 0.2 μm filter. The resulting 15 g
of extract was used in further analyses.
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2.3. Coating Preparation and Antimicrobial Properties Analysis

(1) MHPC (2 g) was introduced into 48 g of water, this was mixed for 1 h using a magnetic stirrer
(Ika, Staufen im Breisgau, Germany) at 40 ◦C at 1500 rpm. Cocoa butter (10 g) was heated to
40 ◦C. Then, 40 g of MHPC was mixed with 10 g of cocoa butter and homogenized (1000 rpm)
(Heidolph, Sigma-Aldrich, Poznań, Poland). The hydrophobic mixture was used to cover the
PLA films to obtain coatings devoid of any active substances.

(2) E. comosa extract (12.5 g) was mixed with 25.5 g of water. Next, 2 g of MHPC was introduced into
38 g of E. comosa solution. The mixture was mixed for 1 h using a magnetic stirrer (Ika, Staufen
im Breisgau, Germany) at 40 ◦C at 1000 rpm. Cocoa butter (10 g) was heated to 40 ◦C and 40 g
of MHPC containing E. comosa extract was then mixed with the cocoa butter and homogenized
(1000 rpm) (Heidolph, Sigma-Aldrich, Poznań, Poland). The hydrophobic mixture was used to
cover the PLA films to obtain 25% active substance coatings.

(3) MHPC (2 g) was introduced into 48 g of water. The mixture was mixed for 1 h using a magnetic
stirrer (Ika, Staufen im Breisgau, Germany) at 40 ◦C at 1500 rpm. The hydrophilic MHPC was
used to cover PLA films to obtain coatings devoid of any active substances and hydrophobic
substances. The films covered with MHPC were used for the analyses of Fourier transform
infrared (FT-IR) and water vapour transmission rate (WVTR).

PLA films were covered using Unicoater 409 (Erichsen, Hemer, Germany) at a temperature
of 40 ◦C with a 40 μm diameter roller. The coatings were dried for 2 h at a temperature of 25 ◦C.
Layers (1.6 g) of MHPC/cocoa butter (1.28 g of MHPC and 0.32 g of cocoa butter) per 1 m2 of PLA
were obtained. PLA films that were not covered were used as control samples (K). PLA films with
MHPC/cocoa butter coatings were also used as control samples (MHPC/CB).

The film samples were cut into square shapes (3 cm × 3 cm). The antimicrobial properties of
non-covered and covered films were carried out according to the ASTM E 2180-01 standard [33]. As the
first step of the experiments, S. aureus, B. cereus, and B. atrophaeus cultures originated from 24 h growth
(coming from stock cultures) were prepared. The concentrations of the cultures were standardized
to 1.5 × 108 cfu/mL. The concentration of each culture was measured using Cell Density Meter
(WPA, Cambridge, UK. CB4 OF J). The agar slurry was prepared by dissolving 0.85 g of NaCl and
0.3 g of agar-agar in 100 mL of deionized water and autoclaved for 15 min at 121 ◦C and equilibrated
at 45 ◦C (one agar slurry was prepared for each strain). One millilitre of the culture (separately) was
placed into the 100 mL of agar slurry. The final concentration of each culture was 1.5 × 106 cfu/mL
in molten agar slurry. The square samples of each film (not covered PLA films, covered PLA film,
irradiated, and not irradiated) were introduced (separately) into the sterile Petri dishes with a diameter
of 55 mm. Inoculated agar slurry (1.0 mL) was pipetted onto each square sample. The samples were
incubated 24 h at 30 ◦C with relative humidity at 90%. After incubation, the samples were aseptically
removed from the Petri dishes and introduced into the 100 mL of TSB. The samples were sonicated
1 min in the Bag Mixer® CC (Interscience, St Nom la Brètech, France). The sonication facilitated the
complete release the agar slurry from the samples. Then serial dilutions of the initial inoculum were
performed. Each dilution was spread into the TSA and incubated at 30 ◦C for 48 h. The results were
presented as an average value with standard deviations.

2.4. Accelerated Irradiation

The non-covered and covered film samples were cut into rectangle shapes (23.5 cm × 7.0 cm and
26.0 cm × 2.5 cm) respectively. The samples were introduced into a UV-A accelerated weathering
tester with 1.55 W/m2 (QUV/spray, Q-LAB, Homestead, FL, USA) and into Q-SUN accelerated Xenon
Test Chamber with 1.5 W/m2 (Model Xe-2, Q-LAB, Homestead, FL, USA) and irradiated for 24 h [34].
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2.5. FT-IR

Fourier transform infrared (FT-IR) spectrum of the non-covered and covered film samples
was measured using a FT-IR spectroscopy (Perkin Elmer Spectrophotometer, Spectrum 100,
Waltham, MA, USA), operated at a resolution of 4 cm−1 and four scans. Film samples were cut
into square shapes (2 cm × 2 cm) and placed directly at the ray-exposing stage. The spectrum was
recorded at a wavelength of 650–4000 cm−1.

2.6. Barrier Characteristic

Water vapour transmission rate (WVTR) was performed according to DIN 53122-1 [35] and ISO
2528:1995 [36]. WVTR was measured by means of a gravimetric method that is based on the sorption
of humidity by calcium chloride and a comparison of sample weight gain. Initially, the amount of
dry CaCl2 inside the container was 9 g. The area of PLA film (covered or not covered) was 8.86 cm2.
Measurement was carried out for a period of 4 days, and each day, the containers were weighed
to determine the amount of absorbed water vapour through the films. The results were expressed
as average values from each day of measurement and each container. Analyses were carried out at
6 independent containers (6 repetitions) for each type of PLA films (covered with the coatings and not
covered), calculated as a standard unit g/m2·h, and presented as a mean ± standard deviation.

2.7. Statistical Analysis

The statistical significance was determined using an analysis of variance (ANOVA) followed by
Duncan’s test. This test was used to determine significant differences between numbers of the bacterial
cells. The values were considered as significantly different when p < 0.05. All analysis was performed
with Statistica version 10 (StatSoft, Kraków, Poland).

3. Results

3.1. Antimicrobial Properties

Study results indicated that MHPC coatings containing cocoa butter as hydrophobic additive had
no influence on the growth of S. aureus cells. It was demonstrated that the number of S. aureus cells for
the PLA film (control sample) was 2.1 × 105 cfu/mL. The amount of the bacterial cells for the MHPC
coating containing cocoa butter was similar compared to the control sample (4.56 × 105 cfu/mL).
The accelerated Q-SUN and UV-A irradiation did not influence the antimicrobial properties of the
coatings devoid of bulb extract, while the MHPC coatings containing E. comosa extract inhibited the
growth of S. aureus. The 3-log reduction of the number of S. aureus was noticed for the samples
containing bulb extract (the number of the cells was 3.60 × 102 cfu/mL). The E. comosa bulb extract
demonstrated antimicrobial activity against Gram-positive bacteria, a point confirmed in a previous
study [25,26]. Statistical analysis showed that the decrease in the number of bacterial cells was
significant (p < 0.05). The accelerated UV-A irradiation did not change the antimicrobial properties
of the coatings with bulb extract (3.2 × 102 cfu/mL). In the case of Q-SUN irradiation (Figure 1),
the number of bacterial cells marginally increased (5.86 × 102 cfu/mL), later confirmed by a Duncan
test (p > 0.05).
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Figure 1. The influence of coatings on S. aureus growth. K—polylactic acid (PLA) film;
KA—UV-A irradiated PLA film; KQ—Q-SUN irradiated PLA film; MB—PLA film, covered
with methyl–hydroxypropyl–cellulose (MHPC)/cocoa butter coating; MBA—UV-A irradiated PLA
film, covered with MHPC/cocoa butter coating; MBQ—Q-SUN irradiated PE film, covered with
MHPC/cocoa butter coating; MBE—PLA film, covered with MHPC/cocoa butter coating, containing
25% of E. comosa extract; MBEA—UV-A irradiated PLA film, covered with MHPC/cocoa butter coating,
containing 25% of E. comosa extract; MBEQ—Q-SUN irradiated PLA film, covered with MHPC/cocoa
butter coating, containing 25% of E. comosa extract.

The susceptibility assay of B. cereus with respect to the active coatings containing E. comosa extract
is shown in Figure 2. Comparing the numbers of B. cereus cells for PLA films (1.01 × 104 cfu/mL) to
the numbers the B. cereus for PLA films covered with MHPC (1.14 × 104 cfu/mL), it should be said
that the numbers were almost the same. The results of this research determined that MHPC coatings
containing cocoa butter were not found to be active against bacteria. Accelerated Q-SUN and UV-A
irradiation did not influence the antimicrobial properties of the coatings devoid of any bulb extract,
later confirmed by a Duncan test (p > 0.05). The marginally low change in the numbers of bacteria
(lower than 1-log reduction) was noticed. The B. cereus cells exhibited sensitivity towards coatings
containing E. comosa extract. The number of S. aureus decreased from 1.14 × 104 to 1.84 × 102 cfu/mL
(2-log reduction). Statistical analysis showed that the decrease in the number of bacterial cells was
significant (p < 0.05). Q-SUN and UV-A irradiation only marginally influenced the antimicrobial
properties of coatings. UV-A irradiation deactivated the antimicrobial properties of the coatings
with E. comosa extract. An increase in the number of bacterial cells (2.76 × 102 cfu/mL) for these
coatings irradiated with UV-A was also observed. In contrast to UV-A aging, Q-SUN improved the
antimicrobial activity of the coatings (1.10 × 102 cfu/mL). The differences between the numbers of
viable cells were not significant, as later confirmed by Duncan’s test (p > 0.05).
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Figure 2. The influence of coatings on B. cereus growth. K—PLA film; KA—UV-A irradiated PLA
film; KQ—Q-SUN irradiated PLA film; MB—PLA film, covered with MHPC/cocoa butter coating;
MBA—UV-A irradiated PLA film, covered with MHPC/cocoa butter coating; MBQ—Q-SUN irradiated
PE film, covered with MHPC/cocoa butter coating; MBE—PLA film, covered with MHPC/cocoa
butter coating, containing 25% of E. comosa extract; MBEA—UV-A irradiated PLA film, covered with
MHPC/cocoa butter coating, containing 25% of E. comosa extract; MBEQ—Q-SUN irradiated PLA film,
covered with MHPC/cocoa butter coating, containing 25% of E. comosa extract.

The results of this research demonstrated that MHPC coatings with cocoa butter had no influence
on the decrease in B. atrophaeus cell growth. It was also observed that the number of bacterial cells
(5.44 × 105 cfu/mL) increased when compared to PLA films (4.34 × 104 cfu/mL) that were not covered
with coatings. It is tempting to suggest that a coating devoid of an active substance may be used by
B. atrophaeus as a carbon source. It should be added that the increase in viable cells was significant,
later confirmed by statistical analysis (p < 0.05). The growth of bacterial cells decreased after 24 h
contact with MHPC coatings containing E. comosa extract from 5.44 × 105 to 1.73 × 103 cfu/mL.
As seen below (Figure 3), the influence of accelerated UV-A irradiation on the antimicrobial properties
of coatings with E. comosa extract was also not noted. In the case of Q-SUN irradiation, it was observed
that the number of viable cells increased from 1.73 × 103 to 1.24 × 104 cfu/mL when compared to the
non-irradiated samples. A statistical analysis demonstrated that the differences between numbers of
B. atrophaeus cells were not significant (p > 0.05).
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Figure 3. The influence of coatings on B. atrophaeus growth. K—PLA film; KA—UV-A irradiated PLA
film; KQ—Q-SUN irradiated PLA film; MB—PLA film, covered with MHPC/cocoa butter coating;
MBA—UV-A irradiated PLA film, covered with MHPC/cocoa butter coating; MBQ—Q-SUN irradiated
PE film, covered with MHPC/cocoa butter coating; MBE—PLA film, covered with MHPC/cocoa
butter coating, containing 25% of E. comosa extract; MBEA—UV-A irradiated PLA film, covered with
MHPC/cocoa butter coating, containing 25% of E. comosa extract; MBEQ—Q-SUN irradiated PLA film,
covered with MHPC/cocoa butter coating, containing 25% of E. comosa extract.

3.2. FT-IR Analysis

PLA belonging to the polyester family has characteristic peaks. The infrared (IR) spectra at
2996.3 and 2946.49 cm−1 were assigned to the asymmetric and symmetric –CH stretching region of
the –CH3 mode, respectively. The C=O stretching of the ester group was attributed as a broad and
strong absorption bend at 1747.91 cm−1. The –CH3 bend was characterized by a peak of 1451.85 cm−1.
–CH deformation and asymmetric bends were observed at 1381.82 and 1360.06 cm−1, respectively.
The C=O stretching mode of the ester group were noted at 1266.41 cm−1 and an asymmetric C–O–C
stretching mode were observed at 1180.81, 1127.28, and 1083 cm−1. In the region of 1000 and 800 cm−1,
the bend at 955.57 cm−1 was attributed to the characteristic vibration of a helical backbone with CH3

rocking mode. Two bends related to the crystalline and amorphous phases of PLA were found at
868.06 (assigned to the amorphous phase), 766.57 and 755.32 cm−1 (crystalline phase). The results
were confirmed by Chu Z. et al. [37] and Seda Tıglı Aydın R. et al. [37].

The influence of UV irradiation and Q-SUN irradiation on coatings can be clearly noted
through the use of FT-IR spectroscopy. Properties that were found to influence the absorption
peak and bend positions were; structure, chemical composition, as well as the morphology of thin
films or coating [28,29]. Study results demonstrated that differences in chemical composition and
morphology of the PLA films (K—PLA) after UV-A irradiation (K—UV-A) and Q-SUN irradiation
(K—Q-UV) were not noted (Figure 4). As shown in Figure 4, the curves of irradiated PLA films
were similar to the PLA film that was not irradiated. However, with the UV-aging of the samples,
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the bend, at 1381.82, 1360.06, and 868.06 cm−1, decreased in intensity. The results were confirmed by
Yingfeng Z. et al. [38]. The authors demonstrated that the position of characteristic absorption peak of
PLA did not change after aging treatment for different length of time, but significant change of the
intensity of absorption peak was observed. The accelerated weather testing was performed also by
Van Cong D. et al. [39] to evaluate the effects of TiO2 crystal forms on the degradation behaviour of
an EVA/PLA/TiO2 nanocomposites compared to poly (ethylene-co-vinyl acetate) (EVA)/polylactic
acid (PLA) blend. The results of FT-IR analysis, and thermal–mechanical properties confirmed the
degradation of samples under accelerated weather testing. The degradation level of samples depended
on TiO2 crystal forms present in samples. The TiO2 nanoparticles promoted the photodegradation of
EVA/PLA/TiO2 nanocomposites, in which mixed crystals of TiO2 nanoparticles showed the highest
photocatalytic activity.

Figure 4. The FT-IR spectra of K—PLA, K—UV-A, K—Q-UV.

A representative spectrum of MHPC is shown in Figure 5. The peak at 3382.15 cm−1 was due to
–OH vibration stretching. The symmetric stretching mode of methyl and hydroxyl propyl frequency
was found in the range of 2918.71–2850.98 cm−1 in which all the –CH bonds extend and contract
in phase. Symmetric vibrations were mainly displayed in the range of 1379.29 cm−1 and suggested
cyclic anhydrides. The bands at 1040.36 and 1075.62 cm−1 were for the stretching vibration of ethereal
C–O–C groups. These results were confirmed by Punitha S. et al. [40] and by Dong Ch. et al. [41].

The results demonstrated that accelerated irradiation had no effect on PLA film samples.
The influence of UV-A and Q-SUN irradiation on hydrophilic MHPC was also not observed (Figure 5).
However, with the UV-aging of the samples, the bend, at 1381.82, 1360.06, and 868.06 cm−1, increased
in intensity.
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Figure 5. The FT-IR spectra of MHPC, MHPC—UV-A, MHPC—Q-UV.

A MHPC coating containing cocoa butter (CB—MHPC), a UV-A irradiated MHPC coating
with cocoa butter (CB—MHPC—UVA) and a Q-SUN irradiated MHPC coating with hydrophobic
additive (CB—MHPC—Q-UV) are presented in Figure 6. There are three regions viewed in the FT-IR
spectroscopy that range from (1) 3600 to 2400 cm−1; (2) 1800 to 1400 cm−1; and (3) 1000 to 650 cm−1.
In the case of a 2851.05 cm−1 peak, this was noted and is consistent with absorption, stimulated by
O=C–H double bonds. The 1747.53 cm−1 peak was stimulated by stretching vibration of carbonyl
groups (C=O) from esters of triglycerides. The 1254.55 cm−1 peak was stimulated by C–O stretching
vibration in ester. Alternatively, spectra peaks ranging from 1600 to 1400 cm−1, were observed for
a peak with C=C induced absorption. These peaks were only observed for a coating that was not
irradiated. UV-A and Q-SUN irradiations caused the peaks to disappear. Different peak properties
were shown at 937.89 and 720 cm−1. The peaks were also observed in the case of a MHPC coating
containing cocoa butter. The results were confirmed by Vesela A. et al. [42] and by Suparman et al. [43].
The presence of these peaks for a Q-SUN and an UV-A irradiated MHPC coatings was not noted. It was
clearly confirmed that accelerated UV-A and Q-SUN irradiations altered the chemical composition of
the CB—MHPC layer. It is tempting to suggest that accelerated irradiations cased the oxidation of the
hydrophobic additive. Similar results were obtained for the MHPC coatings containing cocoa butter as
a hydrophobic additive and E. comosa extract as an active substance (Figure 7). There are also three
regions viewed in the FT-IR spectroscopy that range from (1) 3600 to 2400 cm−1; (2) 1600 to 1400 cm−1;
and (3) 1000 to 650 cm−1. In the case of coatings containing an active extract, the disappearance
of the peaks after accelerated irradiation was also noted. This means that accelerated irradiations
caused an unsaturated bond oxidation of the cocoa butter fatty acids. This led us to believe that ZnO
nanoparticles have shielding properties, in contrast to the E. comosa extract, which did not shield the
coatings against accelerated irradiation. Mizielińsska et al. [28] showed that nano ZnO shielded the
MHPC layer against Q-SUN irradiation. This conclusion was confirmed by El-Feky O.M. et al. [31]
who used ZnO nanoparticles as an additive for coatings as a protection against UV irradiation.
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Figure 6. The FT-IR spectra of CB—MHPC, CB—MHPC—UV-A, CB—MHPC—Q-UV.

Figure 7. The FT-IR spectra of E—CB—MHPC, E—CB—MHPC—UV-A, E—CB—MHPC—Q-UV.

3.3. Barrier Characteristic

The results of this study demonstrated that the MHPC coating had no significant influence on the
barrier properties of PLA films. As clearly seen below (Table 1). The accelerated UV-A and Q-SUN
did not improve and/or lower the water permeability of PLA covered with MHPC. Cocoa butter as
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a hydrophobic additive decreased the water permeability of coatings from 76.88 ± 1.24 (g/(m2 × h))
to 41.38 ± 3.45 (g/(m2 × h)). It was observed that contrary to UV-A irradiation, Q-UV irradiation
improved the barrier properties of the coated PLA. The addition of E. comosa extract into the coating
decreased the water permeability of the MHPC coating with cocoa butter. It should be mentioned
that UV-A and Q-UV irradiations increased the water permeability of the PLA covered with MHPC
containing cocoa butter as a hydrophobic substance and E. comosa extract as an active substance.

Table 1. The water permeability of PLA films before and after irradiation.

Sample WVTR (g/(m2 × h))

Devoid of irradiation

PLA 80.22 ± 1.78
MHPC 76.88 ± 1.24

CB—MHPC 41.38 ± 3.45
E—CB—MHPC 29.91 ± 2.28

UV-A irradiated
MHPC 76.45 ± 0.25

CB—MHPC 48.34 ± 4.68
E—CB—MHPC 60.31 ± 1.02

Q-UV irradiated
MHPC 74.89 ± 2.76

CB—MHPC 40.23 ± 3.49
E—CB—MHPC 63.26 ± 1.44

4. Discussion

Pollution is increasing day by day, and environmental laws are becoming more stringent.
Therefore, companies need to transform to meet their traditional objectives of cost reduction and good
product quality, but also make efforts to implement a green and innovative set of technologies [44,45].
There is a need to replace synthetic polymers with natural and biodegradable materials such as
polylactic acid. PLA is the most commercial biodegradable polymer, showing many advantages.
Hence, different methods have been suggested in order to improve its chemical–physical performance
and to obtain antimicrobial properties of the films. With respect to synthetic polymers, the barrier
behaviour showed a high gas and water vapour transmission that rendered this polymer unsuitable
for several food packaging applications. To improve barrier characteristics and activate some
kind of antimicrobial effect, a surface polymer modification, such as a coating, would need to be
created [2,7–13,16,17]. Coatings containing active substances can be divided into those that migrate
into the packed product and those that do not. The active compounds should inhibit the growth of
microorganisms responsible for packed product spoilage and pathogenic microorganisms. An active
packaging containing plant and spice extracts or essential oils has antimicrobial properties against
many bacteria and fungi. Their natural components include antimicrobial phenolic compounds,
aldehydes, ketones, alcohols, ethers, and hydrocarbons. [10,11,16,17]. Because E. comosa extract [25,26]
was found to be active against S. aureus, B. cereus, and B. atrophaeus, it was used as an active substance
in the coatings. Due to the high water vapour permeability [13,16,17] of the PLA films or MHPC carrier,
a hydrophobic additive was also introduced into the coatings.

The results of the study showed that MHPC/cocoa butter coatings containing E. comosa extract
reduced the number of S. aureus, B. cereus, and B. atrophaeus cells. The addition of cocoa butter into the
coatings decreased the water vapour permeability of PLA. It was shown that accelerated UV-A and
Q-SUN irradiations altered the chemical composition of the coatings containing cocoa butter. It was
also observed that contrary to UV-A irradiation, Q-UV irradiation that caused the oxidation of the
double bonds improved the barrier properties of the coated PLA. The addition of E. comosa extract into
the coating decreased the water vapour permeability of the MHPC coating with cocoa butter. It should
be mentioned that UV-A and Q-UV irradiations increased the water vapour permeability of covered
PLA containing E. comosa extract.

44



Polymers 2018, 10, 421

Despite alterations made to the chemical composition of the layers, accelerated Q-SUN and UV-A
irradiation had no influence on the antimicrobial properties of E. comosa extract coatings against
S. aureus, and B. cereus (in contrast to barrier characteristic). Only Q-SUN irradiation decreased coating
activity with an extract against B. atrophaeus, but this was negligible. Similar results were obtained
in a previous study [28] that showed that accelerated Q-SUN and UV-A irradiation had no influence
on the antimicrobial properties of coatings against S. aureus and B. cereus. The coatings used in this
previous study contained ZnO nanoparticles that shielded the active MHPC coating during irradiation,
which was confirmed by the authors [31,46]. This work showed that E. comosa extract did not shield
the MHPC/cocoa butter coating during irradiation. Although the extract had no shielding properties
and the chemical composition changed, the coatings were still active against Gram-positive bacteria.

The growing demand for increased fresh food shelf life as well as the need of protection
against foodborne diseases urged the development of antimicrobial food packaging. Active food
packaging may include oxygen scavengers, moisture absorbers, ultraviolet barriers, or compounds
that deliver flavouring, antioxidant, or antimicrobial agents. In the context of increasing demand of
multiple hurdle technology to achieve high food safety standards, the development of antimicrobial
packaging systems is of great interest. The use of natural products, such as essential oils (EOs) or
plant extracts, as food preserving agents, is being promoted given the current trend towards green
consumerism. These extracts or oils often contain compounds such as polyphenols or terpenes with
antimicrobial properties [47–54]. Ginja cherry stem extracts, extracts from green tea were used in food
packaging [50,51].

It is known that Gram-positive bacteria such as S. aureus, Bacillus sp., and Listeria monocytogenes
were often isolated from raw fish, meat, or ready-sliced ham and cheese. Responsible for foodborne
diseases, Clostridium sp. was isolated from meat packed in vacuum. The packaging materials covered
with coatings, that are active against Gram-positive microorganisms could be the solution for vacuum
system packaging. Shakila R.J. et al. [49] evaluated antimicrobial properties against S. aureus and
Listeria monocytogenes of coatings with different active additives (chitosan, clove, and pepper) in
vacuum packed fish steaks. The authors extended the shelf-life of product from 4 to 8 days at 4 ◦C.
Sandoval L.N. et al. [54] proved that the active packaging containing chitosan as an antimicrobial
agent offered an alternative for the preservation of the quality of fresh cheese during storage, and
increased shelf life, and more importantly, it inhibited the growth of L. monocytogenes. This study
showed that E. comosa extract coatings were active against Gram-positive bacteria even after UV-aging.
These coatings could be used as packaging material for vacuum-packed fish, meat, or cheese.

5. Conclusions

The food packaging industry is going to replace non-compostable polymers with biodegradable
materials. It should be underlined that polylactic acid is a biodegradable biopolymer that has been
commercialized as a good alternative substitute for synthetic polymers.

It should be underlined that the covering of PLA films with a MHPC carrier containing cocoa
butter decreased water vapour permeability of the biopolymer. The additional advantage of the
material was its antibacterial activity, obtained by introducing E. comosa extract as an active substance
into the MHPC coating. Accelerated UV-A and Q-SUN irradiations altered the chemical composition
of the coatings containing cocoa butter or cocoa butter and E. comosa extract. It caused an increase in
the water vapour permeability of the coated PLA. It should be highlighted that the accelerated Q-SUN
and UV-A irradiation had no influence on the antimicrobial properties of E. comosa extract coatings
against S. aureus and B. cereus.

Due to the resistance of the coatings to UV-aging, and due to improved barrier characteristic of
PLA, the coatings could be used to cover biopolymer films or boxes to obtain the active packaging
material. The active coatings could extend the shelf life, the quality and freshness of food products.
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Conflicts of Interest: The authors declare no conflict of interest.

References

1. Muller, J.; González-Martínez, C.; Chiralt, A. Combination of Poly(lactic) Acid and Starch for Biodegradable
Food Packaging. Materials 2017, 10, 952. [CrossRef] [PubMed]

2. Siracusa, V.; Rosa, M.D.; Iordanskii, A.L. Performance of Poly(lactic acid) Surface Modified Films for Food
Packaging Application. Materials 2017, 10, 850. [CrossRef] [PubMed]

3. Sánchez Aldana, D.; Duarte Villa, E.; De Dios Hernández, M.; Guillermo González Sánchez, G.;
Rascón Cruz, Q.; Flores Gallardo, S.; Hilda Piñon Castillo, H.; Ballinas Casarrubias, L. Barrier Properties of
Polylactic Acid in Cellulose Based Packages Using Montmorillonite as Filler. Polymers 2014, 6, 2386–2403.
[CrossRef]

4. Musil, J. Flexible antibacterial coatings. Molecules 2017, 22, 813. [CrossRef] [PubMed]
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Abstract: The fungi of the genus Alternaria are among the main pathogens causing post-harvest
diseases and significant economic losses. The consumption of Alternaria contaminated foods may
be a major risk to human health, as many Alternaria species produce several toxic mycotoxins and
secondary metabolites. To protect consumer health and extend the shelf life of food products, the
development of new ways of packaging is of outmost importance. The aim of this work was to
investigate the antifungal capacity of a biodegradable poly(lactic acid) (PLA) package filled with
thymol or carvacrol complexed in β-cyclodextrins (β-CDs) by the solubility method. Once solid
complexes were obtained by spray drying, varying proportions (0.0%, 1.5%, 2.5%, and 5.0 wt%) of
β-CD–thymol or β-CD–carvacrol were mixed with PLA for packaging development by injection
process. The formation of stable complexes between β-CDs and carvacrol or thymol molecules was
assessed by Fourier-transform infrared spectroscopy (FTIR). Mechanical, structural, and thermal
characterization of the developed packaging was also carried out. The polymer surface showed a
decrease in the number of cuts and folds as the amount of encapsulation increased, thereby reducing
the stiffness of the packaging. In addition, thermogravimetric analysis (TGA) revealed a slight
decrease in the temperature of degradation of PLA package as the concentration of the complexes
increased, with β-CD–carvacrol or β-CDs–thymol complexes acting as plasticisers that lowered
the intermolecular forces of the polymer chains, thereby improving the breaking point. Packages
containing 2.5% and 5% β-CD–carvacrol, or 5% β-CD–thymol showed Alternaria alternata inhibition
after 10 days of incubation revealing their potential uses in agrofood industry.

Keywords: food packaging; poly(lactic acid); thymol; carvacrol; β-cyclodextrin; antifungal activity

1. Introduction

Nowadays, the increasing consumer demand for healthy, freshly prepared, and convenient fruits
and vegetables has driven the rapid growth of the fresh-cut produce industry worldwide, with benefits
in multi-billion dollars [1]. In addition, new lifestyle drivers such as health and aging of population
has stimulated the agrofood industry to enhance the offer and delivery of value-added products, such
as minimally processed fruits and vegetables packaged in sealed polymeric films or on trays, ready for
immediate consumption or direct cooking.
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However, this trend has disturbed the scenario of foodborne diseases worldwide caused by
pathogenic microorganisms, with important economic and social impacts [2], since fresh and minimally
processed foods may undergo negative qualitative changes related to high respiratory rate, moisture
loss, rapid enzymatic browning, and microbial contamination which lead to the rapid deterioration of
the products [3]. In addition, fungal contamination of crops through latent infections usually occurs
in the fields; nevertheless, the rotting arises later, during the storage and transport before marketing.
The fungi of the genus Alternaria are among the main pathogens causing post-harvest diseases and
significant economic losses. These fungi also represent a serious toxicological risk as they produce a
broad spectrum of mycotoxins and secondary metabolites, which can cause problems in humans and
animals [4].

This issue has raised considerable challenges for food packaging companies and researchers that
specifically use biodegradable materials or bio-based packaging for food preservation. Despite the
good properties of petroleum-based plastics, their widespread use and accumulation cause serious
environmental problems and dependence on fossil resources. In fact, packaging applications contribute
to 63% of the current plastic waste, and it is estimated that less than 14% are recyclable [5].

To overcome the described drawbacks, different approaches have been carried out to obtain
bioplastics with analogous functionalities to petrochemical polymers. Poly(lactic acid) (PLA), a
biodegradable aliphatic polyester which can be obtained by fermentation of renewable resources
such as corn, tapioca, and sugarcane [6], meets several requirements such as high mechanical
strength, biodegradability, biocompatibility, bio-absorbability, transparency, low toxicity, and easy
process ability [7] to be thoroughly employed in agricultural films, biomedical devices, and food
packaging [8,9] and used as a suitable carrier of active compounds to yield antioxidant or antimicrobial
effects [10,11].

Currently, consumer concerns about the potential toxicity to humans of synthetic antimicrobials
such as butylated hydroxytoluene (BHT) or butylated hydroxyanisole (BHA) have resulted in the
increased use of natural antimicrobials, which receive a good deal of attention for a number of
microorganism control issues [12]. As a result, different antimicrobials have been added to different
packaging materials. In particular, essential oils and their bioactive molecules such as carvacrol and
thymol have been thoroughly tested in vitro [13,14] or in different food systems such as meat, dairy or
vegetable samples [15] due to their insecticidal, antiviral, antimicrobial, and antifungal activities [16];
however, their high volatility and reactivity limits their application as food preservatives. In fact,
long storage time and temperature could magnify volatilization and drastically lessen their activity,
requiring as consequence high concentrations to ensure antimicrobial activity, which is a detrimental
praxis for organoleptic attributes (flavor, taste, and aroma) and acceptability of foods, so this strategy
is not considered in practice.

In order to increase the applicability of natural antimicrobial formulations, these drawbacks could
be overcome by microencapsulation or complexation techniques using cyclodextrins (CDS), which
are cyclic oligosaccharides derived from starch made up of 6, 7, or 8 units of D-glucose monomers
linked by α(1,4) bonds, shaped as a truncated hollow cone [17] that presents an internal hydrophobic
cavity to interact with non-polar active constituents of essential oils or their bioactive molecules such
as carvacrol and thymol, whereas the external face is hydrophilic, improving their water solubility and
gradually increasing their effectiveness using lower concentrations of these compounds.

As a preliminary stage to subsequently evaluate the antifungal capacity of a biodegradable
poly(lactic acid) (PLA) package carrying as preservatives carvacrol or thymol complexed in CDs
(as described here), their complexation was carried out with native and modified CDs [18] and
the antimicrobial and antifungal effects of their respective complexes was verified by comparison
with hydroxypropyl-β-cyclodextrins (selected due to their highest Kc values) against Escherichia coli,
Staphylococcus aureus, and Galactomyces citri-aurantii [19,20]. However, only native CDs (α, β, and γ)
are considered as GRAS (generally recognized as safe) and are the only ones authorized to come into
contact with foods.
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Therefore, the present study focuses on the design and optimization of a controlled release system
of antifungal carvacrol or thymol volatiles encapsulated inβ-CD to be incorporated into a biodegradable
polymeric matrix of PLA by industrial injection. The optimization of stable complexes between β-CDs
and carvacrol or thymol molecules and characterization by Fourier-transform infrared spectroscopy
(FTIR) were carried out. Mechanical, structural, and thermal characterization of developed packaging
was carried out and materials behavior against Alternaria alternata growth was also investigated.

2. Materials and Methods

2.1. Materials

Carvacrol (CAS: 499-75-2, 99.5% purity), thymol (CAS: 89-83-8, 98.7% purity), and β-cyclodextrin
(β-CD >95%, food grade) were purchased from Sigma-Aldrich Corp (Saint Louis, MO, USA).
The chemical structures of the two monoterpenes are shown in Figure 1. Poly(lactic acid) (PLA,
Ingeo™ Biopolymer ref. code: 3251D) with a weight-average molecular weight (Mw) of 5.5 × 104 g/mol,
polydispersity index (PI) of 1.62, and low D-isomer content (99% l-lactide/1% D-lactide), provided by
PromaPlast Co (Guadalajara, Jalisco, Mexico) and manufactured by Nature Works LLC (Blair, NE, USA),
was selected for injection moulding applications since it has a higher flow capability (relative
viscosity 2.5, glass transition temperature Tg = 55–60 ◦C, melting temperature Tm = 155–170 ◦C, and
processing temperature 188–210 ◦C) than other resins currently available in the marketplace. Alternaria
alternata strain ATCC 42761 (isolated from blackberries in Georgia, USA) was purchased from SENNA
laboratories, Mexico City. Potato dextrose agar (PDA) was provided by Bioxon, Mexico. The rest of the
chemical products were of analytical grade.

Figure 1. Chemical structures of carvacrol and thymol monoterpenes.

2.2. Preparation of β-CD Inclusion Complexes

Both β-CD–carvacrol and β-CD–thymol inclusion complexes were prepared using the solubility
method [18]. For that, aqueous solutions of increasing concentrations of β-cyclodextrin (0–15 mM) were
prepared in sodium phosphate buffer (100 mM, pH of 7.0) in a total volume of 100 mL. A saturating
amount of carvacrol or thymol was added to each one of the solutions and kept in an ultrasound bath
(Ultrasons HP, Selecta, Spain) for 60 min in the dark at 25 ◦C, until equilibrium was reached. After that,
to remove excess monoterpene, the respective solutions were filtered through a nylon filter of 0.45 μm.
Liquid complexes were used for phase solubility diagrams, determining the concentration of entrapped
monoterpene by GC/MS, and posterior spray drying process to obtain powdered dehydrated complexes.

From the phase diagrams of carvacrol or thymol, complexed with β-CDs, the parameters efficiency
of complexation (CE) and the molar ratio (MR) were determined. CE is the ratio between the dissolved
complex and free cyclodextrin (CD) concentration. It is independent of S0 (aqueous solubility), and
was calculated from the slope of the phase solubility profiles by using Equation (1).

CE (%) =
[dissolved− complex]

[CD] f
(1)
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The MR of β-CD–carvacrol and β-CD–thymol inclusion complexes was calculated using CE
values with Equation (2).

MR =
1(

1 + 1
CE

) (2)

2.3. Atomization Process to Obtain Complexes in Solid State

To obtain complexes in solid state, the β-CD–carvacrol and β-CD–thymol solutions were subjected
to an atomization process using a laboratory-scale atomizer and Büchi B290 Mini Spray Dryer
(Flawil, Switzerland) working with air as the carrier gas at a flow rate 5 mL/min, pressure of 3.2 bar,
and an inlet and outlet temperature of 170 ± 2 ◦C and 68 ± 2 ◦C, respectively, using a 1.5 mm nozzle
diameter. In each case, the entrapment efficiency (EE) was determined with respect to the theoretical
number of monoterpenes present in the inclusion complex after atomization, using Equation (3).

EE =
Amount of active compound entrapped

(Initial active compound amount)
× 100 (3)

Furthermore, the process performance (PP) was determined as follows:

PP =
Total weight obtained from solids after spray drying process (g)

(Initial Initial weight −CD in solution (g) )
× 100 (4)

Carvacrol and thymol concentrations in dehydrated complexes were quantified after spray drying.
For that, β-CD–carvacrol and β-CD–thymol were diluted in ethanol (complex: ethanol, 20:80, v/v),
to break the complexes formed. After that, β-CDs was removed from the solution, leaving only the
active compound for further quantification in triplicate, by GC/MS analysis at Agilent Technologies
7890B (Palo Alto, CA, USA) coupled to a 5977A mass spectrometer, as previously described by
Rodríguez-López et al. (2019) [18].

2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra used to study changes of chemical structures of free carvacrol and
thymol, and their respective complexes were acquired using a Varian FTIR 670 (Agilent Tech,
Amstelveen, The Netherlands) spectrophotometer coupled with an accessory to analyze the attenuated
total reflectance (ATR) with a wave number resolution of 0.10 cm−1 in the range of 250–4000 cm−1.
A minimum of 32 scans were signal-averaged with a resolution of 4 cm−1 in the above ranges.

2.5. Boxes Production

The PLA samples were dried in an oven at 60 ◦C for 4 h to avoid bubbles in the molding process.
After that, physical mixtures were performed using as ingredients PLA (100%, 98.5%, 97.5%, and 95%
weight percentages, wt%), and dehydrated complexes of β-CD–carvacrol or β-CD–thymol at (0%,
1.5%, 2.5%, and 5% wt%), that were introduced in a pilot extruder to produce pellets. The extruder had
a screw diameter (D) of 25.4 mm, screw length (L) of 406.4 mm (L/D ratio of 16), four heating zones,
and a slot 1.75 mm matrix outlet. The barrel temperature profile was set at 150/170/180/180 ◦C with a
screw speed of 30 rpm.

The pellets produced in the previous step were thermo-pressed in the Belken BLD-68 injector
from AG Plastic (Querétaro, México), optimizing the parameters of heated mold (180 ◦C/100 bar), to
ensure the adequate fluidity of the material to produce (12 × 10 × 3.0 cm) boxes (Figure 2). Once the
material reached the cooling temperature, the boxes were then released from the molds.
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Figure 2. Boxes obtained by injection of the pellets. (a) (PLA); (b) (PLA/β-CD–thymol, 2.5%, wt%);
(c) (PLA/β-CD–carvacrol, 5.0%, wt%).

2.6. Packaging Characterization

2.6.1. Mechanical Properties

Tensile proofs were carried out in the universal traction machine SFM 100 from United Testing
Systems (Ontario, Canada). Previously the packages were manually cut to obtain assay pieces (ten
of each formulation), according to dimensions established by the ASTM method D-638. The tests
were conducted at room temperature, at 5 mm/min speed using an initial grip length of 25 mm.
The parameters, namely, average of maximum stress (MPa), breaking point (%), and Young’s modulus
(MPa) were determined for the pieces of PLA and β-CD–carvacrol or β-CD–thymol, according to the
aforementioned procedure [21].

2.6.2. Scanning Electron Microscopy (SEM)

The structure of the packaging material was determined by scanning electron microscopy MIRA3
model form TESCAN (Brno, Czech Republic). Packages were previously frozen at −80 ◦C, manually
fractured, and later placed on the slide and gold coated during 90 s using a sputter coater. All the
samples were evaluated using a voltage of 7.0 kV.

2.6.3. Thermal Characterization of the Developed Packaging

The thermal evaluation of the packaging material was done by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). DSC assays were performed in DSC-Q100 (TA
Instruments, New Castle, USA). Firstly, pieces of 5 mg were dried for 48 h in an oven at room
temperature; after that, samples were placed in an aluminium capsule that was subjected to a
temperature scan from 20–230 ◦C at a heating rate of 10 ◦C/min under inert nitrogen atmosphere.
In addition, thermal stability of the materials was carried out by TGA using the gravimetric thermal
analyzer TGA-550 (TA Instruments, New Castle, PA, USA). For that, samples of 10 mg were weighed
and placed in platinum trays, which were subjected to a temperature scan of 20–600 ◦C at a heating
rate of 20 ◦C/min under a nitrogen atmosphere.

2.7. Antimicrobial Activity

The antifungal activity of the packages with β-CD–thymol and β-CD–carvacrol was evaluated by
vapor phase diffusion, in triplicates, according to Du et al. [22] using a strain of A. alternata (ATCC
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42761). Pure fungal cultures in potato-dextrose agar medium plates with 14 days of incubation (23 ◦C)
were suspended in 10 mL sterile distilled water containing 0.05% of Tween 20, and collected by gently
scraping the surface of the agar with a sterile L-shaped glass rod. Next, the arthrospores concentration
was adjusted to 106 spores/mL using the McFarland scale (Shumadzu, UVmini-1240), and the inoculum
was used for in vitro bioassays.

For the bioassay, 3.0 μL of spore suspensions were placed in the centre of Petri dishes previously
filled with inoculated potato dextrose agar (PDA). Subsequently, these boxes were incubated at 25 ◦C
for 5 and 10 days, inverted and covered with parafilm, and were used as controls.

Packages containing different concentration of active compounds were aseptically cut into 50 mm
rectangles and placed on top of the Petri dishes. Parafilm M (Bemis) was used to hermetically seal the
Petri dishes, which were incubated at 25 ± 1 ◦C in an incubator (Binder ED), for 120–240 h. After the
incubation period, the inhibition zone diameter created by the vapor and active compound (thymol or
carvacrol complexed with CDs) released from the packaging into the culture medium was measured
and related to the package antimicrobial activity.

The growth of fungal cultures as well as controls were daily evaluated by measuring the diameter
of the colony or surface area (diameter at right angles to each other) of the plates occupied by the
colony during incubation time. The measurements were carried out with a gauge on the agar surface
reporting growth at 5 and 10 days. Due to the transparency of the materials used, these measurements
were conducted without opening the box. Every assay was tested in triplicate and the results were
statistically analyzed.

2.8. Statistical Analysis

The data corresponding to mechanical properties and the diameter of the colony in the antifungal
activity were subjected to statistical analysis. Analysis of variance (ANOVA) and Tukey’s multiple
comparison test were performed using MINITAB 18 statistical software (Paris, France), at a 5%
significance level.

3. Results and Discussion

3.1. Assessment of the Obtained Complexes

As described previously by Rodríguez-López et al., 2019 [18], phase solubility diagrams of
carvacrol and thymol with β-CDs were carried out at pH 7.0 (25 ◦C), since the pH of the medium could
condition its dissociation degree and consequently its solubility, thus determining the stability of the
complexes. By using linear regression analysis of the phase solubility diagrams and considering the
formation ofβ-CD–carvacrol andβ-CD–thymol 1:1 complexes when the concentration ofβ-cyclodextrin
was 11 mM, it was possible to determine the complexation constant (Kc), the complexation efficiency
(CE), and molar ratio (MR) by applying Equations (1) and (2).

As can be seen in Table 1, β-CD–thymol and β-CD–carvacrol complexes show the same molar ratio
(1:2), indicating that almost one of every two β-CDs molecules in solution is forming soluble complexes
with carvacrol or thymol [18]. However, the efficiency of complexation obtained for carvacrol (105.6) is
significantly higher than that obtained for thymol (69.3).

Table 1. Carvacrol and thymol aqueous solubility (S0), complexation constant (Kc) with β-CDs,
complexation efficiency (CE), and molar ratio (MR) at pH of 7.0.

Complexes S0 (mmol L−1) KC (L mol−1) CE (%) Molar Ratio

Carvacrol/β-CDs 5.64 ± 0.12 1871 ± 143 105.6 ± 10.3 1:2
Thymol/β-CDs 5.77 ± 0.15 * 1198 ± 115 69.3 ± 9.2 1:2

* SD, standard deviation of triplicate determinations.
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For further packaging formulations with PLA, soluble complexes of β-CD–carvacrol and
β-CDs–thymol were subjected to a spray drying process to obtain complexes in a solid state to
improve their management.

After the dehydration process, entrapment efficiency (Equation (3)) and process performance
(Equation (4)) parameters were determined (see Table 2), showing similar values for both the parameters,
but slightly higher for thymol.

Table 2. Entrapment efficiency (EE) and process performance (PP) of β-CD–carvacrol and β-CD–thymol
complexes in solid state.

Monoterpene β-CD EE (%) PP (%)

Carvacrol 11 mM 45 ± 2.5 * 84 ± 3.2
Thymol 11 mM 47 ± 1.8 86 ± 3.7

* SD, standard deviation of triplicate determinations.

FTIR is a suitable technique for evidencing the formation of the β-CD–carvacrol and β-CD–thymol
inclusion complexes (Figure 3), due the shift or vanishing of the stretching and bending vibrations of
the functional groups of guest molecule once complexed.

Figure 3. FTIR spectra of carvacrol (blue) and thymol (green); β-CD–thymol (green) andβ-CD–carvacrol
(blue) complexes, and β-CD (black) in normal (a) and broad view (b).

As can be seen in Figure 3a, the IR spectrum of thymol (structural isomer of carvacrol), shows
several characteristics peaks: 3164 cm−1, O-H stretching and bending vibrations (3164 cm−1 and
1453 cm−1, respectively); C-H symmetric and asymmetric stretching bands at 2858 cm−1 and 2897 cm−1,
respectively; and three C=C stretching vibrations of weak intensity at 1624 cm−1, 1592 cm−1, and
1506 cm−1, revealing the tri-substitution of the aromatic ring. With respect to the substituents of
the aromatic ring, methyl (-CH3) appears at 1344 cm−1 and a typical doubled signal (like a tooth) at
1410 cm−1 characteristic of isopropyl group was observed. The IR spectrum of β-CDs (Figure 3a)
showed characteristic bands corresponding to stretching vibrations of O-H and C-H links, around
3268 cm−1 and 2875 cm−1, respectively and O-H bending vibrations at 1623 cm−1.

In addition, Figure 3b shows an approach of the IR spectrum of β-CDs revealing C–O–C symmetric
and asymmetric vibrations at 890 cm−1, 1170 cm−1, and 1021 cm−1; respectively. With respect to
free β-cyclodextrin, the spectra of β-CD–carvacrol and β-CD–thymol inclusion complexes (Figure 3b)
highlighted the presence of characteristics C=C peaks corresponding to carvacrol and thymol aromatic
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ring close to 1590 cm−1 and vibrations of their respective methyl (-CH3) groups appear at 1430 cm−1

(asymmetric) and 1360 cm−1 (symmetric). These shifts relative to those of respective free compounds
provide a clear evidence of host-guest interactions.

3.2. Mechanical Properties of PLA Packaging Loaded with β-CD–Carvacrol or β-CD–Thymol
Inclusion Complexes

In order to prevent breakages during the packaging process, polymeric materials to be used in food
packaging require sufficient flexibility [23]. In this sense, the mechanical properties of the PLA boxes
with different concentrations (1.5%; 2.5%, and 5%, wt%) of β-CD–carvacrol (Table 3) and β-CDs–thymol
(Table 4) inclusion complexes were evaluated, using PLA boxes without solid complexes as control.

Table 3. Mechanical properties of the enriched or not PLA trays with β-CD–carvacrol complexes.

PLA Boxes with Different % of β-CD–Carvacrol

Parameter 0% 1.50% 2.50% 5%

Young’s modulus (Mpa) 2873 ± 176 2327 ± 170 * 2259 ± 53 * 1960 ± 110 *
Maximum stress (MPa) 63.6 ± 4.5 49.9 ± 6.5 * 51.3 ± 4.9 * 47.5 ± 5.1 *

Breaking point (%) 2.4 ± 0.4 2.7 ± 0.3 * 2.9 ± 0.2 * 3.2 ± 0.4 *

Results expressed in mean± standard deviation of ten determinations; symbol (*) in the same file indicates significant
differences (p < 0.05) according to Tukey’s test.

Table 4. Mechanical properties of the enriched or not PLA trays with β-CD–thymol complexes.

PLA Boxes with Different % of β-CD–Thymol

Parameter 0% 1.50% 2.50% 5%

Young’s modulus (Mpa) 2873 ± 176 2667 ± 161 * 2382 ± 69 * 2394 ± 118 *
Maximum stress (MPa) 63.6 ± 4.5 57.9 ± 6.8 * 53.2 ± 2.3 * 55.1 ± 5.2 *

Breaking point (%) 2.4 ± 0.4 2.8 ± 0.3 * 2.9 ± 0.2 * 3.1 ± 0.3 *

Results expressed in (mean ± standard deviation) of ten determinations; Symbol (*) in the same file indicate
significant differences (p < 0.05) according to Tukey’s test.

As can be seen in Table 3, Young’s modulus ranged from 2873 to 1960 MPa for β-CD–carvacrol
complexes and from 2873 to 2394 MPa for β-CD–thymol complexes (see Table 4), showing lower values
than the control trays (only PLA). In fact, Young’s modulus gradually decreases as the concentration
(weight percentage, w%) of the dehydrated complexes increases, obtaining the lowest value of Young’s
modulus in the sample fortified with 5% of carvacrol (see Table 3), with a significant difference respect
to the average value (p < 0.05). The same trend was observed when evaluating the maximum stress,
with the lowest value being observed in the PLA package enriched with dehydrated complexes of
β-CD–carvacrol (5%), 14% lower than the value obtained for PLA fortified with thymol complexes at
the same concentration (w%). The different mechanical values observed when both the complexes
were added to the PLA polymer could be due to the higher CE value obtained for carvacrol–β-CDs
(105.6%), 65% higher than the value obtained for thymol–β-CDs (69.3%), revealing that CE values
above 100% indicate that at pH 7.0, there are more β-CDs complexing carvacrol than free in solution.
In the case of thymol, the number of β-CDs complexing thymol is lower, since CE is less than 100%,
and in consequence, the decrease in mechanical properties is less pronounced.

Regarding the breaking point, a significant increment of this parameter was observed as the
concentration (wt%) of the dehydrated complexes increased, improving 25% and 23% of the elongation
capacity of the polymeric material (control), when 5% of β-CD–carvacrol or 5% of β-CD–thymol,
respectively, were added to PLA. This behavior may be attributable to a plasticizing effect triggered by
the addition of β-CD complexes to the polymer matrix disrupting the crystalline structure of PLA and
increasing its ductile properties [24].
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As a result, the relative high elongations achieved were beneficial since the boxes presented better
flexibility. These results are consistent with those obtained by Ramos and López-Rubio, wherein an
increase in elongation and breaking point in plastic films composed of polypropylene/carvacrol/thymol
were evidenced [24,25].

3.3. Scanning Electron Microscopy

The fracture micrographs of the samples are shown in Figure 4.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. Cont.
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Figure 4. SEM micrographs of fracture samples: (a) 100% PLA; (b) 98.5% PLA with 1.5% β-CD–thymol;
(c) 97.5% PLA with 2.5%β-CD–thymol; (d) 95.0% PLA with 5.0%β-CD–thymol; (e) 98.5% PLA with 1.5%
β-CD–carvacrol; (f) 97.5% PLA with 2.5% β-CD–carvacrol; (g) 95.0% PLA with 5.0% β-CD–carvacrol.

As can be seen (Figure 4a), while control sample (only PLA) had an irregular surface, the
PLA samples enriched with β-CD–carvacrol (Figure 4e–g) or β-CD–thymol (Figure 4b–d) complexes
exhibited a more uniform surface as the concentration (wt%) increased. In this sense, the decrease in
the number of cuts and folds of polymeric material was directly proportional to the concentration of
added complex.

These results are in agreement with the values reported in mechanical tests (see Tables 3 and 4),
evidencing that the increase of the concentration of complexes in the formulation of the plastic material
favors obtaining more flexible packaging (decrease in Young’s modulus), providing the formation of a
smoother and continuous surface.

This fact could be due to encapsulation which helps incorporate the active compound (carvacrol
or thymol) into the polymeric matrix, since different results have been described in the literature when
raw essential oils (without encapsulation) were added to polymeric materials to produce heterogeneous
structures with oil droplets trapped into the polymer [26,27].

3.4. Differential Scanning Calorimetry

To investigate the thermal transitions of the films studied, DSC measurements were accomplished.
As can be seen in Table 5, the packages containing β-CD–carvacrol or β-CD–thymol complexes showed
similar thermal properties, regardless of their concentration. The glass transition temperature (Tg) of
the PLA-enriched materials was analogous to that obtained for PLA control, and similar to Tg values
described in the literature [28], indicating that the amorphous phase of the PLA does not undergo
any change.

On the other hand, the packaging with additives shows a significant variation in the cold
crystallization temperature with respect to the control packaging (Tc = 102.7 ◦C; PLA 0%), increasing up
to 3 ◦C and 5 ◦C for concentrations of 2.5% (wt%) of β-CD–thymol and β-CD–carvacrol, respectively,
modifying the cold crystallization behavior of the PLA, and in consequence, the formation of the
ordered structure of polymer matrix [29].

As can be seen in Figure 5, an endothermic peak was observed for all samples at a melting
temperature, Tm, close to 168.5 ◦C, with slight temperature variations (lower than 1 ◦C), for PLA
containing β-CD–carvacrol complexes. The little variations of cold crystallization and melting
temperatures observed, when increasing β-CD–carvacrol and β-CD–thymol added to the PLA matrix,
could be due to the increase in the chain mobility of the polymer matrix.
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Table 5. Parametric values of DSC obtained from pure PLA and added β-CD–carvacrol or β-CD–thymol
at 1.5%, 2.5%, and 5%, wt%.

Parameter
Control *

0%

PLA–Thymol–β-CDs (wt%) PLA–Carvacrol–β-CDs (wt%)

1.5% 2.5% 5.0% 1.5% 2.5% 5.0%

Tg (◦C) 59 61 59 61 60 60 60
Tcc (◦C) 102.7 103.8 105.4 105.0 106.5 107.7 105.9
Tm (◦C) 168.5 168.5 168.5 168.8 167.9 168.8 169.1

ΔHc Energy (J/g) 36.09 33.08 30.61 29.03 36.42 32.09 36.83
ΔHm Energy (J/g) 45.63 44.09 37.44 35.65 44.72 37.54 42.95

* Control, pure PLA without β-CD–carvacrol or β-CD–thymol; Tg, glass transition temperature; Tcc, cold
crystallization transition temperature; Tm, melting transition temperature.

 
(a) (b) 

Figure 5. (a) DSC curves for: (A) PLA–(β-CD–carvacrol 1.5%, wt%); (B) PLA–(β-CD–carvacrol 2.5%,
wt%); (C) PLA–(β-CD–carvacrol 5%, wt%); (D) PLA. (b) DSC curves for (A) PLA–(β-CD–thymol 1.5%,
wt%); (B) PLA–(β-CD–thymol 2.5%, wt%); (C) PLA–(β-CD–thymol 5%, wt%); (D) PLA.

3.5. Thermogravimetry (TGA)

The thermal stability of PLA trays fortified with β-CD–carvacrol and β-CD–thymol complexes
and non-fortified trays was measured by TGA, and all the samples had two weight loss steps (Figure 6).

  
(a) (b) 

Figure 6. (a): Thermogravimetric analysis curves for (A) PLA–(β-CD–carvacrol 1.5%,
wt%); (B) PLA–(β-CD–carvacrol 2.5%, wt%); (C) PLA–(β-CD–carvacrol 5, wt%); (D) PLA.
(b): Thermogravimetric analysis curves for (A) PLA–(β-CD–thymol 1.5%, wt%); (B) PLA–(β-CD–thymol
2.5%, wt%); (C) PLA–(β-CD–thymol 5%, wt%); (D) PLA.
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A significant mass loss between 320 ◦C and 390 ◦C could be observed, which is in agreement
with PLA decomposition, following which the thermal analysis curves slow down from 390 ◦C up
to 500 ◦C till the complexes achieve a constant mass. In addition, pure PLA has a slightly higher
stability (Figure 6) than PLA–β-CD–carvacrol and PLA–β-CD–thymol and the thermal stability of the
polymeric matrices diminishes with increasing concentrations of β-CD–carvacrol or β-CD–thymol.
These results indicate that although all polymer samples are, in essence, thermally stable below 300 ◦C,
the mixtures containing β-CD–carvacrol and β-CD–thymol have a faster weight loss rate than pure
PLA at the same temperature.

In practice, the PLA-based packages used in the food industry will be at room temperature or
lower; therefore, the thermal stability of the PLA–β-CD–carvacrol and PLA–β-CD–thymol materials
developed herein, will not be compromised.

3.6. Antifungal Assays

The antifungal properties of PLA packages containing monoterpene–cyclodextrin complexes was
monitored for 10 days of incubation to determine their prospective potential uses in the agrofood
industry, and the results are shown in Table 6.

Table 6. Antifungal activity over incubation time of developed packaging materials against
Alternaria alternate.

Type of Packaging Encapsulation Concentration (% w/w)
Incubation Time

5 Days 10 Days

PLA-control 0.0% 29.7 a 69.0

PLA–β-CD–thymol
1.5% 28.3 71.6
2.5% 30.0 60.0
5.0% 3.3 * 0.0 *

PLA–β-CD–carvacrol
1.5% 29.7 65.3
2.5% 0.0 * 0.0 *
5.0% 0.0 * 0.0 *

a Diameter of the colony or surface area in mm. For each test, * values are statistically significant (p < 0.05).

As can be seen in Table 6, the results showed that PLA packages containing 2.5% and 5%
β-CD–carvacrol or 5% β-CD–thymol (wt%) completely inhibited Alternaria alternata after 10 days of
incubation (see Figure 7).

 
(a) 

 
(b) 

 
(c) 

Figure 7. Photographs of the antifungal test: (a) Control Alternaria alternata; (b) PLA–β-CD–carvacrol
packaging at 2.5%, wt%; (c) PLA–β-CD–carvacrol packaging at 5%, wt% with inoculation of A. alternata
after 10 days of incubation.

These results are in agreement with those obtained by Llana-Ruiz-Cabello et al. (2016), revealing
the antimicrobial properties, against yeasts and moulds, of PLA films containing 5% and 10% of
oregano essential oil in ready-to-eat salads [30].
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The addition of carvacrol and thymol encapsulates to the polymeric matrix of PLA, as well as
the optimized injection temperature (180–190 ◦C) to produce the packaging material, allow to play
an active role against the growth of moulds. The inhibitory effect of these vapor phase assets can be
attributed to the accumulation of volatile substances in the medium, followed by interaction with the
hydrophobic portion of the cell membrane [31].

Other investigations associate the inhibitory effect of the active compounds of essential oils such
as carvacrol and thymol with changes in the morphology of hyphae due to penetration of active
compounds into the plasma membrane [32]. The antifungal activity of both the compounds was
preserved following the inclusion and injection process, due to encapsulation with β-CD. Previous
investigations with similar encapsulation processes such as spray drying [33], freeze drying [34], and
lyophilization [35] have shown that encapsulation helps to preserve the antimicrobial and antioxidant
properties, mainly of essential oils, and that they are advantageous because they improve water
solubility by forming inclusion complexes.

Carvacrol and thymol are volatile compounds; therefore, they could be highly effective in removing
bacteria from packaging [36]. The antimicrobial action of carvacrol and thymol released by the PLA
matrix against a wide range of phytopathogens constitutes an interesting topic for further studies.
Indeed, studies are being conducted regarding the measurement of the effectiveness of packaging
against other microorganisms in different food products at various storage temperatures by this
research group.

4. Conclusions

In this work, PLA packages filled with thymol or carvacrol complexed in β-cyclodextrins (β-CDs)
were prepared and characterized to evaluate their potential use as antibacterial materials. The results
obtained by FTIR confirm that the inclusion of carvacrol and thymol in the apolar cavity of β -CDs
yielded a significantly higher efficiency of complexation for carvacrol (105.6) than for thymol (69.3).
Different proportions of β-CD–thymol or β-CD–carvacrol (0.0%, 1.5%, 2.5%, and 5.0%, wt%) complexes
were mixed with PLA for packaging development by injection process, selecting 180–190 ◦C as the
optimal temperature. The presence of β-CD–carvacrol or β-CDs–thymol complexes confer to polymer
material plasticizers features that diminish intermolecular forces of the polymer chains, thereby
reducing packaging stiffness. In TGA experiments for thermal behavior analysis, the presence of
thymol– or carvacrol–β-cyclodextrins solid complexes in PLA formulations slightly decreased the
thermal degradation temperature of the polymer, when compared with pure PLA. The performance
of the developed polymer materials against Alternaria alternata inhibition after 10 days of incubation
provided evidence for their potential use in agrofood industry, since packages containing 2.5% and
5% β-CD–carvacrol, or 5% β-CD–thymol, completely inhibited fungal growth. Additional studies are
required to evaluate the diffusion and release kinetics of carvacrol and thymol complexes in the PLA
polymer matrix during food storage.
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Abstract: Polymer composite materials based on polylactic acid (PLA) filled with titanium dioxide
(TiO2) nanoparticles were prepared. The aim of this work was to investigate the antibacterial action
of TiO2 against a strain of E. coli (DH5α) to obtain information on their potential uses in food and
agro-alimentary industry. PLA/TiO2 systems were prepared by a two-step process: Solvent casting
followed by a hot-pressing step. Characterization was done as a function of particle size (21 nm
and <100 nm) and particle content (0%, 1%, 5%, 10%, and 20%, wt %). Structural characterization
carried out by X-ray diffraction (XRD) and Fourier Transformed Infrared spectroscopy (FTIR) did not
reveal significant changes in polymer structure due to the presence of TiO2 nanoparticles. Thermal
characterization indicated that thermal transitions, measured by differential scanning calorimetry
(DSC), did not vary, irrespective of size or content, whereas thermogravimetric analysis (TGA)
revealed a slight increase in the temperature of degradation with particle content. Bacterial growth
and biofilm formation on the surface of the composites against DH5α Escherichia coli was studied.
Results suggested that the presence of TiO2 nanoparticles decreases the amount of extracellular
polymeric substance (EPS) and limits bacterial growth. The inhibition distances estimated with
the Kirby-Bauer were doubled when 1% TiO2 nanoparticles were introduced in PLA, though no
significant differences were obtained for higher contents in TiO2 NPs.

Keywords: polylactic acid (PLA); TiO2 nanoparticles; polymer nanocomposites; antibacterial packaging

1. Introduction

Nowadays, the impact of plastic waste is a worldwide concern in our society. Consequently,
the research on biodegradable materials is a response to a global need. Polylactic acid (PLA),
(–[CH–(CH3)–COO]n–), belongs to the family of aliphatic polyesters and is an environmentally friendly
polymer that has been widely used for producing biodegradable, biocompatible, and compostable
materials [1,2]. PLA is a thermoplastic polymer with tunable mechanical properties (depending
on the crystalline to amorphous fractions) that, thanks to its biodegradability, it can replace other
non-degradable polymers in several applications in such a way that it improves the environmental
side-effects of non-degradable polymers. PLA is present in many different applications. For example,
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in biomedical industry is used for sutures, films, implants, or scaffolds for tissue engineering
applications [3,4]. In agro-alimentary industry, PLA is present in food packaging containers, in the
manufacture of greenhouse films, or for biodegradable yard-waste bags [5,6].

In the field of agro-alimentary industry, for example for food packaging applications, apart
from the biodegradable character of the material, it would be worth producing materials that inhibit
bacterial growth and biofilm development. Biofilms are resistant to many antibiotics and other
antimicrobial agents. To avoid or to reduce the possible degradation of PLA, one alternative could be
the incorporation of some additives such as TiO2 nanoparticles (NPs). The interest in TiO2 nanoparticles
is twofold. First, TiO2 NPs are able to absorb most of the UV radiation, thus preventing polymer
degradation from environmental aging due to the exposure of plastics to UV light. Secondly, TiO2

inhibits to certain extent bacterial growth. Therefore, the introduction of TiO2 nanoparticles may be
an efficient tool, not only for modifying some polymer properties, but also for hindering its degradation
from bacteria or from environmental aging in outdoor materials.

Titanium dioxide, TiO2, has attracted the interest in many fields for its photocatalytic and
bacteriostatic activity [7]. In the presence of light, TiO2 is able to produce the transition of an electron
towards the conductive band favoring the oxidative capacity of other species by generating active
agents like radicals. Keeping in mind that bacteria, when subjected to oxidative stress, are able to
unleash a specific self-destruction mechanism; it is easy to understand that TiO2 is a material with
bactericide activity which behavior is enhanced in the presence of light. Apart from the well-known
bactericidal properties of TiO2 [8–15], as well as the fact that its biocompatibility and small size when
TiO2 is used in the form of nanoparticles, it improves the catalytic effect of such materials [16–19],
having a great potential in applications related with environment purification, decomposition of
carbonic acid gas into hydrogen gas, etc. This filler is usually applied as pigment, adsorbent, catalyzer
support, filter, coatings, and dielectric materials. Moreover, due to its bacteriostatic behavior, the TiO2

is also useful for the inhibition of odors and can be part of a self-cleaning system for specific surfaces.
Such advantages make the TiO2 an inorganic filler ideal for the development of nanocomposite
materials resistant to UV radiation, probably resistant to thermal degradation, and may inhibit the
formation of harmful biofilms. For that reason, the addition of TiO2 nanoparticles could provide the
final material some of the functional properties of the proper TiO2 like the UV radiation protection and
the bactericidal activity.

Apart from the functional properties that the filler itself confers the final material, in most polymer
nanocomposite materials, particle size is an important factor affecting the final behavior of composite
materials and influencing the physical properties of the material [20]. For the same amount of particles,
the ones with a smaller size would provide a larger surface to be in contact with the polymeric matrix
and, for that reason; a larger interfacial region is formed. This effect is explained in detail in a recent
article by J. Gonzalez-Benito et al. [21] in which the influence of TiO2 particles size in the thermal
expansion coefficient of nanocomposites materials based on a poly(ethylene-co-vinylacetate)matrix,
was studied.

In this work polymer nanocomposites based on PLA/TiO2 were prepared and characterized.
TiO2 nanoparticles with different particle sizes, 21 nm and <100 nm, were selected. The nanoparticles
were mixed and dispersed in the PLA matrix by solvent casting and the final materials were obtained
after hot pressing the casted films. The effect of particle size and content in structural and thermal
properties and materials behavior against bacterial growth and biofilm development of a strain of
E. coli (DH5α) was investigated.

2. Experimental

2.1. Materials

Polylactic acid (PLA) was provided by Resinex Spain, SL, and manufactured by Nature Works LLC
(Blair, NE, USA) (Ref. code: PLA Polymer 7032D; glass transition temperature, Tg = 55–60 ◦C; melting
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temperature, Tm = 160 ◦C; and processing temperature 200–220 ◦C). To prepare the nanocomposites,
TiO2 nanoparticles with two different particle sizes, 21 nm and <100 nm, were used (Sigma Aldrich,
St. Louis, MO, USA, with reference numbers 718467, and 634662, respectively). The solvent used
to prepare the polymer solutions and particles suspensions was dichloromethane (purity 99.9%,
Sigma Aldrich).

2.2. Sample Preparation

PLA/TiO2 nanocomposites films were prepared with different particle content (0%, 1%, 5%,
10%, and 20% weight percentages, wt %). Films of ca. 2.0 g were obtained according to the protocol
described in Reference [22]. A solution of 10% wt/vol of PLA in dichloromethane (CH2Cl2) was mixed
with a suspension of TiO2 NPs in CH2Cl2 (previously sonicated). This mixture (PLA+TiO2 in CH2Cl2)
is stirred for 1 h at room temperature and then casted on a Petri dish (ϕ = 60 mm) to obtain pre-films.
After drying at 40 ◦C for 24 h, the pre-films were placed between two Kapton® sheets inside a hot
plate press (FONTIJE PRESSES, TP400 model, Fontijne Presses, Barendrecht, The Netherlands) and
processed at 30 kN and 160 ◦C for 10 min, obtaining 10 × 10 cm2 films with an average thickness of
200 μm. The prepared films were stored in a desiccator. In Figure 1, an example of a pre-film obtained
after casting and the corresponding film obtained after the hot-pressed step are shown.

 
Figure 1. Example of a pre-film of PLA/TiO2 composite obtained (a) after casting and (b) after the
hot-pressing step.

Sample labeling follows the notation: PLA/TiO2-Particle size-particle content, in weight
percentage. For example, a sample with the following code: PLA/TiO2-21-5 refers to a composite of
PLA filled with TiO2 nanoparticles with a particle size of 21 nm and a particle content of 5% by weight.

2.3. Characterization Techniques

Structural characterization of the samples was done by X-ray diffraction (XRD) and Fourier
Transformed Infrared Spectroscopy (FTIR). X-Ray diffraction experiments were done in a Phillips
X’Pert X ray diffractometer (Malvern Panalytical Ltd, Malvern, UK) in the range 2θ = 3–70◦ using the
Kα1 radiation from copper with a wavelength, λ = 0.15406 nm. The working conditions were set at
40 kV and 40 mA. Fourier transformed infrared (FTIR) spectra were recorded using an FTIR Nicolette
Avatar 360 (Analytical Instruments Brokers LLC, Minneapolis, MN, USA) equipped with a Golden
Gate ATR accessory (diamond window), from 600 to 4000 cm−1 with a resolution of 2 cm−1 and
averaging 32 scans, at room temperature with the software OMNIC ESP v5.1 (ThermoFisher Scientific
Inc., Waltham, MA USA).

Thermal characterization of the materials was done using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). DSC experiments were carried out in a Mettler Toledo DSC822e

instrument (Mettler Toledo, Greifensee, Switzerland). The thermal cycle was: (i) heating scan from
40 to 200 ◦C at 100 ◦C ·min−1; (ii) 5 min at 200 ◦C; (iii) cooling scan from 200 to 10 ◦C at 20 ◦C ·min−1;
(iv) 5 min at 10 ◦C; and (v) a final heating scan from 10 to 200 ◦C at 20 ◦C ·min−1. Thermal transitions
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of the polymer, glass transition, melting and crystallization were analyzed from the heating and
cooling scans. Thermal degradation of the samples was studied by TGA. The experiments were done
in a TGA-SDTA 851 Mettler Toledo (Mettler Toledo, Greifensee, Switzerland) from 30 to 750 ◦C at
a heating rate of 10 ◦C·min−1 under a nitrogen atmosphere (gas flow of 20 mL·min−1).

2.4. Biofilm Development and Bacterial Growth

The behavior of the materials against bacterial growth and biofilm development was studied
using a strain of Escherichia coli (DH5α) following two different approaches. First, bacterial cultures on
the surface of the films were done and biofilm development was studied. To do these experiments,
an aliquot of the E. coli strain was heated and 90 μL of bacteria were mixed with 2910 μL Luria
Bertani media (LB). The mixture was stirred at 200 rpm and incubated for 12 h at 37 ◦C. After that, the
suspension was diluted 1/100 to a final volume of 20 mL. Cultures on the surfaces of the PLA/TiO2

materials were grown in a 24 microwell plate (ThermoFischer Scientific, Waltham, MA, USA) using
the DH5α E. coli strain. Square samples of approximately 0.5 cm2 were glued on stainless steel discs
with a diameter of 10 mm using cyanoacrylate-based glue. The samples were sterilized with a 70%
(wt %) solution of ethanol directly sprayed on the surface and dried in a laminar flow hood. All the
processes were done in a sterile environment. Then, 1 mL of the 1/100 dilution previously prepared
was added to each well plate and incubated in aerobic conditions for 3 h at 37 ◦C with a continuous
agitation at 150 rpm. After incubation, the LB medium containing the bacteria was removed from the
multiwell plate and rinsed using 1 mL of physiological saline solution (NaCl 0.9% wt) to eliminate
the poorly adhered cells from the surface of the materials. For examining biofilm growth on the
surface of the PLA/TiO2 systems, a scanning electron microscope, SEM, Philips XL30 (FEI Europe Ltd.,
Eindhoven, The Netherlands) was used. Micrographs at different magnifications (50×, 5000× and
8000×) were collected. The voltage was set at 10 kV and the working distance at ~10 mm. To avoid
charge accumulation, the samples were gold coated by sputter deposition.

The second approach to study the antibacterial behavior of the nanocomposites consists of
a modification of the Kirby-Bauer diffusion test [23,24] following the protocol described in a previous
work [25]. For these studies, a seed of the E. coli, DH5α competent cells, from ThermoFischer Scientific
(Waltham, MA, USA) was used. In this case, 100 μL of bacteria were mixed with 900 μL of Luria
Bertani media and stirred for 1 h at 37 ◦C and 200 rpm. From this suspension, 200 μL were seed in
an LB agar plate. Then, square samples of ~1 cm2 were placed in the agar plate and incubated at 37 ◦C
overnight. The inhibition distances were measured using Olympus optical microscope image analysis
software (analySIS getIT, Olympus, Tokyo, Japan).

3. Results and Discussion

3.1. Structural Characterization

The structural characterization of the PLA/TiO2 films was done by X-ray diffraction. X-ray
diffractograms of the samples (Figure S1) showed the diffraction maxima of the PLA at 2θ = 16.8◦ and
19.1◦ assigned to (200)/(110) and (203) reflexions. The XRD spectra of TiO2 NPs and the corresponding
PLA/TiO2 nanocomposites showed diffraction peaks that can be assigned to both polymorphs of TiO2,
anatase (JCPDS 89-4921) and rutile (JCPDS 89-4920) [20]. In Table S1, the assignment of XRD peaks of
both polymorphs of TiO2 is given. From XRD patterns, it can be concluded that the structure of PLA
was not affected by the presence of titania nanoparticles.

In Figure 2 are shown the ATR-FTIR spectra (mid-infrared) corresponding to PLA-0 and the
different PLA/TiO2 composites as a function of particle content for PLA/TiO2 filled with the two types
of nanoparticles.
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Figure 2. ATR-FTIR spectra for the samples with TiO2-100 nm (a) and TiO2-21 nm (b) as a function of
the content of nanoparticles.

In the region between 600 and 800 cm−1, it is possible to observe the peak due to the absorption
bands corresponding to the stretching vibrations of Ti–O and Ti–O–Ti (TiO2) [26,27] which increases
with the content of TiO2 nanoparticles. The typical bands of PLA appear also in this region: Namely,
carbonyl groups, C=O, at 1755 cm−1 and bending of –CH3 (antisymmetric at 1454 cm−1 and symmetric
at 1361 cm−1) [28]. Likewise, the stretching vibrations of C–O groups are at 1225 cm−1 (symmetric) and
at 1090 cm−1 (antisymmetric). Focusing on the polymer bands with smaller intensities, it is possible
to identify at 920 and 956 cm−1 those corresponding to the main chain vibrations (rocking of CH3),
and also at 871 and 756 cm−1, which can be assigned to the amorphous and crystalline phases of PLA,
respectively. Furthermore, there are no significant variations in terms of intensity or band shifting
as a function of nanoparticles content and/or size for the processing conditions used. The detailed
band assignment for the most representative vibrations is given in Table S2. Additionally, a full
characterization of the PLA spectra in NIR region is described in Reference [22].

3.2. Thermal Characterization

To investigate the effect of TiO2 nanoparticles in the thermal properties of the materials, DSC
experiments were done. Thermal properties were obtained from the second heating scan (the first
heating scan was done to erase thermal history of the materials and it is not included here for
discussion). The characteristic temperatures corresponding to the different transitions measured, glass
transition, crystallization, and melting, are collected in Table S3.

Results showed that the main transitions associated to the typical thermal behavior of the pure
PLA were present. Glass transition temperature was observed at Tg = 64–65 ◦C, similar to literature
values [29,30]. Cold crystallization of the sample was present in all the samples during the heating
scan with a peak temperature, Tc at ~137 ◦C. Melting process was observed as an endothermic peak
with a melting temperature, Tm, at approximately 167 ◦C. Considering the data collected in Table S3
(see Supplementary Material), it can be observed that the addition of TiO2 nanoparticles to the polymer
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matrix did not produce significant changes in the characteristic temperatures of the PLA matrix,
indicating that TiO2 NPs caused little effect on the dynamics of the macromolecular chains in the
samples under study, producing similar effects on the crystalline regions of the nanocomposites
samples under the same processing conditions [7,31,32]. On the other hand, the composite samples
of PLA/TiO2 crystallize in a temperature range of 100–130 ◦C, which would correspond mainly to
an ordered crystalline α-phase structure [32].

Thermal characterization of the samples was completed by thermogravimetric analysis (TGA),
to determine the degradation temperatures of the different materials. Figure 3a illustrates the weight
loss, as a percentage, as a function of heating temperature and Figure 3b the first derivative of the
weight loss as a function of temperature (differential thermogravimetric analysis, DTGA curve) for the
PLA/TiO2 nanocomposites filled with titania particles of < 100 nm. Similar plots were obtained for
PLA/TiO2 systems filled with TiO2 NPs of 21 nm (Figure S2).

Figure 3. (a) Thermogravimetric analysis curve and (b) Differential thermogravimetric Analysis,
DTGA, curve for the composites based on PLA/TiO2-100.

In all the samples, similar TGA curves were observed (Figure 3a). First, there is an initial mass
loss between 65–170 ◦C, attributed to the loss of water from moisture. After that, a significant mass
loss between 280–390 ◦C is observed, which corresponds to the decomposition of the PLA. Finally,
from 390 ◦C to 500 ◦C thermal analysis curves slow down to complete the decomposition of the
PLA matrix [33] until a constant mass is reached. The constant mass remaining at the end of each
TGA experiment (see Figure 3 for PLA/TiO2-100 and Figure S2 for PLA/TiO2-21) corresponds to the
inorganic material, i.e. the TiO2 NPs, which is very close to the theoretical amount of particles in
the composites.

From the DTGA (Figure 3b), the degradation temperatures corresponding to a 5% and 95%
mass loss of PLA, T5 = 331.9 ◦C and T95 = 382.9 ◦C, were estimated. The DTGA curves showed
that in the nanocomposite materials (both filled with TiO2-100 nm and TiO2-21 nm) the degradation
begins at slightly higher temperatures, as can be confirmed by T5 and T95 (Table 1). Therefore,
nanocomposites have slightly higher stability than pure PLA, i.e., their thermal degradation occurs
at higher temperatures than that of pure PLA. A similar trend was observed for the temperature
at which the degradation rate is maximum, the peak temperature of the DTGA curve, Tp, which
for PLA-0 sample is Tp = 361.8 ◦C, whereas for the nanocomposite samples showed higher peak

70



Polymers 2018, 10, 1365

values. The characteristic degradation temperatures T5, T95, and Tp are collected in Table 1 for all the
samples under study. Previous studies have also shown slightly higher degradation temperatures of
the polymer matrices when nanoparticles are present (LDPE/AgNPs) [25].

Table 1. Characteristic degradation temperatures for the PLA/TiO2 systems determined by TGA.

Sample T5 (◦C) T95 (◦C) Tp (◦C)

PLA-0 331.9 382.9 361.8
PLA/TiO2-100-1 337.4 385.9 363.0
PLA/TiO2-100-5 338.9 385.1 363.1

PLA/TiO2-100-10 341.2 384.6 364.9
PLA/TiO2-100-20 341.2 385.9 364.7

PLA/TiO2-21-1 335.8 383.3 359.5
PLA/TiO2-21-5 340.7 385.2 364.0

PLA/TiO2-21-10 341.9 385.1 366.1
PLA/TiO2-21-20 338.5 390.0 366.9

3.3. Antimicrobial Behaviour

3.3.1. Study of Biofilm Development on the Surface of the Materials

A set of micrographs obtained by SEM of the surfaces of the materials after culturing the samples
in the presence of E. coli DH5α for the PLA/TiO2 nanocomposites are shown in Figures 4 and 5,
corresponding to materials filled with 21 nm particles (Figure 4) and with <100 nm particles (Figure 5).

In the case of PLA (Figures 4 and 6), only some bacteria are clearly visible which could induce to
think that their proliferation was minimal. However, careful observations at higher magnifications
of 5000× and 8000× it is possible to identify some hollow areas where it is clearly seen that bacteria
are below a material that hides them (See dashed circled area in Figure 6c). Therefore, it is possible to
conclude that above pure PLA there is a larger bacteria proliferation; indeed, such proliferation rate
ends up in the generation of a biofilm that has a great amount of extracellular polymeric substance,
EPS [34–37], which surrounds the bacteria. For that reason, at the end, such bacteria are hidden
when the samples are studied using SEM. It is important to bear in mind that SEM technique when
using the backscattered electrons signal (BSE), allows the visualization of surfaces and morphologies
associated to compositional changes in which elements with different atomic numbers are involved.
In this study, both the bacteria and the EPS are mainly formed by carbon, and consequently they are
indistinguishable by using the backscattered electron signal from a scanning electron microscope.

Regarding the results of nanocomposite materials, bacteria can be seen more easily as individual
entities (Figure 4, Figure 5, Figure S3 and S4). This result may be due to a smaller amount extracellular
polymeric substance (EPS) coating the biofilm formed on the surface of the nanocomposite materials.
Comparing the images of the nanocomposite materials at different magnifications as a function on the
content of TiO2 nanoparticles (Figures S3 and S4) no significant differences are seen. In some cases,
it is possible to recognize more clearly the lack of continuity of the biofilm formed; but this effect may
be basically due to the region selected for inspection.

In general, E. coli are approximately 500-600 nm width, with a length varying between 2–3 μm
depending on the bipartition state in which they are found [25,38]. Slight differences among bacteria
can be seen, though (Figure 7). Apparently, there are larger bacteria oblong shaped (Figure 7a) and
smaller ones that tend to have a cylindrical geometry (Figure 7b) and some other bacteria are stretched
and elongated (Figure 7c). These last two geometries are associated to bacteria that have grown on the
surface of nanocomposite materials: The first one (Figure 7b) corresponds to bacteria grown above
nanocomposites with 21 nm-sized nanoparticles, and the second geometry corresponds to bacteria
grown on nanocomposites with <100 nm sized nanoparticles.
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Figure 4. SEM micrographs for the PLA/TiO2-21-x system observed with the secondary electrons (SE)
detector: (a) PLA-0, (b) PLA/TiO2-21-1, (c) PLA/TiO2-21-5, (d) PLA/TiO2-21-10 and (e) PLA/TiO2-
21-20 obtained at different magnifications (left side at 50× and right side at 5000×).
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Figure 5. SEM images obtained with the secondary electrons (SE) detector for: (a) PLA/TiO2-100-1,
(b) PLA/TiO2-100-5, (c) PLA/TiO2-100-10 and, (d) PLA/TiO2-100-20 obtained at different magnifications
(left 50×, right 5000×) (Images for PLA-0 correspond to Figure 4a).

The initial conclusion that can be drawn from all these results is that the presence of TiO2

nanoparticles decreases bacterial growth and biofilm development of E. coli (DH5α) (Figure 6, Figures S3
and S4). These effects may be due to a direct interference on bacterial metabolism. The bacteria observed
under the presence of nanoparticles appear to be smaller in size or elongated so it seems that their
growth is altered. Moreover, bacteria grown on the nanocomposites containing particles with smaller
diameter, 21 nm (Figure S3b), are even smaller compare to those grown on the composites containing
the <100 nm nanoparticles. This observation may be related with the surface-to-volume ratio of the
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particles, which might vary the oxidative catalytic behavior of titanium oxide towards the organic
material associated to both EPS and bacteria themselves.

 

Figure 6. SEM micrographs of the biofilm generated on the surface of pure PLA (PLA-0) observed at
different magnifications: (a) 50×; (b) 2000×; (c) 5000× and (d) 8000×.

 

Figure 7. Morphology of bacteria as a function of the material on which they develop: (a) PLA-0;
(b) PLA/TiO2 systems (ϕ ∼21 nm) and (c) PLA/TiO2 systems (ϕ < 100 nm).

3.3.2. Kirby-Bauer Diffusion Test

Figure 8 shows the optical micrographs associated to the interfaces without bacteria identified
in the materials after the experiments of the modified Kirby-Bauer diffusion test. First, it should be
noted that PLA itself gives rise to a small region in which there has been no bacterial growth, so it may
be concluded that PLA itself has some antibacterial behavior. It can be observed that the addition of
only 1% of TiO2 nanoparticles increases the size of this region. To gather more precise information,
measurements of the inhibition distances for each PLA/TiO2 system were done.

74



Polymers 2018, 10, 1365

 

Figure 8. (a) Optical micrographs corresponding to the interphases without bacteria obtained with the
Kirby-Bauer experiment; (b) zoomed area illustrating the measurement of the inhibition distances after
the Kirby-Bauer experiment.

The average value of these inhibition distances calculated from the Kirby-Bauer diffusion test is
represented in Figure 9 as a function of the TiO2 particle size and content.

Figure 9. Inhibition distances calculated as a function of TiO2 particle size (21 nm, in yellow and
<100 nm in green) and as a function of particle content (0%, 1%, 5%, 10% and 20%, wt %).

Results from Figure 9 show that, when pure PLA is compared with the sample with 1% TiO2

nanoparticles (PLA/TiO2-1) the inhibition distance increases from ~45 μm to slightly less than 90 μm.
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Therefore, inhibition distance is almost doubled with only 1% TiO2 nanoparticles. As particle content
in TiO2 nanoparticles increases from 1 to 20 wt %, average inhibition distances close to 90 μm were
found, irrespective of particle content or size. While for composites with 5%, 10%, and 20% in TiO2 NPs
it may seem that inhibition distances are longer for larger TiO2 nanoparticles, the variations observed
in the experimental data are not high enough to consider such variations in inhibition distances to be
significant, thus concluding that particle size, in these samples, do not affect inhibition distances.

4. Conclusions

In this work PLA/TiO2 nanocomposite materials were prepared and characterized to evaluate
their potential uses as antibacterial materials. The variables considered for this research were particle
size (21 nm and <100 nm) and particle content (0%, 1%, 5%, 10%, and 20%, wt %). The effect of particle
size and content on the structural, thermal behavior and antibacterial behavior of a PLA matrix were
considered. The presence of titania nanoparticles did not seem to exert high structural changes in the
polymer matrix. Regarding thermal behavior, thermal transitions of the PLA matrix (glass transition,
cold crystallization and melting) occurred at similar temperatures irrespective of the presence of the
particles. The presence of the particles in the different PLA/TiO2 nanocomposites slightly increased the
thermal degradation temperature of the materials as compared with pure PLA in TGA experiments.

The behavior of the materials against bacterial growth and biofilm development revealed that the
presence of TiO2 nanoparticles considerably decreases the amount of extracellular polymeric substancd
(EPS) and slightly alters the size of bacteria. Finally, in relation to the effect of particle size on the
effectiveness of antibacterial action of the nanoparticles, the results obtained here from the Kirby-Bauer
diffusion test were not conclusive. Therefore, future experiments should be done to clarify this issue.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4360/10/12/
1365/s1, Figure S1: X-Ray Diffraction patterns for the samples with TiO2-100 nm (left) and TiO2-21nm (right) as
a function of the content in TiO2 nanoparticles: (a) PLA-0; (b) PLA/TiO2-1; (c) PLA/TiO2-5; (d) PLA/TiO2-10;
(e) PLA/TiO2-20 and (f) pure TiO2-100 nm (left) or pure TiO2-21 nm (right), Figure S2: (a) Thermogravimetric
analysis curve and (b) DTGA curve for the systems based on PLA/TiO2-21, Figure S3: From top to bottom:
Each row corresponds to SEM micrographs obtained at different magnifications: 50×; 2000×; 5000× and 8000×
PLA/TiO2 nanocomposite materials (ϕ ∼ 21 nm) as a function of the content in TiO2 nanoparticles in each
column: (a) 1%; (b) 5%; (c) 10% and (d) 20% (wt %), Figure S4: From top to bottom: Each row corresponds to SEM
micrographs obtained at different magnifications: 50 ×; 2000 ×; 5000 × and 8000 × PLA/TiO2 nanocomposite
materials (ϕ < 100 nm) as a function of the content in TiO2 nanoparticles in each column: (a) 1%; (b) 5%; (c) 10%
and (d) 20% (wt %), Table S1: XRD peaks of both polymorphs of TiO2, Table S2: Band assignment for the PLA
infrared spectrum in the MID-IR region, Table S3: Characteristic transition temperatures (Tg, Tc and Tm) obtained
from the second heating scan in DSC experiments.

Author Contributions: Conceptualization, D.O. and J.G.-B.; Data curation, E.A.S.G., D.O. and J.G.-B.; Formal
analysis, M.A.L.; Funding acquisition, E.A.S.G. and J.G.-B.; Investigation, E.A.S.G., D.O. and J.G.-B.; Methodology,
E.A.S.G., D.O., M.A.L., I.V.and J.G.-B.; Project administration, J.G.-B.; Writing– original draft, D.O. and M.A.L.;
Writing—review & editing, E.A.S.G., D.O., M.A.L., I.V. and J.G.-B.

Funding: This work was financially supported by the projects MAT2014-59116-C2 (Ministerio de Economía
y Competitividad), 2012/00130/004 (Fondos de Investigación de Fco. Javier Gonzalez Benito, Política de
Reinversión de Costes Generales, Universidad Carlos III de Madrid), and 2011/00287/002 (Acción Estratégica
en Materiales Compuestos Poliméricos e Interfases, Universidad Carlos III de Madrid). Secretaría Nacional
de Ciencia, Tecnología e Innovación (SENACYT): APY-GC-2017b-33 (Convocatoria Pública de Generación de
Capacidades Científicas y Tecnológicas 2017) from Panama and SENACYT Doctoral and Postdoctoral Fellowship
2005–2010 from Panama.

Acknowledgments: Authors gratefully acknowledge G. González-Gaitano for his kind help in the ART-FTIR and
TGA experiments. Also, special thanks to J.L. Jorcano and Angélica Corral for their collaboration with the cultures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in
widespread applications—A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367–392. [CrossRef]
[PubMed]

76



Polymers 2018, 10, 1365

2. Murariu, M.; Dubois, P. PLA composites: From production to properties. Adv. Drug Deliv. Rev. 2016, 107,
17–46. [CrossRef] [PubMed]

3. Saini, P.; Arora, M.; Kumar, M.N.V.R. Poly(lactic acid) blends in biomedical applications. Adv. Drug Deliv. Rev.
2016, 107, 47–59. [CrossRef] [PubMed]

4. Raquez, J.M.; Habibi, Y.; Murariu, M.; Dubois, P. Polylactide (PLA)-based nanocomposites. Prog. Polym. Sci.
2013, 38, 1504–1542. [CrossRef]

5. Siracusa, V.; Blanco, I.; Romani, S.; Tylewicz, U.; Rocculi, P.; Rosa, M.D. Poly(lactic acid)-modified films
for food packaging application: Physical, mechanical, and barrier behavior. J. Appl. Polym. Sci. 2012, 125.
[CrossRef]

6. Arrieta, M.P.; Samper, M.D.; Aldas, M.; López, J. On the use of PLA-PHB blends for sustainable food
packaging applications. Materials 2017, 10, 1008. [CrossRef]

7. Buzarovska, A.; Grozdanov, A. Biodegradable poly(L-lactic acid)/TiO2 nanocomposites: Thermal properties
and degradation. J. Appl. Polym. Sci. 2012, 123, 2187–2193. [CrossRef]
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Abstract: Different percentages (0%, 1%, 5%, and 10%) of nano-Ag particles were added to polylactic
acid (PLA) to make an active nanocomposite packaging film. Strawberries were packaged by the
nanocomposite films and stored at 4 ± 1 ◦C for 10 days. The freshness of strawberries was assessed
by regularly measuring the physicochemical properties of the strawberries in each packaging film.
The difference in the freshness of strawberries was evaluated by determining the following parameter
changes: weight loss, hardness, soluble solids, titratable acid, color, vitamin C, total phenol, free
radical scavenging activity, peroxidase activity, and sensory evaluation. The results revealed that
the active nanocomposite packaging film has better preservation effect when compared with pure
PLA film. Its preservation effect is mainly reflected in the more effective reduction of vitamin C loss,
delaying the decline of total phenols and 1-Diphenyl-2-picrylhydrazyl (DPPH) in strawberries. It also
showed better physical properties. The results showed that the PLA nanocomposite packaging film
could effectively preserve freshness of strawberries.

Keywords: strawberry; nano-Ag packaging; storage; quality change

1. Introduction

Strawberry (Fragaria x ananassa Duch.) is a perennial herb of the genus Rosaceae. Strawberry
has a unique scent and is juicy. It is rich in vitamins, carotene, anthocyanins, and other nutrients. It
is known as the Queen of fruits and widely welcomed by consumers. However, due to its delicate
skin, it can easily cause surface crushing in picking and transportation projects. After picking, the
strawberry is vigorously breathing and can easily cause spoilage of the fruit [1]. Strawberry is a
non-climacteric fruit that can be harvested at maturity to obtain the best taste of the fruit. However, the
best tasting period for strawberry is very short, so how to keep strawberries fresh is always the focus of
research work. At present, the methods for keeping fresh strawberry mainly include low-temperature
refrigeration and fresh-keeping technology [2], modified atmosphere packaging storage technology [3],
UV shortwave ultraviolet radiation technology [4], chemical preservation [5] and so on. However,
most of these treatments are expensive, time consuming, and may even damage the appearance of
the strawberry.

Polylactic acid (PLA) is a biodegradable material and can be regenerated by bacterial fermentation
through corn or sugar beets. Due to its low cost of acquisition and biodegradability, it has excellent
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biocompatibility. PLA is widely studied and used in packaging materials [6]. In addition, PLA has been
approved by the US Food and Drug Administration (FDA) and European food regulations for use in
food packaging. Thus, it is safe to contact with foodstuff as a packaging material. However, pure PLA
is inferior to traditional petroleum-based packaging materials in many aspects such as toughness and
thermal properties [7]. In general, pure PLA is polymerized or blended with other biologically active
ingredients to improve the desired properties of PLA, such as nano-TiO2 [8], nano-Ag, nano-SiO2 [9],
and nano-ZnO [10].

Nanotechnology is a high-tech science and technology that has been rapidly developed in recent
years. It has great market prospects and application value. The addition of nanoparticles not only
improves the physical properties of the material such as flexibility, light transmission, and plasticity.
It has effective antifungal, microbiological and antiviral activity [11]. Studies have shown that Ag
particles have antibacterial effects [12]. Therefore, nano-Ag particles have been widely used in food
packaging, textiles, water filtration, and healthcare [13]. Li et al. modified active films by adding
nano-Ag into LDPE films and applied them to the preservation of juices. The results show that
nano-Ag composite packaging films have greater anti-microbial effects [14]. Therefore, this study
embedded nano-Ag particles into PLA to investigate the effect of nano-Ag packaging films on the
quality of strawberries stored at 4 ± 1 ◦C. Then, the effect of nano-Ag PLA-based packaging films on
fresh-keeping of strawberry was discussed.

2. Materials and Method

2.1. Materials

PLA (Mw = 280 kDa, Mw/Mn = 1.98) used in this experiment was obtained from Natureworks
LLC (Blair, NE, USA). Acetyl tributyl citrate (ATBC) was purchased from Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). Nano-Ag was purchased from Wanjing New Material Co., Ltd. (Hangzhou,
China). Dichloromethane, methanol, NaOH, hydrogen peroxide, Na2CO3 were obtained from Chengdu
Kelong Chemical Co., Ltd. (Chengdu, China). DPPH, Guaiacol were purchased from Sigma (St. Louis,
MO, USA). All the reagent were analytical reagent. Texture analyzer (Texture Exponent 32, Stable Micro
Systems Ltd., London, UK), Colorimeter (WSC-S; Shanghai Precision Instrument Co., Ltd., Shanghai,
China), Digital Refractometer (MZB 92, Shanghai Miqingke Industrial Testing Co., Ltd., Shanghai,
China), PH meter (Merck, Barcelona, Spain), spectrophotometry (UV-1800, Mapada Instruments Co., Ltd.,
Shanghai, China), Centrifuged (TGL-16M, Xiangyi Centrifuge instruments Co., Ltd., Shanghai, China).

2.2. Preparation of Film and Sample

The PLA-based nanocomposite films were prepared using the solvent evaporation method
according to Qin et al. [15] with some modifications. PLA containing 1 wt % of ATBC plasticizer
and different percent of nano-Ag (0, 1, 5, and 10 wt % of 2 g PLA) were dissolved in 50 mL of
dichloromethane. The solution was stirred by magnetic stirrer at room temperature for about
10 h. When the solution was completely blended, it was poured onto a 200 mm × 200 mm
polytetrafluoroethylene plate and left to stand overnight in the well-ventilated place. Nano-Ag was
incorporated into PLA as 0, 1, 5, and 10 wt % loading, and named as PLA, PLA/Ag1%, PLA/Ag5%,
and PLA/Ag10%.

Fresh strawberry was harvested from Kunming strawberry greenhouse. About 70–80% ripeness
(approximately 70–80% of strawberry retained the red color), same size, no pests, and no mechanical
damage extrusion strawberries were selected as the test material. The strawberries were transported
to the laboratory immediately after being harvested. Strawberry samples picked from the greenhouse
were simply cleaned of soil on the surface and put directly into the bag. Note that water was not used to
wash the surface of the strawberry; the soil and other dirt was simply shaken off. Alcohol was applied
to both sides of the films and then they were placed on an aseptic table. The films were irradiated
with UV light for 15 min to ensure film hygiene as well as to not affect the accuracy of subsequent

80



Polymers 2018, 10, 894

microbial experiments. Ten fresh strawberries were randomly selected to per type of material package
and stored at 4 ± 1 ◦C. A sample was taken every two days to determine the indicators during 10 days
(on Days 0, 2, 4, 6, 8, and 10).

Refrigerated Storage

Strawberries were packaged with five kinds of active films (PLA, PLA/Ag1%, PLA/Ag5%, and
PLA/Ag10%). Following treatment, strawberries were stored at 4 ± 1 ◦C for 10 days. The effectiveness
of the treatments was evaluated by determining quality changes every two days. Then, combined with
sensory evaluation, the acceptability of strawberry preservation was obtained.

2.3. Weight Loss (LS)

Three bags were selected randomly from the four active packages to determine the weight every
two days, and compare the weight difference with the original fresh weight on the first day. Gravimetry
was used to measure the weight loss, expressed as the percentage of the original weight. Equation (1)
can be used to express weight loss:

Weight Loss(%) =
M0 − M1

M0
× 100 (1)

M0 is the fresh weight of fruit on the first day, and M1 is the measured weight on each sampling
day [16].

2.4. Firmness Measurement

The firmness of the strawberry was determined using a texture analyzer (Texture Exponent
32, Stable Micro Systems Ltd., London, UK) equipped with 2 mm diameter cylindrical probe. Four
different locations were used to measure firmness around the equatorial region on each fruit. The
penetration depth of the probe into the sample was 5 mm and the crosshead speed of the texture
analyzer as 2 mm/s. From the force vs. time curve, the maximum force firmness was expressed in
N·cm−2.

2.5. Surface Color

A colorimeter (WSC-S; Shanghai Precision Instrument Co., Ltd., Shanghai, China) was used to
determine the surface color of the samples detected by measuring L-a-b values as L* (light/dark),
a* (red/green), and b* (yellow/blue), and the results were expressed by hue angle. Hue angle was
obtained using the equation hue angle (h = arctangent (b*/a*)), where 0◦ equals red/purple, 90◦ equals
yellow, 180◦ equals bluish/green, and 270◦ equals blue [17]. Every sample was measured at three
equidistant points, and three samples selected randomly from each package (three package were
randomly chosen from the each density active package) were analyzed [18].

2.6. Soluble Solid Concentration (SSC) and Titratable Acidity (TA)

The sample was ground in a mortar and squeezed by hand to obtain juice. Measurement of SSC
from fruit juices using a Digital Refractometer (MZB 92, Shanghai Miqingke Industrial Testing Co., Ltd.,
Shanghai, China). Titratable acidity of strawberry was determined according to the international
standard ISO 750-1981. A certain weight of strawberry juice was diluted 100 times with distilled water
and filtered to remove the pulp. Two grams of homogenate equal a one gram sample. The samples
were heated in a 70–80 ◦C water bath for 30 min while shaking and cooled to room temperature.
Phenolphthalein was used as an indicator. The acidity was measured using a 526 WWW pH meter
(Merck, Barcelona, Spain) with a glass electrode. The acidity was measured by titration with 0.1 mol·L−1

NaOH to pH 8.1 and expressed as a percentage of citric acid.
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2.7. Determination of Vitamin C

Vitamin C content in strawberries was determined by Spectrophotometric method. An appropriate
amount of water was added to the sample to make the homogenate, which was centrifuged at 10,000× g
for 10 min and then the supernatant was removed. The dilution times of the sample fluid depend on
VC content and sample fluid color. In this study, 1:10 was used as the solid-to-liquid ratio to make the
homogenate, as the color of the homogenate was too dark to be determined by spectrophotometry
(UV-1800, Mapada Instruments Co., Ltd., Shanghai, China) [19]. Then, the homogenate was diluted
10 times with distilled water. Distilled water was used as a reference, and a series of VC standard
solutions were prepared. The absorption spectrum curve of VC was plotted in the range of 220–320 nm
to determine the maximum absorption wavelength. The absorbance was finally measured at 267 nm to
draw a standard curve and then the vitamin C content of the sample was calculated from the standard
curve [18].

2.8. Total Phenolics Content

Total phenolics content in strawberries were determined by the Folin–Ciocalteu method [20].
Briefly, the samples (10 g) were mixed with 10-fold 80% cold methanol (100 mL) at room temperature
for 30 min. During this time, the strawberries were thoroughly ground in a methanol (100 mL) mortar
and pestle. Then, the homogenate was centrifuged at 10,000× g for 20 min and filtered. The supernatant
was taken and the residue was extracted twice. The supernatants were combined. The crude extract
(1 mL) was mixed with 10-fold diluted 2 N Folin–Ciocalteu reagent (4.0 mL). The mixture was kept
at room temperature for 5 min and then 4 mL of Na2CO3 (7.5% w/v) was added. Before the mixture
was incubated for 1 h at room temperature, it was allowed to react in a vortex mixer. The Absorbance
was measured by spectrophotometer at 765 nm. The result was expressed as mg·GAE/100 g FW. The
amount of total phenolics in the strawberries was calculated using a gallic acid calibration curve.

2.9. 1-Diphenyl-2-Picrylhydrazyl (DPPH) Determination

DPPH free radical scavenging activity of sample extracts was determined following the method
described by Cao et al. [21] to assess antioxidant capacity. Crude sample extraction method was the
same as total phenol extraction method. Exactly 0.0394 g DPPH was weighed and diluted with 100 mL
of 95% methanol to obtain 1 mmol/L DPPH liquor, which was diluted 12 times with methanol to
form 0.12 mmol/L DPPH reaction solutions. Then, 0.1 mL sample solution and 2.9 mL DPPH reaction
solution were put together in a 5 mL centrifuge tube. The mixture was shaken for 30 min in a dark
place at room temperature (Absorbancesample). The absorbance was measured at a wavelength of
517 nm using spectrophotometry. The absorbance of 2.9 mL DPPH reaction solution and 0.1 mL
methanol mixture was measured (A0). The absorbance of water in the DPPH reaction mixture was
measured simultaneously under the same condition (A1). A0 − A1= Absorbancecontrol. All assays were
performed in triplicate. The result was calculated according to Equation (2):

DPPH radical scavenging activity(%) = (1 − Absorbancesample

Absorbancecontrol
) × 100% (2)

2.10. Pyrogallol Peroxidase Assay

The pyrogallol peroxidase (POD) activity was measured according to Chen et al. [22] with some
modifications. The fresh fruits were crushed into coarse pieces; 5-g samples were homogenized for
3 min with 20 mL of pre-cooled sodium phosphate buffer (0.1 mol/L, pH 6.8) and 2 wt % of PVP in
a cooled mortar and pestle. The homogenate was collected into the centrifuge tube and centrifuged
(TGL-16M, Xiangyi Centrifuge instruments Co., Ltd., Shanghai, China) at 10,000× g for 20 min. During
centrifugation, the homogenate was kept at 4 ± 1 ◦C. Then, the supernatant was used as a crude
enzyme solution. The reaction mixture consisted of 0.5 mL of crude enzyme solution, 3 mL of 25 mM
guaiacol, and 200 μL of 0.5 M hydrogen peroxide (30%). Distilled water was used as a reference.
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The POD value was measured at 470 nm. The measurement was started after 15 s of reaction and
then repeated three times every minute. One unit of enzyme activity was defined as an increase in
absorbance of 0.001/min. The result was expressed as U per gram of fresh fruit (U·g−1 FW).

2.11. Sensory Evaluation of Strawberries

The quality assessment consisted of ten trained reviewers from Yunnan Institute of Food Safety,
Kunming University of Science and Technology, Kunming, China. A nine-point hedonic scale based on
color, texture, odor, and overall acceptability of samples was used to differentiate changes in sample
quality, where 1 = inedible, 3 = poor, 5 = fair, 7 = very good, and 9 = excellent [23].

2.12. Microbiological Analysis

The total bacterial count of the sample was evaluated according to the plate count method. Briefly,
25 g of samples was aseptically transferred to 225 mL of a 0.85% (w/v) sterile physiological saline
solution and homogenized. Serial decimal dilutions were prepared in sterile peptone water and
poured onto plate count agar (PCA) plates. The total bacterial count was incubated on plate agar
(Oxoid, London, UK) for 48 h at 30 ◦C. All counts were the average of the samples and expressed as
log cfu/mL.

2.13. Statistical Analysis

The result was represented as means ± standard deviations and analyzed by analysis of variance
(ANOVA) using SPSS (version 19.0, SPSS Inc., Chicago, IL, USA). Duncan’s multiple-range test was
used to determine significant differences at 95% confidence level.

3. Results and Discussion

3.1. Weight Loss

The weight loss value of strawberry samples during the preservation period is shown in Figure 1.
During the preservation period, the weight loss of all packaged samples gradually increased, which
might be related to the continuous loss of water from the strawberries to the surrounding environment.
As shown in Figure 1, after two days of storage, the mass loss of the strawberry samples packed
with PLA/Ag10%, PLA/Ag5%, and PLA/Ag1% film was significantly (p < 0.05) lower than that
of the PLA films. This was because a certain amount of nano-Ag was incorporated in PLA matrix.
Nano-Ag has an outstanding antimicrobial property. It can attach to the cell membranes and penetrate
into bacteria, block the bacterial respiratory chain, and eventually kill the bacteria on the surface
of the attached material. Thus, higher concentration nano-Ag package has higher antimicrobial
property. The fruit packed in the high concentration nano-Ag package was less prone to spoil and
deteriorate [24]. The weight loss of the fruit packaged by different concentration film was presented as:
PLA film > PLA/Ag1% film > PLA/Ag5% film > PLA/Ag10% film.
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Figure 1. Effect of different concentration of nano-Ag active packages on weight loss of strawberry
stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.

3.2. Firmness

Firmness is one of the important indicators for strawberries. The change trend of the tissue
firmness of strawberry samples packaged in different packaging films is shown in Figure 2. During
the 4 ± 1 ◦C preservation period, the firmness value of all samples showed a downward trend. After
10 days of storage, the PLA/Ag5% film package had the highest firmness value (40.96 g) and the
PLA film package had the lowest firmness value (39.65 g). This might be because the water vapor
permeability of nano-mixed membranes was higher than that of other membranes and nano-Ag has
certain antibacterial properties. Low-permeability packaging films could increase the relative humidity
inside the package to accelerate the softening of the strawberries. Studies have shown that, during
the storage period, strawberry tissue becomes soft due to metabolic changes and moisture loss of the
enzyme, which in turn reduces the firmness of the strawberry [25].
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Figure 2. Effect of different concentration of nano-Ag active packages on firmness of strawberry stored
at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.
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3.3. SSC and TA

The amount of SSC in strawberries could be used to assess the ripeness of strawberries and
fully mature strawberries contain the most soluble solids [26]. In Figure 3, longer storage periods
leads to greater soluble solids content in the four groups of strawberries. During the first two days
of storage, there was no significant (p > 0.05) difference in SSC between PLA/Ag1% and PLA/Ag5%
group. The increase in SSC value in the four groups of strawberries was because the starch in the
strawberries continuously converted to soluble sugars as the storage period increased. PLA/Ag5% and
PLA/Ag10% film had better inhibition of strawberry respiration and inhibition of metabolic enzyme
activity than PLA film. Therefore, the soluble solids growth of strawberry coated with PLA/Ag5%
and PLA/Ag10% film was slower.

The amount of TA in strawberries is closely related to their flavor, and the acid content decreases
as the respiratory metabolism of strawberries increases. In Figure 4, the TA content in the four groups
of strawberries decreased continuously with the extension of the storage period. In the PLA group, TA
value rapidly decreased most in the strawberry, followed by the PLA/Ag1% group, and was slowest
in the PLA/Ag5% and PLA/Ag10% groups. In the whole process of storage, the content of TA of
nano-active packaging film is higher than that of pure polylactic acid packaging film, indicating that
nano-modified film is conducive to delaying the decrease of TA content of fruits during storage. This is
consistent with the findings of Li et al. [27]. The experimental results showed that the nano-composite
membrane could inhibit the respiration of strawberry and slow down the consumption of acid in the
physiological metabolic activities of strawberry, thus effectively slowing down the downward trend of
titratable acid and extending the shelf life of the strawberries.
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Figure 3. Effect of different concentration of nano-Ag active packages on soluble solid content of
strawberry stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.
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Figure 4. Effect of different concentration of nano-Ag active packages on titratable acid of strawberry
stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.

3.4. Surface Color

During storage, discoloration mainly occurs on the surface of the strawberry and is mainly
manifested as darkening or spoilage. This greatly reduces the nutritional value and sensory
characteristics of strawberry itself, and seriously affects consumers’ desire to purchase products.
Among them, the enzymatic browning of the reaction of polyphenol compounds with oxygen catalyzed
by the endogenous polyphenol oxidase (PPO) [28] in strawberry is a major problem. Hue angle was
used to characterize the color change of strawberry surface. In Figure 5, the degree of coloration of the
samples in each group of packaging films during storage gradually decreased. On Day 10 of storage,
the hue angles of PLA, PLA/Ag1%, PLA/Ag5%, and PLA/Ag10% decreased by 18.31%, 16.31%,
13.47%, and 16.78%, respectively, when compared with the initial value. The color difference value of
the fruit in the PLA active packaging film, in which the amount of nano-Ag was added at 5%, was
lower than the initial value. The value of the hue angle was always higher than other groups, and the
difference was significant (p < 0.05). The concentration of the active packaging film showed better
protection of strawberry surface color than other concentrations. However, the result showed that,
although the different processing and storage methods could improve the decline of the surface color
of the strawberry, the change of the surface color of the strawberry could not be used as an indicator to
effectively reflect the strawberry fruit quality [29].
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Figure 5. Effect of different concentration of nano-Ag active packages on the hue angle of strawberry
stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.

3.5. Determination of Vitamin C

The antioxidant properties of vitamin C play an important role in the metabolism of plants and
animals [30]. Since the human body cannot synthesize vitamin C, it can only meet the needs of the
human body through diet or supplementary nutrients, and a very healthy way to supplement vitamin
C is eating fruit. Thus, vitamin C plays a vital role in the preservation of food, especially in vegetable
and fruits during the storage. As Mcerlain and Marson mentioned, improper preservation methods
can accelerate the loss of vitamins in food [31]. Therefore, the change of VC content in strawberry in
different content of nano-Ag packaging film can verify whether nano-Ag film package has a good
preservation effect. Changes in vitamin C content of strawberries during storage are shown in Figure 6,
in which the content of vitamin C decreases with time for all the samples, which might be attributed to
its oxidation through OH radicals in the strawberries [32]. It could be seen in the figure that vitamin
C content decreased linearly after storage. With the prolongation of storage time, the strawberry in
all active packaging films gradually showed significant (p < 0.05) difference in vitamin C content
compared with pure polylactic acid from Day 4 until the end of storage days. Among them, PLA/Ag1%
is significantly (p < 0.05) different from PLA during the whole storage process. Over time, the vitamin
C content of strawberries in 5% nano-Ag active packages was higher than other active packaging film
concentrations during storage. On Day 10 of storage, the content of ascorbic acid in the pure PLA
film and nano-Ag-added active packaging had a significant (p < 0.05) difference from the initial value,
indicating that the nano-Ag active film can effectively reduce the loss of ascorbic acid in strawberry.
This might be due to the addition of nano-Ag, changes in membrane permeability [18], inhibition of
respiration, and delay in occurrence of ascorbic acid oxidation reaction. The ascorbic acid content of
strawberry in the packaging of nano-Ag films with a low to high concentration decreased by 38.18%,
37.13%, 33.38%, and 42.93%, respectively, compared with the initial values.

87



Polymers 2018, 10, 894

0 2 4 6 8 10
35

40

45

50

55

60

65

70

75

V
ita

m
in

 C
ay

s 
(m

g/
10

0g
 F

W
)

Storage period(Days)

 PLA
 PLA/Ag1%
 PLA/Ag5%
 PLA/Ag10%

Figure 6. Effect of different concentration of nano-Ag active packages on the vitamin C level strawberry
stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.

3.6. Pyrogallol Peroxidase (POD)

Enzymatic browning caused by oxidation of phenolic compounds is one of the most important
causes of fruit color deterioration. POD is one of the oxidoreductases involved in enzymatic
browning [33]. It might cause not only spoilage of the appearance of the fruit but also the weight loss.
In Figure 7, there was no significant (p < 0.05) difference in pod content in each packaging film during
the first two days of storage. The pod activity in all active packaging film packages gradually increased
until the activity peaks on Day 6. The maximum pod activity values of PLA, PLA/Ag1%, PLA/Ag5%
and PLA/Ag10% were 15.12, 15.55, 17.02 and 16.69 U/g FW, respectively. PLA and all active packaging
films are significantly (p < 0.05) different. PLA/Ag5% film was higher than that of other concentrations
of nano-active film and pure PLA film samples. Liu et al. [34] found that POD activity of mushrooms
increased first and then decreased during storage. Moreover, the POD activity of mushrooms was
always higher than that of the control group, so it was beneficial to prolong the storage period of
mushrooms, which was consistent with the results of this study. This could be due to the antibacterial
properties of the nanoparticles in the film, which could delay fruit senescence. The high activity of
POD indicated that the sample had a low degree of tissue aging and that the fruits and vegetables
were fresher. After Day 6, the activity gradually decreased. On Day 8, PLA10 was significantly lower
than all packaging films. Then, there was no significant (p < 0.05) difference between the packaging
films over time. The POD enzyme activity increased rapidly from the beginning of storage to Day 6,
possibly due to the POD-induced enzyme action. When the fruit was adversely affected by the outside,
the enzyme activity increased; and the higher the cellular activity, the greater the increased [35]. As the
POD activity declined, the quality of the fruit began to deteriorate. Studies have shown that POD may
be involved in the production of ethylene in fruits and can be used as an indicator of fruit ripening
and senescence [36]. This might regulate the maturation of the strawberry and ultimately improve the
sensory quality of the fruit in the nano-active packaging film. Considering fruit preservation effect
and material cost savings, from Day 0 to Day 6, PLA/Ag5% film is better.
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Figure 7. Effect of different concentration of nano-Ag active packages on the activity of POD of
strawberry stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.

3.7. Total Phenolics Content

Total phenols are very important for the quality of strawberries, not only because of their
contribution to the taste, but also polyphenols and anthocyanins affect the appearance of pigments in
fruits and vegetables [37]. Phenols have anti-aging, anti-cancer, anti-inflammatory and anti-oxidation
biological functions, making total phenols an important indicator to assess the fruit and vegetable
preservation effect [38]. Changes in the total phenolic content of the sample during storage are shown
in Figure 8. In Figure 8, the content of total phenols encapsulated by various contents of nano-Ag
increased at first and then decreased. The total phenolic content of the pure PLA packaging film
increased rapidly after storage began and peaked on Day 4. The content of total phenols in the
nano-Ag packaging films with different contents rose slowly and peaked on Day 6. The peak value
was significantly (p < 0.05) lower than the peak value of total phenolics in the pure PLA packaging
film. From Day 6 to Day 10, the total phenolic content of strawberry in pure PLA packaging film and
nano-Ag active packaging film showed a decreasing trend, but the total phenol content of nano-Ag
active packaging film was higher than that of pure nano-Ag packaging film. The content is maintained
at a high level and the downward trend tends to be gentle. Yang et al. showed that this might be
due to the fact that nano-packaging inhibits the accumulation of anthocyanin in fruits [39]. The rapid
accumulation of total phenols in the first four days might be due to the accumulation of other phenolic
substances. Shin et al. found that changes in the total phenolic content of strawberries during storage
are affected by the maturity at harvest [40]. The total phenolic content of fully ripened strawberries
will continue to decrease during storage. The experimental samples maturation were all 70–80% but
not fully matured. Therefore, the phenols gradually accumulated during the early storage and led to
increased levels. Studies have also shown that higher concentrations of oxygen in the environment will
accelerate the accumulation of total phenols in fruits [41]. The nano-Ag particles added to the PLA film
change the oxygen and carbon dioxide transmission rate, which in turn reduces the oxygen content in
the package [39]. Therefore, the nano-Ag active packaging film has lower total phenol content than
the pure PLA packaging film, which can effectively delay the decay of the total phenol content. In
addition, the total phenol content in the active packaging film does not increase with the increase of
nano-Ag content in the active packaging film. In the low concentration range of the active film, the Ag
concentration of 5% has higher total phenol content than other concentrations of the nano-Ag active
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packaging film. The overall trend of nano-Ag films with a concentration of 10% is higher than that of
pure PLA films lower than that of low-concentration nano-Ag films. This might be because, as the
nanoparticles are added, the nanoparticles are aggregated, the voids of the membrane are enlarged,
and the respiration continuously causes the loss of phenolic content.

0 2 4 6 8 10

100

120

140

160

180
To

ta
l p

he
no

lic
s 

co
nt

en
t

(m
g/

10
0g

 F
W

)

Storage period(Days)

 PLA
 PLA/Ag1%
 PLA/Ag5%
 PLA/Ag10%

Figure 8. Effect of different concentration of nano-Ag active packages on total phenolics of strawberry
stored at 4 ± 1 ◦C for 10 days. Data are presented as mean ± standard deviation.

3.8. 1-Diphenyl-2-Picrylhydrazyl (DPPH)

Antioxidant ability is one of the important indicators for evaluating fruits and vegetables.
There are many methods to determine the antioxidant capacity of samples, such as ferric reduction
antioxidant (FRAP) method, oxygen radical absorbance capacity (ORAC) method for measuring
antioxidant capacity, and so on. However, the DPPH method has been widely used in the determination
of the antioxidant capacity of fruits and vegetables and their extracts due to their sensitivity, rapidity,
reliability, and simple method [42]. In Figure 9, the DPPH radical scavenging rates of the packaging
films of strawberry during the whole storage period showed a trend of increasing first and then
decreasing. On Day 4, the pure PLA film reached its peak first and then decreased rapidly. On Day 6,
the DPPH radical scavenging rate of each group of nano-Ag active packaging films also peaked and
then decreased and maintained at a relatively high level. There was a significant (p < 0.05) difference
between the numerical value and the pure PLA film. Li and coworkers’ [43] research results are
consistent with the results of this study.
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Figure 9. Effect of different concentration of nano-Ag active packages on antioxidant capacity measured
by DPPH. Data are presented as mean ± standard deviation.

3.9. Microbiological Analysis

Total bacterial is one of the indicators for judging food hygiene. The change in the total number
of bacteria during storage is shown in Figure 10. The total number of bacteria gradually increased
throughout the storage period. There was no significant (p > 0.05) difference in the total number of
bacteria between the PLA/Ag1% and PLA/Ag5% groups during the entire storage period. The total
number of bacteria in the PLA/Ag10% wrapped strawberry samples was significantly (p > 0.05) lower
than that in PLA. This may be because the incorporation of nano-Ag into PLA can effectively inhibit the
growth of fruit microorganisms. This may be related to the antibacterial mechanism of nano-Ag. The
antibacterial mechanism of nano-Ag is related to membrane damage caused by free radicals derived
from the surface of nano-Ag [44]. Fan et al. [45] found that nano active film is better than PLA film for
food preservation. Li and coworkers’ [46] study shows that the higher content of ZnO composite film
with 3 wt % content has the best preservation performance compared with 0 wt % and 1 wt %.The
experimental results are consistent with the above studies.

 

Figure 10. Effect of different concentration of nano-Ag active packages on the account of total bacterial.
Data are presented as mean ± standard deviation.
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3.10. Sensory Evaluation of Strawberries

The sensory evaluation of the strawberry was performed on a nine-point scale, and the odor, color,
texture, and overall acceptability were evaluated. Table 1 lists the sensory scores for strawberries, with
the values for all groups decreasing with increasing storage time. There was no significant (p > 0.05)
difference in sensory scores of all packaged samples on Day 2. However, after eight days of storage, the
odor and texture of the strawberry samples packed with PLA/Ag1%, PLA/Ag5%, and PLA/Ag10%
were not affected. The overall acceptability score was significantly higher than that of the PLA film.
At the end of the storage time, the overall acceptability scores of samples packaged with PLA/Ag1%,
PLA/Ag5%, and PLA/Ag10% were still higher than 5, and the sample maintained proper quality
characteristics considering the sensory parameters such as odor, color, and texture. After 10 days of
storage, the overall acceptability of the sample packed with PLA/Ag5% film was highest, and it was
not significantly (p > 0.05) different from that of PLA/Ag%1 and PLA/Ag10% films. Six points are the
criteria for good product quality and marketability. The shelf life of strawberry samples packed with
PLA, PLA/Ag1%, PLA/Ag%5 and PLA/Ag10% films was four, six, eight and six days, respectively.
The results showed that PLA/Ag film can improve the quality of strawberry during refrigerated
storage. The main reason is that the nanofiber membrane has a small pore size and a high porosity.
It can prevent gas and water from passing through and can block foreign pollutants from infecting
the sample. It also improves the hydrophilicity of the membrane and prevents condensation of water
vapor on the inner surface of the membrane [47].

Table 1. Sensory evaluation of strawberries stored for 10 days at 4 ± 1 ◦C in different concentration of
nano-Ag active packages.

Treatment Odor Color Texture Overall Acceptability

Day 0 9 9 9 9

Day 2
PLA 8.18 ± 0.03 ab 7.87 ± 0.32 a 8.07 ± 0.17 a 7.94 ± 0.02 a

PLA/Ag1% 8.05 ± 0.18 a 8.06 ± 0.32 a 8.22 ± 0.04 ab 8.05 ± 0.59 a

PLA/Ag5% 8.29 ± 0.07 b 8.08 ± 0.05 a 8.28 ± 0.07 b 8.13 ± 0.11 a

PLA/Ag10% 8.22 ± 0.04 ab 8.07 ± 0.15 a 8.19 ± 0.04 ab 8.04 ± 0.02 a

Day 4
PLA 7.19 ± 0.04 a 7.05 ± 0.39 a 6.98 ± 0.14 a 6.89 ± 0.27 a

PLA/Ag1% 7.37 ± 0.18 a 6.85 ± 0.22 a 7.05 ± 0.18 a 7.07 ± 0.01 ab

PLA/Ag5% 7.37 ± 0.13 a 7.51 ± 0.44 a 7.18 ± 0.01 a 7.2 ± 0.08 b

PLA/Ag10% 7.24 ± 0.02 a 7.19 ± 0.21 a 7.12 ± 0.08 a 7.12 ± 0.06 ab

Day 6
PLA 6.68 ± 0.06 ab 6.27 ± 0.21 a 6.45 ± 0.05 a 6.03 ± 0.4 a

PLA/Ag1% 6.67 ± 0.02 ab 6.31 ± 0.17 a 6.49 ± 0.01 ab 6.52 ± 0.02 b

PLA/Ag5% 6.76 ± 0.09 b 6.63 ± 0.02 b 6.55 ± 0.04 b 6.71 ± 0.05 b

PLA/Ag10% 6.59 ± 0.1 a 6.52 ± 0.15 ab 6.46 ± 0.04 a 6.4 ± 0.08 ab

Day 8
PLA 6.22 ± 0.02 ab 5.17 ± 0.14 a 5.99 ± 0.27 a 4.78 ± 0.06 a

PLA/Ag1% 6.13 ± 0.16 a 5.38 ± 0.21 a 6.1 ± 0.07 a 5.9 ± 0.04 ab

PLA/Ag5% 6.29 ± 0.05 b 5.43 ± 0.21 a 6.12 ± 0.35 a 6.3 ± 0.56 b

PLA/Ag10% 6.16 ± 0.03 ab 5.34 ± 0.06 a 6.08 ± 0.05 a 4.82 ± 1.02 a

Day 10
PLA 5.71 ± 0.23 b 5.01 ± 0.55 a 5.45 ± 0.12 ab 4.23 ± 0.57 a

PLA/Ag1% 5.05 ± 0.08 a 5.03 ± 0.09 a 5.36 ± 0.12 a 5.36 ± 0.24 b

PLA/Ag5% 5.66 ± 0.32 ab 5.14 ± 0.25 a 5.6 ± 0.03 b 5.73 ± 0.04 b

PLA/Ag10% 5.13 ± 0.49 ab 4.99 ± 0.02 a 5.46 ± 0.06 ab 5.35 ± 0.15 b

a–b Values followed by different letters in the same column were significantly different (p < 0.05), where a is the
lowest value.
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4. Conclusions

Compared with pure PLA film, nano-Ag active film could effectively reduce the weight loss rate
of strawberries during storage, and delay the drop in hardness, soluble solids, and titratable acid
content. High levels of ascorbic acid and total phenols were maintained during the late storage period.
The strawberries had a higher antioxidant capacity in the later period of storage, thus delaying the
aging of the fruit and providing a better preservation effect. Therefore, the nano-Ag active packaging
film has a better preservation effect, and PLA/Ag5% film is slightly better than other films.
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Abstract: The bacteriostatic performance of a chitosan film is closely related to its ionic and physical
properties, which are significantly influenced by the mode of cross-linking. In the current work,
chitosan with or without bacterial cellulose was cross-linked with borate, tripolyphosphate, or
the mixture of borate and tripolyphosphate, and the composite films were obtained by a casting
of dispersion. Mechanical measurements indicated that different modes of cross-linking led to
varying degrees of film strength and elongation increases, while the films treated with the borate
and tripolyphosphate mixture showed the best performance. Meanwhile, changes in the fractured
sectional images showed a densified texture induced by cross-linkers, especially for the borate
and tripolyphosphate mixture. Measurements of Fourier transform infrared showed the enhanced
interaction between the matrix polymers treated by borate, confirmed by a slight increase in the glass
transitional temperature and a higher surface hydrophobicity. However, the reduced antimicrobial
efficiency of composite films against E. coli, B. cinerea, and S. cerevisiae was obtained in cross-linked
films compared with chitosan/bacterial cellulose films, indicating that the impact on the antimicrobial
function of chitosan is a noteworthy issue for cross-linking.

Keywords: chitosan; composite films; cross-linking; physical properties; bacteriostasis properties

1. Introduction

An increased consumer demand for fresh, high quality foodstuff has given rise to an intense
interest in the characteristics of active packaging materials that alter the conditions of the packaged
food for extending shelf life, improving sensory qualities, or inhibiting the propagation of spoilage and
pathogenic microorganisms [1]. In light of their availability, unique qualities, and eco-friendliness, the
use of biopolymers within multiple food-packaging applications is quite beneficial [2,3]. Among the
natural polymers used for bio-degradable packaging development, chitosan stands out on account of
its intrinsic anti-microbe, solid mechanical strength, excellent barrier capacity, and biodegradability, as
well as superior film-forming properties [4]. These unique properties have allowed for an exploration
of its potential usage in the food industry as active edible food coatings or films in terms of improving
food conservation by resorting to its antifungal and antibacterial ability [5].

In spite of the numerous benefits and original properties of chitosan, the existence of multiple
amino groups and hydroxyl in the framework enhances its strong adhesion to water, and therefore
chitosan films possess a high water swelling degree [6]. After over absorption of water, chitosan films
become brittle, and are thus not applicable for packaging [7,8]. As a result, several techniques can be
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used to obtain the improved barrier and mechanical properties of chitosan films, including blending
with polyvinyl alcohol, poly N-vinyl pyrrolidone, polyethylene glycol etc. [9–11].

Bacterial cellulose that is approximately less than 100 nm in diameter possesses unusual
physical and mechanical properties [12,13]. Besides, bacterial cellulose and chitosan share similar
structures and mutually complementary qualities, resulting in reinforced molecular interactions among
polysaccharide chains. Compared with films of pure chitosan, chitosan/bacterial cellulose composite
films exhibit more advantageous mechanical qualities, such as a rational thermal stability and a low O2

permeability [14]. Thereby, bacterial cellulose possesses great potential for being utilized as an agent
of reinforcement in chitosan-based films, in terms of promising mechanical qualities and antimicrobial
activity properties [15].

Another effective method for the improvement of films with desirable properties has emerged,
namely, cross-linking treatment [16]. A polymer with an integrated network can be obtained by the
cross-linking process, in which the polymer chains are interconnected by covalent or non-covalent
linking [17]. In general, chitosan-based biomaterials are cross-linked by way of verified approaches,
such as making use of cross-linking agents, the heat curing process, and ultraviolet irradiation
or electron-beam [18,19]. There have been many investigations where chemically cross-linked
chitosan-based biomaterials were treated with cross-linking agents, including glutaraldehyde, borate,
formaldehyde, or 1,5- pentane-dial. In addition, researchers have investigated the physical property
changes of films in relation to the degree of cross-linking [20]. A cross-linker is appropriate for
biopolymer materials, in particular those obtained from proteins or carbohydrates, supplying reduced
gas and water vapor permeability in food packaging materials [21,22]. Cross-linkers may make up for
the intrinsic deficiencies in the barrier and mechanical properties of biopolymers, rendering them more
applicable in comparison with petroleum-based counterparts [23]. Generally, remarkable mechanical
properties, heat stability, and water resistance are obtained and the qualities of composite films might
be controlled by means of adjusting the mode or the extent of cross-linking. However, a more detailed
intermolecular force in the texture-property relationship cannot be achieved all the time.

Therefore, in this study, a selective cross-linking method was used in the preparation of
cross-linked chitosan/bacterial cellulose films to explore the impact of cross-linking mode on
the macroscopic physical characterization along with the microphysical characterization of films
simultaneously (Scheme 1). In view of the molecular characteristics of chitosan and bacterial cellulose,
borate is able to cross-link chitosan and bacterial cellulose by forming hydroxyl groups with hydrogen
bonds in matrix polymers [24]. Whereas by means of electrostatic interaction with the amino group,
tripolyphosphate can produce a cross-linked structure with chitosan [25]. Natural cationic chitosan
(CS) has been widely applied in constructing bactericidal coatings due to its contact-active disruption
of the pathogen cytoplasmic membrane [26–28]. Thus, a noteworthy issue is how the reduction of
hydroxyl or amino groups induced by cross-linking influences the antimicrobial property of chitosan,
since iconicity is the origin of its contact-active function, despite the fact that the effects of some
inserted nano or micron particles have been wildly explored [29–31]. It has been reported that when
chitosan is immobilized onto a substrate, its antibacterial activities might be significantly reduced,
proposed for the impeded ability of chitosan diffusion onto the cell membranes of microbes [32–34].
Nevertheless, chitosan is generally considered to be unable to enter the cell interior and the inhibitory
effect is only exhibited on the cell surface due to its molecular weight. As a result, it is worth paying
much more attention to the influence of the ionic property of chitosan, essential for its interaction with
microbes, on the bacteriostasis abilities.

Hence, the present study aims to fabricate a chitosan/bacterial cellulose film treated by varied
ways of cross-linking, verify the transformation of intermolecular forces in accordance with film
mechanical properties, and clarify the antimicrobial ability changes induced by cross-linking. The
composite films are also investigated using an electronic universal material test machine, electron
scanning microscope (SEM), contact angle meter, water absorption and surface hydrophobicity tests,
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differential scanning calorimeter (DSC), and IR spectroscopy, as well as inhibition tests of bacteria,
fungi, and yeast.

Scheme 1. The rationale of cross-linking mode using borate and tripolyphosphate.

2. Materials and Methods

2.1. Materials

Chitosan (viscosity: above 400 mPa·s; average MW: 50–100 KDa; deacetylation: 85%) was
purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Bacterial cellulose
(produced with Acetobacter xylinum; mean diameter: 50–100 nm; mean length: 10,000–20,000 nm; end
group: free hydroxyl), was generously provided by Qihong Sci. and Tech. Co., Ltd. (Guilin, China).
Glycerol, borate, and tripolyphosphate (Analytical grade purity >99%) were obtained from Damao
Chemical Reagent Beijing CO., Ltd. (Beijing, China). E. coli. ATCC 25922, B. cinerea ATCC 30387, and
S. cerevisiae BY 4743 yeast were obtained from the School of Biotechnology at Tianjin University of
Science and Technology (Tianjin, China).

2.2. Sample Preparation

Chitosan/bacterial cellulose films of different weight ratios were prepared by means of
solution casting in 10 cm×10 cm petri dishes according to the published method, but with slight
modifications [35]. A total of 2 g of chitosan was dissolved in 100 mL 1% acetic acid solution at room
temperature to form 2.0 w/v% polymer solutions. Then, 0.5 wt% bacterial cellulose solution was
obtained by dissolving 0.5 g of bacterial cellulose powder in 100 mL DI water at room temperature and
afterwards, the solution was sheared for 30 min with a Kesun JLL350-B2 blender. Following this, 100 mL
mixture solutions made from chitosan and bacterial cellulose stock solutions of different volume ratios
were added by a corresponding weight of plasticizer glycerol to obtain final bacterial cellulose/chitosan
0, 1/64, 1/32, 1/16, 1/8, and 1/4 with 40 wt% glycerol in dry films. The film-forming conditions were
set at 50 ◦C and relative ambient humidity in a drier for 48 h. As for the cross-linked films, cross-linkers
were added in the bacterial cellulose/chitosan 1/32 matrix with final concentrations of 4% borate
(CB-b), 4% tripolyphosphate (CB-t) or 2% borate, and 2% tripolyphosphate mixture (CB-bt) in the
dried films, respectively. The dry films (d CB-b, d CB-t, d CB-bt) were peeled off the dishes, and kept
in storage at room temperature against the desiccants DrieRite, so as to maintain zero relative humility
(RH) for at least one week before measurements. The average thickness of the film was 0.10 ± 0.01 mm.
To explore the impact of water absorption on the mechanical characteristics of films, the wet films
(w CB-b, w CB-t, w CB-bt) were obtained by placing dry films in a man-made temperature humidity
chamber at 25 ◦C and 80% relative humidity in a MEA15004-014 (Jufu, Beijing, China) for 12 h.
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2.3. Cross Sectional Structure

The fractured sectional image of sample films was examined by scanning electron microscopy
(SEM). For fractured section structure images, films were frozen in liquid nitrogen and were broken
later. The film fracture section coating with a gauzy film of gold (Au) was then put on double-sided
Scotch tape installed on a Luminal specimen holder, and imaged under a Geol scanning electron
microscope (SU-1510, Hitachi, Tokyo, Japan).

2.4. Mechanical Qualities

The elongation and tensile strength at the break of films was tracked on a 3396 electronic
universal material test machine (Intron, Boston, MA, USA) according to China National Standard
GB/T 1040-2006. Rectangular dry or wet specimens (1 cm × 10 cm) were incised using a precision
double-blade cutter. Initial grip separation was fixed at 70 mm and the cross-head speed was set at
100 mm/min. A total of five measurements were calculated and averaged for each sample.

2.5. Thermal Studies

As a function of cross-linkers, the glass transition temperature was measured on an 8000
differential scanning calorimeter (DSC) (PerkinElmer, Boston, MA, USA). Films were put in
pressure-tight DSC cells (about 8.5 mg of matter per cell). Highly purified nitrogen was channeled into
the sample compartment and flushed for at least 30 min before measurement. The first scanning was
performed ranging from −10 to 50 ◦C at the speed of 10 ◦C per minutes and the samples were kept at
50 ◦C for 30 min to expel the water residues in the films. After rapid cooling (10 ◦C/min to −10 ◦C),
measurements were carried out during a second scanning at 10 ◦C/min from −10 to 220 ◦C. Glass
transition temperature was determined in accordance with a half-variation in calorific capacity during
phase transition.

2.6. Infrared Spectroscopy

FTIR measurements of the dry and wet films were carried out by way of a Nicolet 6700
spectrometer (Thermo, Waltham, MA, USA) at ambient temperature. Data were collected over 16 scans
at a 16 cm−1 resolution and analyzed using Origin 8.6.

2.7. Contact Angle

The measurements of static water contact angle were performed by means of a VCA option
Contact Angle Analyzer (Jike, Shanghai, China) under optimal conditions. The image was captured
by a CCD camera right after a 10 μL water drop was deposited onto the film surface and from
which a contact angle analysis could be performed. A total of five measurements were averaged for
each sample.

2.8. Film Swelling Degree, Water Vapor Absorption, and Water Activity

The swelling degree (SD) of a given sample film was calculated as follows: firstly, a thoroughly
dried sample was immersed in distilled water at 25 ◦C for 12 h; then, the samples were picked out and
weighed after gentle wiping of the surface using absorbent paper. SD was measured as the percentage
of initial film weight increase that occurred after swelling in water.

The water vapor absorption (WVA) of a given sample was measured as follows: sample films
(10 cm × 10 cm) dried in desiccators were weighed (±1 mg) in glass dishes; then, they were put in a
temperature humidity chamber at 25 ◦C and 80% relative humidity for 12 h. Water vapor absorption
(WVA) was measured as the percentage of initial film weight growth that occurred during moistening
and was determined on a wet basis.

The water activity (WA) of each dry and wet film was determined by a water activity detector
(Dongxi Yike, Beijing, China).
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Triplicate measurements of SD, WVA, and WA were determined individually, prepared as
replicated experimental units.

2.9. Antimicrobial Testing

As far as the antimicrobial testing is concerned, the PE film as a blank (1 cm × 1 cm) was
immersed in 10 mL liquid culture in a tube with a calibrated suspension of E. coli (1 × 106 CFU),
B. cinerea (5 × 105 CFU), and S. cerevisiae (5 × 105 CFU), respectively. After incubation at 37 ◦C with a
constant shaking of 250 rpm for 12 h, 1 mL of the 100 times diluted microbe suspension was inoculated
on an agar medium plate. Right after incubation at 37 ◦C for 24 h, the images of the agar plates were
captured and the antimicrobial effects of the samples were evaluated on the basis of the colony count
using the following equation:

E(%) = [(A − B)/A] × 100% (1)

where A = the number of viable microbe colony for the PE film (blank) in the plate and B = the number
of viable microbe colonies for chitosan-based samples in the plate. A total of three measurements were
averaged for each sample.

3. Results and Discussion

3.1. Mechanical Properties

The maximum stress, tensile strengths, and yield at break for all films in dry or wet conditions are
summarized in Figure 1 using the average statistical data produced from the five analyzed specimens.
Obviously, dry films possess a higher film strength, i.e., maximum stress and tensile strength, in
contrast with wet films. Since the weight and shape of the films used are the same, the measured
tensile force can truly reflect the mechanical qualities of the films. Regarding the films from chitosan
reinforced with bacterial cellulose, it has been shown that the tensile strength firstly enhanced, and
then declined with the concentration increase of bacterial cellulose (Figure 1b). This phenomenon
might be related to the formation of intermolecular hydrogen bonds between the chemical groups in
bacterial cellulose (–OH) and chitosan (–OH and –NH2), therefore restricting the motion of the matrix
while promoting rigidity [36]. Consistently, it is also reported by Ciechańska that bacterial cellulose
fibers form a three-dimensional network, which is hydrogen bonded to the glucan chain and staggered
in chitosan to enhance the strength of the chitosan matrix [37]. The maximum reached the ratio of
bacterial cellulose/chitosan 1/32. Accordingly, the bacterial cellulose/chitosan 1/32 film was selected
for the subsequent experiments. As for CB-t and CB-bt films, however, the wet films manifested a
better performance in yield at break (Figure 1f), indicating that the absorption of water induced an
increase of elongation in matrices processed by tripolyphosphate and the borate/tripolyphosphate
mixture. Studies by Salari et al. (2018) have shown that after the blending with 4% bacterial cellulose,
tensile strength enhancement of chitosan film was close to 100%, but the performance of bacterial
cellulose in our work is moderate, which might be due to the fact that we added 40 percent of glycerol
and the films were plasticized and softened [38].

The impact of glycerol on the physical properties of polymer matrices has been extensively
studied. Low-molecular weight compounds or diluents, acting as external plasticizers, are an integral
part of polymeric systems. They serve to increase the flexibility and workability of the otherwise rigid
neat polymers [39,40]. In the current work, the measured maximum strength and yield at the break for
dry chitosan/bacterial cellulose with 40% glycerol are 20.4 ± 3.4 (MPa) and 64.8 ± 4.9 (%), respectively.
Dhanavel and his staff have studied the chitosan film containing 40% glycerol. They obtained 9.4 MPa
for the maximum strength and 66% for yield at the break [41]. Herein, the bacterial cellulose was
proved to be able to effectively enhance the strength of chitosan films, improving its applicability in
food packaging.
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(a) (d) 

(b) (e) 

(c) (f) 

Figure 1. The impact of cross-linking treatment on the maximum strength, tensile strength, and
yield at the break of dry and wet films of various ratios of bacterial cellulose/chitosan, chitosan
(C), and 1/32 bacterial cellulose/chitosan (CB) treated with 4% borate (CB-b), 4% tripolyphosphate
(CB-t), or a mixture of 2% borate and 2% tripolyphosphate (CB-bt). (a) maximum strength of
Bacterial cellulose/Chitosan composite with varying weight ratio; (b) tensile strength of Bacterial
cellulose/Chitosan composite with varying weight ratio; (c) yield at the break of Bacterial
cellulose/Chitosan composite with varying weight ratio; (d) maximum strength 1/32 Bacterial
cellulose/Chitosan composite with varying mode of cross linking; (e) tensile strength of 1/32 Bacterial
cellulose/Chitosan composite with varying mode of cross linking; (f) yield at the break of 1/32 Bacterial
cellulose/Chitosan composite with varying mode of cross linking.

Concerning dry 1/32 bacterial cellulose/chitosan films with or without cross-linkers, the values
of maximum strength (Figure 1d) and tensile strength (Figure 1e) range from 18.4 to 34.0 N and
20.4 to 39.0 MPa, respectively. Meanwhile, regarding film elongation (Figure 1f), namely yield at
break, the value ranges from 57.3 to 77.4%. The introduction of cross-linkers caused an increase in
both film strength and elongation, which could be attributed to the improvement of the interaction
among matrix polymers [42]. Additionally, the cross-linker mixture performed best in terms of
improving the film strength. A reasonable explanation for this is that cross-linker mixture induced a
stronger intermolecular force network in the matrices, which was further studied by DSC and IR in the
following section.
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Chitosan and bacterial cellulose were highly absorbent. After being kept in an 80% humidity
environment, a certain amount of water was absorbed in the films, which were described as wet
films. In general, an increase in moisture uptake weakened the tensile strength of chitosan films [43].
Concerning the wet films, the values for maximum strength and tensile strength ranged from 9.5
to 11.4 N and 7.2 to 14.7 MPa, respectively. For yield at break, the value ranged from 52.2 to 98.6%.
Unexpectedly, the introduction of moisture in wet films leads to a conspicuous decrease in film strength
and an increase in film elongation. For films treated with tripolyphosphate or a mixture of borate and
tripolyphosphate, the film elongation of wet films showed an obvious increase compared with that
of dry films, and the water clearly displayed a plasticizer effect in the composite films, i.e., softening
the chitosan/bacterial cellulose film. For films treated with borate, the film elongation of wet films
showed an obvious decrease compared with that of dry films, and the water showed an antiplasticizer
effect, i.e., stiffening the chitosan/bacterial cellulose films. The phenomenon of a plasticizer being
able to exert a role of an antiplasticizer is well-known and has received increasing attention from food
scientists and technologists in recent years [44–46]. It has been reported that small molecules like
glycerol, water, etc. can exert different effects, depending on their concentration. In most cases, there is
a critical element that marks the onset of a change in functionality from antiplasticizer to plasticizer,
depending on the polymer matrices [47]. In this work, the various cross-linking modes lead to different
roles of water in the chitosan/bacterial cellulose film.

3.2. Cross Sectional Fracture Structure

Cross sectional fracture structure of C, CB, CB-b, CB-t, CB-bt, and bacterial cellulose is shown
as Figure 2A–F, respectively. Glycerol is known to enter polyhydroxylated polymers’ chain interior,
disrupting inter-and intra-molecular interactions, rendering the polymer plasticized, as well as forming
a continuous phase of plasticized film [48]. The homogenous structure of various films demonstrates
the conspicuous compatibility of the two polymers and a tight structure deficient in phase separation.
In the current work, it has been found that cross-linkers could further change the interactions of matrix
molecules within the films. In addition to bacterial cellulose, the composite films present a clearer
fiber structure. With the addition of borate and tripolyphosphate, the films were characterized by
a compact, uniform, and homogeneous structure, indicating a closer interaction of matrix molecule
induced by cross-linkers. A similar phenomenon has also been observed in previous studies [23].

 
Figure 2. Fractured cross-sectional image of C (A), CB (B), CB-b (C), CB-t (D), CB-bt (E), and bacterial
cellulose film imaged by SEM.
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3.3. Thermal Studies

The thermal stability of biomaterials was determined using DSC. The thermograms for bacterial
cellulose/chitosan 1/32-based films are shown in Figure 3. Glass transitions were observed at 91.03,
91.33, 110.47, 108.23, and 108.95 for C, CB, CB-b, CB-t, and CB-bt, respectively. Kadam et al. (2018) have
reported that the mixing of polyphenolic cross-linkers could effectively increase the glass transitional
temperature of chitosan films [49], which was in agreement with the results in the current work. We
inferred that cross-linking could enhance the molecular interaction among the matrix polymers, and
thus improve the thermal stability of bacterial cellulose/chitosan films. The hypothesis is to be further
studied in the following section using FTIR. Only one Tg characteristic curve is detected for all samples,
implying the entire compatibility of chitosan and bacterial cellulose. Inconsistent with the results of
other studies [50], the broad endothermic peak could not be observed at approximately 110–120 ◦C in
all samples, probably caused by the dissociation process of interchain hydrogen bonding of chitosan.
Since a rapid drying method at a higher temperature was used to prepare the sample films, most
of the polymers in the matrices were in an amorphous state [51], resulting in a different molecular
aggregation state and configuration of chitosan in the films.

In addition, the sequence of Tg for all samples ranked as CB-b > CB-bt > CB-t > CB > C, indicating
the degrees of difference in terms of the impact on the matrix molecular interaction by cross-linkers.
Tg of the mixture is influenced by multiple factors, such as molecular weight [52], intermolecular
interaction [53], compound compatibility [54], etc. Based on the complicated microcosmic matrix
situation induced by different cross-linking methods, much more work is still needed to clarify
such a thermo dynamic phenomenon. Nevertheless, it was interesting to find that the features of
chitosan-based films, i.e., Tg, hydrogen bond strength, surface hydrophobicity, and antimicrobial
capacities, were clearly interrelated, as shown in the following section.

 

Figure 3. DSC thermograms for cast films C, CB, CB-b, CB-t, and CB-bt.

3.4. Infrared Spectroscopy

FTIR spectra were used for a more profound exploration of the molecular interactions among the
chitosan/bacterial cellulose matrix polymers. The IR absorbance of C, CB, CB-b, CB-t, and CB-bt is
shown in Figure 4. The peak above 3000 cm−1 corresponds to the combined stretching of hydroxyl [55].
Hydroxyl groups in a carbohydrate matrix can exist in the form of hydrogen, bonded or free, without
being implicated in any hydrogen bonds [56]. The vibration frequency of both can be attributed to
the range 3000–3600 cm−1, while the characteristic IR band of free hydroxyls distributes in the higher
frequency region [57]. Hence, as the hydrogen boned hydroxyls turn into free hydroxyls, the peak
above 3000–3600 cm−1 shifts to a higher frequency range.

A strong switch of the characteristic absorption band of the hydrogen bond is measured as 3265,
3281, 3243, 3281, and 3264 cm−1 for C, CB, CB-b, CB-t, and CB-bt, respectively, indicating that the
electrostatic interaction between hydroxyl and borate induces a stronger hydrogen bond network in
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chitosan/bacterial cellulose films. Furthermore, a band measured at 1557 cm−1 (CB) characteristic
as amide (II) [8] shifts to the lower wavenumber at 1552 cm−1 (CB-b), conforming to the intensified
intermolecular interaction for the hydroxyl group induced by borate. Inconsistent with other results
by Benucci et al. [58], a decrease of the amide (II) signal was not detected, and it was speculated that
the non-covalent cross-linking, caused by tripolyphosphate in the current work, did not lead to the
reduction of hydrogen in the group. Meanwhile, it has been found that the rank of hydrogen bond
strength followed the same order with that of Tg, i.e., CB-b > CB-bt ≥ CB-t ≥ CB, indicating that the
intermolecular force was one of the main forces that modulated the matrix thermodynamic properties.

Figure 4. IR spectra of C, CB, CB-b, CB-t, and CB-bt.

3.5. Contact Angle

The contact angle with the film surface was measured to monitor the hydrophobic properties
of produced matrices. Observed from the spatially varied curves of drips on the films, the contact
angles were measured and the average was tabulated (Table 1). The contact value followed a rank of
CB-b > CB-bt > CB-t > C> CB. Meanwhile, moisture absorption was found to decrease the surface
contact angle for all tested films, according to the comparison of results of dry and wet films. The
addition of cross-linkers, particularly borate, induced a higher contact angle for all tested samples,
implying that the cross-linkers used in the current work might promote the hydrophobic properties of
the film surface.

Table 1. The impact of cross-linking treatment on the contact angle of dry and wet films from chitosan
(C), 1/32 bacterial cellulose/chitosan (CB), and 1/32 bacterial cellulose/chitosan treated with borate
(CB-b), tripolyphosphate (CB-t), or a mixture of borate and tripolyphosphate (CB-bt).

Sample
Contact Angle/◦

DRY FILM Wet Films

C 93.4 ± 0.8 88.8 ± 0.5
CB 91.2 ± 0.2 85.2 ± 1.1

CB-b 103.8 ± 1.3 101.3 ± 0.5
CB-t 94.7 ± 0.9 85.5 ± 0.4

CB-bt 99.4 ± 0.4 94.5 ± 0.1

It is intriguing to note that the values of the film contact angle are in agreement with the reverse
order sequence of the chitosan/bacterial cellulose-based matrix hydrogen bond network detected by
IR spectroscopy, i.e., CB ≥ CB-t > CB-bt >CB- b. The strength of the matrix hydrogen bond network
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seemed to have a direct relationship with the surface hydrophobic properties. A reasonable explanation
for this is that the cross-linkers led to a decrease of the free polar chemical group in the film surface [59].
Thus, the water/matrix polymer interactions were reduced while the surface hydrophobicity was
heightened [60].

3.6. Water Vapor Absorption, Swelling Degree and Water Activity

In spite of possessing quite a few merits of chitosan films, reduced mechanical properties is a
main shortcoming, especially after wet absorption [61]. Thus, hygroscopicity is considered as one of
the essential qualities of a chitosan film or coating [62]. In this respect, water vapor absorption (WVA),
swelling degree (SD), and water activity (WA) values of all chitosan/bacterial cellulose films were
measured and tabulated in Table 2. On the basis of a statistical analysis, it was indicated that the mode
of cross-linking significantly affected the SD of films, yet the changes for WVA and SD were minor.
Interestingly, it has been found that it was CB-b, the film with the strongest hydrogen bond network
according to the results of IR, that possessed the lowest swelling degree, implying that the resistance
to water absorption was due to the reduced existence of polar chemical groups and the decreased free
volumes of polymer molecule relaxation. The water absorption of polymeric films was closely related
to the hydrophobic or hydrophilic properties, along with the existence of free molecule volumes in
the matrices [63]. It is speculated that cross-linking might reduce the interaction of water with the
matrix molecule, and further influence the retention of water inside the films. The result was in good
accordance with the values achieved by Vartiainen et al., who investigated the water absorption of
chitosan composite films reinforced with nanoclay [64].

Table 2. WVA, SD, and WA of C, CB, CB-b, CB-t, and CB-bt.

Samples Water Absorption (×%) Swelling Degree (×%) Water Activity (Dry Films)

C 31.9 ± 0.5 71.7 ± 2.4 0.13 ± 0.01
CB 31.1 ± 0.3 42.0 ± 2.0 0.13 ± 0.01

CB-b 28.0 ± 1.7 20.7 ± 1.1 0.14 ± 0.01
CB-t 30.9 ± 1.5 29.5 ± 4.3 0.16 ± 0.01

CB-bt 29.7 ± 0.5 32.4 ± 1.5 0.14 ± 0.01

3.7. Antimicrobial Testing

In order to assess the antimicrobial properties of hybrid films, the E. coli (bacterial), B. cinerea
(mold), and S. cerevisiae (yeast) were chosen as the representative microorganisms. Table 3 presents the
antimicrobial results of C, CB, CB-b, CB-t, and CB-bt films. For the sake of reliability, the experiments
were repeated three times. The pH of the bacterial culture medium was measured before and after the
sample films were immersed, while no obvious change was found, probably due to the fact that most
of the acetic acid volatilized in the sample preparation process. Apparently, the successive order of
antimicrobial activity was shown as C ≥ CB > CB-b ≥ CB-t > CB-bt. As was mentioned in the literature,
chitosan is antimicrobial against a wide variety of microbes, which originates from its polycationic
character [65]. In this work, almost all E. coli, B. cinerea, and S. cerevisiae treated with C and CB were
killed (Figure 5 shows the results of anti S. cerevisiae as representative). Unexpectedly, our results
showed that the addition of cross-linkers remarkably weakened the antimicrobial ability of CB films.

Table 3. A comparison of antimicrobial activity of C, CB, CB-b, CB-t, and CB-bt against E. coli, B. cinerea,
and S. cerevisiae.

Samples Bacteria Inhibitory Rate (×%) Mold Inhibitory Rate (×%) Yeast Inhibitory Rate (×%)

C 92.4 ± 2.9 72.8 ± 10.7 100.0 ± 0.0
CB 90.8 ± 6.4 77.8 ± 11.4 95.5 ± 6.4

CB-b 85.5 ± 4.7 51.0 ± 8.9 62.9 ± 2.3
CB-t 85.0 ± 3.7 51.5 ± 18.6 65.9 ± 0.3

CB-bt 73.1 ± 2.7 36.9 ± 14.7 52.8 ± 19.6
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Figure 5. Images of antibacterial efficacy against S. cerevisiae for (A) C, (B) CB, (C) CB-b, (D) CB-t,
(E) CB-bt, and (F) Blank (PE film).

The antimicrobial mechanism of chitosan is correlated with the cell death generated from the
disruption of cell functioning or the destruction of the cell wall caused by the electrostatic interactions
among cationic amino groups (NH3

+) in chitosan molecules and anionic teichoic acids in the cell
wall [66]. In our study, it was speculated that borate and tripolyphosphate could effectively disturb the
interaction of chitosan with microbes by changing the ionic properties of amino groups, thus decreasing
the efficacy of chitosan against tested E. coli, B. cinerea, and S. cerevisiae. Though cross-linkers have been
widely used in enhancing the mechanical qualities of chitosan films [20], to the best of our knowledge,
their impact on the antimicrobial effect has rarely been reported. In the current work, a critical issue
has been put forward and investigated, i.e., certain cross-linkers actually significantly decrease the
antimicrobial activity of chitosan.

4. Conclusions

This study focused on expounding the impact of cross-linking mode on the physical and
antibacterial properties of chitosan/bacterial cellulose composite films. It has been found that
the cross-linking mode microscopically affects the molecular interaction and microstructure,
and macroscopically leads to changes in the films’ mechanical and thermodynamic properties,
hydrophobicity, and water absorption. It is also worth noting that cross-linking can reduce the
bacteriostatic function of chitosan/bacterial cellulose composite films. The results of this work prove
that due to the varied intermolecular interactions between the cross-linkers and matrix polymers
in the matrices, cross-linking mode has a significant impact on the practicability of the composite
packaging film.
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Abstract: In this work, a new eco-friendly method for the treatment of poly(3-hydroxybutyrate)
(PHB) as a candidate for food packaging applications is proposed. Poly(3-hydroxybutyrate) was
modified by bacterial cellulose nanofibers (BC) using a melt compounding technique and by plasma
treatment or zinc oxide (ZnO) nanoparticle plasma coating for better properties and antibacterial
activity. Plasma treatment preserved the thermal stability, crystallinity and melting behavior of
PHB-BC nanocomposites, regardless of the amount of BC nanofibers. However, a remarkable increase
of stiffness and strength and an increase of the antibacterial activity were noted. After the plasma
treatment, the storage modulus of PHB having 2 wt % BC increases by 19% at room temperature
and by 43% at 100 ◦C. The tensile strength increases as well by 21%. In addition, plasma treatment
also inhibits the growth of Staphylococcus aureus and Escherichia coli by 44% and 63%, respectively.
The ZnO plasma coating led to important changes in the thermal and mechanical behavior of PHB-BC
nanocomposite as well as in the surface structure and morphology. Strong chemical bonding of
the metal nanoparticles on PHB surface following ZnO plasma coating was highlighted by infrared
spectroscopy. Moreover, the presence of a continuous layer of self-aggregated ZnO nanoparticles was
demonstrated by scanning electron microscopy, ZnO plasma treatment completely inhibiting growth
of Staphylococcus aureus. A plasma-treated PHB-BC nanocomposite is proposed as a green solution
for the food packaging industry.

Keywords: bionanocomposites; polyhydroxybutyrate; bacterial cellulose; antimicrobial activity;
thermal properties; packaging; morphology

1. Introduction

Synthetic polymers have been used in packaging for many decades and at least half of their
consumption is by the food packaging industry [1,2]. The increasing amount of waste from
non-biodegradable plastics and the ecological problems they cause have encouraged manufacturers
to find new environmentally friendly, safe and nontoxic packaging materials. Biopolymers from
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renewable resources are the most promising alternatives to petroleum-based polymers in food
packaging [2,3]. The large application of biopolymers in this sector has huge advantages in
terms of a decreased dependence on fossil fuel reserves and limitation of the environmental
problems associated with synthetic polymer pollution. Polyhydroxyalkanoates (PHAs), which are
obtained by bacterial synthesis, are considered as very promising candidates for food packaging
and biomedical applications [4–6]. Their hydrolytic degradation in the environment and in living
systems leads to oligomeric byproducts that are further processed by biochemical pathways [5,7].
Poly (3-hydroxybutyrate) (PHB) is the most studied of the PHAs and some of its properties are
comparable to those of the petrochemical-based polymers [3]. However, shortcomings in the
mechanical performance and melt processing behavior of PHB, i.e., high brittleness, poor thermal
stability and difficult processing [3,8], along with insufficient barrier properties, limit its widespread
use. Many attempts are being made to improve its properties for packaging application [9–13].
Copolyesters with higher ductility such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) or poly(3-hydroxybutyrate-co-3-hydroxy- hexanoate)
may overcome some of these shortcomings [5,9,10]. Different flexibilities and strengths may be obtained
by variation of the co-monomer unit or composition in these copolyesters [10,11]. The addition of
different modifiers, plasticizers, micro- and nanofillers was also tested, aiming to improve PHB
properties [4,5,8,9,12]. Cellulose nanofibers are mostly used in PHB and other PHAs due to their
important effect of increasing mechanical and barrier properties [1–4,6,8,13]. Bacterial cellulose
nanofibers (BC) are preferred for packaging and biomedical applications due to their high purity.
For example, a remarkable improvement of PHB properties was obtained by mixing PHB with medium
chain length PHAs and BC as “soft” and “stiff” modifiers [8,14]. Therefore, PHB and copolymers
modified by BC nanofibers are promising materials for food packaging and biomedical applications.

Several studies have shown that PHB could replace conventional plastics that are used in
juices and dressings [15] or fat-rich products’ packaging [16] if its melt processability is improved.
Still, the high rigidity and low flexibility of PHB leads to the cracking of jars and caps during
injection molding [16]. Post-processing of PHB electrospun fiber mats by different physical treatments
(annealing and cooling) resulted in PHB films with higher elongation at break and toughness compared
to common compression-molded films [17]. The addition of high molecular weight natural rubber
or poly(ε-caprolactone) (PCL) may also improve the elongation to break of PHB/PHBV and lead
to higher thermal stability [18] or toughness [19] with the increase of rubber/PCL content in the
blends. Blends of poly(lactic acid) (PLA) with 25 wt % PHB were intensively studied for food
packaging applications [20–22]. A large amount of plasticizers must be used in these blends to
ensure the high flexibility required by packaging processes [20–22], which is often detrimental to the
mechanical properties.

However, PHB-based materials are susceptible to microbial attack, which is undesirable for food
packaging applications. Different methods were proposed to obtain antimicrobial active packaging
(AP) for maintaining the quality and safety of foods [23,24]. Generally, migratory and non-migratory
systems were developed for this purpose [23]. In a migratory packaging system, volatile or non-volatile
active components are released from the polymer matrix to the surface of the food and, in the case
of non-migratory systems, the antimicrobial agents or oxygen/moisture absorbers are bound to the
polymer packaging.

Several agents were tested to obtain PHB-based biomaterials with antimicrobial activity for
AP [25–31]. Natural antimicrobial agents such as vanillin [25], sophorolipid [26] or eugenol [27]
were incorporated in PHB in different proportions using a solvent casting-evaporation method
with chloroform as a solvent. Vanillin and eugenol in small concentrations (80 μg/g PHB) [25,27],
and sophorolipid in a much higher concentration (9–29 wt %) [26] were found to be effective against
a large number of bacterial species. Carvacrol, a constituent of several essential oils, was also
incorporated in PLA/PHB blends and improved their antioxidant and antibacterial activity [27].
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However, the incorporation of these natural antimicrobial agents in PHB frequently leads to the
decrease of thermal stability and mechanical properties [25,28].

Synthetic antibacterial agents were also tested in PHB formulations; however, their concentration
should be limited in the case of food packaging application [29,30]. Triclosan showed good bactericidal
activity against Escherichia coli and Staphylococcus aureus after its incorporation in PHBV, and increased
its flexibility, but significantly reduced its elastic modulus and tensile strength [29]. PHB modified by
chlorhexidine digluconate showed a controlled release of the antibacterial agent into a food area [30].
Similarly, PHB/PCL/organo-clay nanocomposites activated with nisin, an antibacterial peptide,
showed good inhibiting effect against Lactobacillus plantarum and extended the shelf life of processed
meat [31].

In recent years, metal nanoparticles have been intensively studied for their ability to induce
antimicrobial activity in PHB films for AP applications [32–38]. For example, zinc oxide (ZnO)
nanoparticles, which are efficient UV blockers, were incorporated in PHB using a solution casting
technique [32]. The nanocomposite films showed good antibacterial activity against both Gram-positive
and Gram-negative bacteria, depending on the ZnO concentration within the nanocomposite.
Furthermore, PHB/ZnO films showed better mechanical properties and thermal stability compared to
the PHB matrix [32]. Similar improvement was reported for (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) reinforced with ZnO [33]. An optimal concentration of 4.0 wt % ZnO determined the maximum
tensile strength, Young’s and storage moduli, crystallinity and barrier properties, and antibacterial
activity. Another route to obtain PHB films with antimicrobial activity for AP was proposed by
Castro-Mayorga et al. [34]. They obtained PHB nanocomposites containing silver nanoparticles
using a biological synthesis without the addition of a reducing agent to prepare these nanoparticles.
The nanocomposite films showed strong antimicrobial activity against Salmonella enteric and Listeria
monocytogenes, known food-borne pathogens. Moreover, no significant change of thermal stability or
biodegradability of PHB was caused by these nanoparticles [34]. Another “green” method to obtain
silver nanoparticles and PHB-Ag nanocomposites consists of the grafting of PHB onto the chitosan
biguanidine, which reduced silver nitrate to silver nanoparticles [35]. These nanocomposites showed
good antibacterial activity against Gram-positive and Gram-negative bacteria. PHBV films coated with
PHBV/ZnO ultrathin fiber mats and annealed at 160 ◦C showed effective and prolonged antibacterial
activity against Listeria monocytogenes [36].

In most of the methods proposed so far, large amounts of chloroform or other solvents are
used to prepare the PHB films with antimicrobial activity, which may cause environmental or health
problems. Melt processing is environmentally friendly and cost-effective and, thus, a preferred choice
for industrial scale-up. Moreover, the incorporation of metal nanoparticles in the whole PHB matrix
leads to the use of a large amount of nanoparticles for the same effect, with only the surface ones
being efficient as antibacterial agents. Moreover, the migration of nanoparticles from the bulk to
the surface is a difficult process in PHB due to its high crystallinity and additional additives like
lubricants, plasticizers, surfactants being necessary to increase migration. Surface treatment of PHB
melt-processed films using plasma is an innovative and environmentally friendly approach to obtain
antibacterial activity with a minimal change in bulk properties.

In this work, PHB was modified with different amounts of BC nanofibers as a reinforcing
agent [4]; PHB-BC nanocomposite films were produced by melt compounding and compression
molding and were plasma-treated to improve their properties and enhance antibacterial activity.
Moreover, a PHB–BC–ZnO nanocomposite film was prepared using a new plasma coating process.
ZnO nanoparticles were selected as an affordable and safe solution for food packaging, ZnO being
recognized as safe by the U.S. Food and Drug Administration [36]. Earlier works have reported on
the effect of low-pressure plasma treatment in the modification of PHB by grafting, polymerization or
functionalization for biomedical applications [39–43]. Low-pressure plasma treatments were mostly
used to improve the surface hydrophilicity of PHB/PHBV films for enhancing cell compatibility [44–52].
The treatments were applied to increase cell adhesion and proliferation for scaffolding and other
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biomedical purposes. In a study, PHB was plasma-activated and subsequently silver-coated for being
used in packaging [52].

However, low-pressure plasma processes have limitations due to the complicated installations
and high costs inherent to vacuum technology. Moreover, the influence of plasma treatment on
PHB-nanocellulose composites was not yet studied. In this work we propose a simple atmospheric
pressure plasma treatment and coating process, which ensure the surface modification of PHB and
ZnO nanoparticles deposition. The effect of the plasma treatment and ZnO plasma coating on the
thermal, mechanical and antimicrobial properties of PHB and its nanocomposites with 2 and 5 wt %
bacterial cellulose nanofibers was investigated here for the first time. Plasma treatments modified to a
different extent the thermal and mechanical properties of PHB and its antibacterial activity depending
on composition and treatment conditions. Plasma-treated PHB-BC nanocomposites are new materials
that are proposed as a “green” solution for food packaging. This work is an important step for the
design of new biomaterials obtained by eco-friendly processes, as alternatives to non-biodegradable
plastics commonly used in the food packaging industry.

2. Materials and Methods

2.1. Materials

Bacterial cellulose pellicles consist of a network of entangled cellulose nanofibers, with a width
of 40–110 nm [53]. Individual bacterial cellulose nanofibers were produced by the mechanical
disintegration of bacterial cellulose pellicles using a high-speed blender for 30 min and a vertical colloid
mill at about 2000 min−1 for 180 min. Cold water (5–10 ◦C) was added to prevent temperature rising
above 40 ◦C. BC nanofibers with widths mostly between 50 and 90 nm and a thickness of 8–10 nm,
as determined by atomic force microscopy (AFM, JPK Instruments, Berlin, Germany), peak force
quantitative nanomechanical mapping (QNM) mode, were obtained by defibrillation. The suspension
containing BC nanofibers was concentrated in a rotary evaporator (Heidolph Instruments, Schwabach,
Germany) at 40 ◦C and then freeze-dried using FreeZone 2.5 L (Labconco, Kansas City, MO, USA).
Pelletized PHB from Goodfellow (Huntingdon, UK) with a density of 1.25 g cm−3 was used to prepare
the nanocomposites. A rough proportion of 10% tributyl citrate (TBC) plasticizer was estimated in
the commercial PHB granules [12]. The argon (Ar) gas used to generate plasma was 99.999% purity.
The ZnO nanoparticles with a mean diameter of 50 nm and ethanol with a purity higher than 99.8%
were purchased from Sigma-Aldrich (St. Louis, MI, USA) and used as received.

2.2. Preparation of PHB Nanocomposite Films

PHB pellets and BC were dried in vacuum ovens at 60 ◦C for 2 h and 50 ◦C for 4 h. Cellulose
nanofibers (2 and 5 wt %) were added in melted PHB using a Brabender LabStation (Duisburg,
Germany) with a mixing chamber of 30 cm3. Melt mixing was carried out at 170 ◦C for 8 min starting
from the melting of PHB at a rotor speed of 40 min−1. Films with a thickness of 200 μm were obtained
by compression molding using an electrically heated press (P200E, Dr. Collin, Ebersberg, Germany)
at 175 ◦C, with 120 s preheating (5 bar), 75 s under pressure (100 bar), and cooling for 1 min in a
cooling cassette.

2.3. Plasma Treatments of PHB Nanocomposite Films

The experimental system designed for the dielectric barrier discharge (DBD) plasma treatment of
PHB nanocomposite films is shown in Figure 1a. In the first setup, the nanocomposite film was placed
on a CNC XYZ router table (StepCraft 300, Stepcraft, Iserlohn, Germany) and swept by a longitudinal
jet of atmospheric pressure Ar plasma. The distance between the polymer film and the longitudinal
nozzle was 1.8 mm and the length and thickness of the plasma jet were 10 cm and 1 mm, respectively.
The plasma source consists of a flat ceramic body that allows the gas flow and two metal electrodes,
one connected to the ground (GND) and the other to the radiofrequency (RF) generator (Cesar 136
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13.56 MHz—Advanced Energy Industries, Metzingen, Germany). The discharge impedance was
matched to the generator via an automatic impedance matching network (matching box Advanced
Energy Navio). The Ar feeding through the top of the plasma source was assured by a mass flow
controller (EL-FLOW 10 slm—Bronkhorst, AK Ruurlo, The Netherlands).

 

 

 

 

Figure 1. Experimental setup for the DBD plasma treatment of PHB nanocomposite films (substrate)
(a); contact angle of the nanocomposite films vs. the number of scans (b).

The number of scans was determined based on contact angle measurements. Different number of
scans, from 1 to 11, was carried out with the DBD plasma source on the surface of PHB nanocomposites
and the contact angle was measured with a CAM 200 (KSV Instruments, Helsinki Finland) equipped
with a high resolution camera (Basler A602f, Basler, Ahrensburg, Germany) and an auto-dispenser,
at room temperature and ambient humidity. Five scans was considered optimal (Figure 1b). All the
plasma-treated nanocomposites were denoted with a “p” after their name. In the second setup,
the nanocomposite films were plasma-treated in the same conditions as mentioned in the first setup
for increasing their hydrophilicity and then coated with ZnO nanoparticles dispersed in an alcohol
solution using an ultrasonic spraying device. In both experimental setups, the control of the devices
involved in the experiments was carried out by a computer using our own software.

2.4. Characterization

2.4.1. Scanning Electron Microscopy Coupled with Energy-Dispersive X-ray Analysis (SEM-EDX)

SEM images were captured with a Quanta Inspect F scanning electron microscope (FEI-Philips,
Hillsboro, OR, USA), equipped with a field emission gun, working at an accelerating voltage of
30 kV with a resolution of 1.2 nm. The surface composition was analyzed with an energy dispersive
X-ray (EDX) spectrometer coupled to SEM, with a resolution of 133 eV at MnKα. The blends and
nanocomposites films were sputter-coated with gold before analysis.

2.4.2. Thermal Characterization

Thermogravimetric analysis (TGA) was used to characterize the thermal stability of PHB
nanocomposites before and after treatments. TGA was carried out on TA-Q5000 V3.13 system
(TA Instruments Inc., New Castle, DE, USA) with signal resolution of 0.01 μg, using nitrogen as
the purge gas at a flow rate of 40 mL/min. Samples were heated from 25 ◦C to 700 ◦C at a heating rate
of 10 ◦C/min.

Differential scanning calorimetry (DSC) was carried out with a DSC Q2000 from TA Instruments
(New Castle, DE, USA) under a helium flow (100 mL/min). Samples weighing around 8 mg were
cooled to −65 ◦C, allowed to stabilize for several minutes, heated to 200 ◦C and held at that temperature
for 3 min to delete the thermal history, then cooled to −65 ◦C, kept isothermal at that temperature for
3 min and heated again to 200 ◦C at a constant heating/cooling rate of 10 ◦C/min. The instrument was
calibrated using indium standard (TA Instruments) and has a temperature precision of ±0.01 ◦C and a
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calorimetric precision of ±0.05%. The melting temperature (Tm) was taken as the peak temperature of
the melting endotherm. The degree of crystallinity (C) was calculated from the second melting scan as
in Equation (1):

C =
ΔH

ΔH0 wPHB
· 100 (1)

where ΔHm and ΔH0 are the apparent melting enthalpy of the nanocomposite and of 100% crystalline
PHB, respectively, while wPHB is the weight fraction of PHB in nanocomposite. ΔH0 was taken as
146 J/g [32].

2.4.3. Dynamic Mechanical Analysis (DMA)

The thermomechanical properties of blends and nanocomposites were analyzed using a DMA
Q800 (TA Instruments, New Castle, DE, USA), which has a force resolution of 0.00001 N and a strain
resolution of 1 nm, operating in multi-frequency–strain mode. The films were maintained at room
temperature for four weeks before characterization. The bar specimens with the length × width of
20 mm × 6 mm were obtained by cutting. Samples in duplicate were cooled to −15 ◦C with 10 ◦C/min,
equilibrated for 5 min at this temperature and heated to 160 ◦C with a heating rate of 3 ◦C/min.

2.4.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrometer with ATR setup (Tensor 37) from Bruker Optics (Ettlingen, Germany) was used
for the analysis of plasma-treated nanocomposite films. The spectra were collected at room temperature,
from 4000 to 400 cm−1, at a resolution of 4 cm−1 using 16 scans. Spectra were baseline-corrected using
the OPUS software (Bruker Optics, Ettlingen, Germany).

2.4.5. Peak Force Quantitative Nanomechanical Mapping

AFM images of PHB and nanocomposite with 5 wt % BC (PHB-5BC) were captured using
a MultiMode 8 AFM instrument (Bruker, Santa Barbara, CA, USA) in peak force QNM mode.
Measurements were carried out at room temperature with a scan rate of 0.7–0.8 Hz and a scan
angle of 90◦ using an etched silicon tip (nominal radius 8–10 nm) with a cantilever length of 225 μm
and a resonance frequency of about 75 kHz. The data and images were processed with NanoScope
software version 1.20.

2.4.6. Tensile Characterization

The tensile properties of PHB and PHB-BC nanocomposites were measured at room temperature
using an Instron 3382 universal testing machine (Instron, Norwood, MA, USA) with a crosshead speed
of 2 mm/min. Five specimens according to ISO 527 were tested for each nanocomposite and the results
were analyzed using the Bluehill 2 software (Instron, Norwood, MA, USA).

2.4.7. Antibacterial Activity

The antibacterial activity of plasma-treated nanocomposite films was evaluated against
Staphylococcus aureus by the colony counting method [54]. Square shaped fragments of 5 × 5 mm2 were
cut from the nanocomposite films and were placed in sterile Petri dishes. The plasma-treated samples
were placed with the impregnated face up. The Petri dishes with the nanocomposite fragments were
exposed to a UV source for 15 min. Ten 10-mm square fragments of reference and nanocomposite
films were placed in a sterile 25/25 mm tube. An aliquot of 1 mL bacterial culture (Staphylococcus
aureus ATCC 6538 or Escherichia coli ATCC 35218) was added over the nanocomposite fragments to a
concentration of about 102 UFC / mL. The tubes were then incubated with stirring at 36 ± 1 ◦C for
24 h. A set of 10 fragments from the untreated reference was seeded with 1 mL of non-inoculated
nutrient broth and served as a sterility control. The concentration of the bacterial suspensions used
in the experiment was checked by inoculating 50 μL of each suspension, in triplicate, onto a blood
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agar plate. After incubation, 25 mL of physiological saline solution was added to each tube, the tubes
were vortexed and then 100 μL were transferred into Corning tubes with 9.9 mL of physiological saline
solution, diluted at 10−2 and then seeded on blood agar plates. After the incubation of seeded plates,
the colonies were counted for each of the analyzed samples. The percentage reduction in bacterial
growth, X (%) was calculated as follows [55]:

X (%) = (viable count at 0 h − viable count at 24 h) × 100/viable count at 0 h (2)

3. Results and Discussion

3.1. Thermogravimetric Analysis

Plasma surface treatment may affect the thermal stability of PHB nanocomposites films due
to the reactive species, radicals, excited atoms or charged particles that are generated during this
treatment. Therefore, the influence of the plasma treatment on the thermal behavior of PHB modified
with cellulose nanofibers was investigated by thermogravimetric analysis.

The thermal degradation of PHB and nanocomposites consists in a main degradation step between
230 ◦C and 280 ◦C (Figure 2a). Two small shoulders were observed in the derivative thermogravimetric
(DTG) curves (Figure 2b), one at about 195 ◦C, probably determined by the release of TBC plasticizer
from the PHB matrix [12], and the second at about 330 ◦C. This second shoulder is absent in PHB
films and occurs only in nanocomposites, increasing with the amount of BC (see Figure S1). Therefore,
it may be attributed to cellulose decomposition.

 

Figure 2. TGA (a) and DTG (b) curves of PHB nanocomposites with different BC content before and
after the plasma treatment.

The thermal stability is slightly influenced by the plasma treatment or composition (Figure 2).
An increase in the maximum degradation temperature (Tmax) of 1.5–4.4 ◦C was observed following
plasma exposure for pristine PHB and nanocomposites with 1–2 wt % BC; however, a decrease of 5.2 ◦C
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was noticed for PHB-5BC (Table 1). This suggests a higher plasma sensitivity of cellulose, also noticed
in our previous works [56,57]. The differences in the onset degradation temperature (Ton) values before
and after the plasma treatment were similar to those of Tmax. However, T5% (temperature at 5% weight
loss) values showed different changes following the treatment (Table 1). This characteristic temperature
may be considered as a measure of the thermal stability during melt processing, being close to the melt
temperature range. An important increase of the T5% value, more than 10 ◦C, was observed for PHB
and PHB-2BC nanocomposite after the plasma treatment. This may be due to the chemical changes of
PHB induced by the plasma exposure.

Table 1. TGA results for PHB nanocomposites before and after the plasma treatment.

Nanocomposites T5% (◦C) Ton (◦C) Tmax (◦C) R600 (%)

PHB 191.9 254.1 266.3 2.23
PHBp 202.4 255.5 270.7 2.26

PHB-1BC 195.3 255.2 268.4 2.22
PHB-1BCp 196.7 256.6 269.9 2.29
PHB-2BC 192.4 256.4 267.9 2.29

PHB-2BCp 203.0 259.1 270.5 2.43
PHB-5BC 192.8 255.4 266.7 2.48

PHB-5BCp 194.4 247.7 261.5 2.50
PHB-2BC-ZnO 183.5 251.0 265.0 3.43

Plasma deposition of ZnO nanoparticles decreased the Tmax of PHB-2BC nanocomposite by 2.9 ◦C.
Similarly, the Ton of the nanocomposite decreased by about 5 ◦C (Figure 3, Table 1).

 
Figure 3. TGA-DTG curves of PHB nanocomposite plasma-coated with ZnO nanoparticles.

A decrease of the Tmax of about 12 ◦C was observed after the incorporation of ZnO nanoparticles
(6 wt %) in PHBV using a melt mixing procedure [36]. However, a strong increase of the thermal
stability, with about 20 ◦C, was reported for PHB and PHBV nanocomposites with only 2 wt % ZnO
prepared by solution casting [32,33]. The different effect of ZnO nanoparticles on the thermal stability
of PHAs may be due to the different procedure or degree of dispersion and other factors [58]. However,
the slight decrease in thermal stability observed for ZnO plasma-coated PHB may be rather an effect of
the plasma treatment and of the active species that appear during this treatment. Nanocomposite films
were analyzed by ATR-FTIR to observe the surface changes induced by the treatments.

3.2. FTIR Analysis

FTIR spectra of PHB and PHB nanocomposites with 2 wt % and 5 wt % BC are given in Figure S2.
The addition of BC in PHB leads to no spectral differences because of the small amount of cellulose.
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Several differences were observed after the plasma treatment of PHB and nanocomposites (Figure S3).
Most of the differences occur in the range from 3100 to 2800 cm−1, assigned to C-H stretching modes
(Figure 4).

Figure 4. FTIR spectra of untreated and plasma-treated PHB and nanocomposites in the C–H stretching
vibration region.

The bands in the range 3015–2955 cm−1 are assigned to CH3 asymmetric stretching vibrations
and those in the range 2940–2915 cm−1 to CH2 asymmetric stretching vibrations [59]. The range from
2885 to 2845 cm−1 is characteristic of symmetric stretching modes of CH3 and CH2 [59,60]. The peaks
at 2976 cm−1, 2934 cm−1 and 2874 cm−1 and the shoulder at 2923 cm−1 arise from the crystalline state
and that at 2997 cm−1 from the amorphous state [61,62]. The shoulder at 3007 cm−1, related to CH3

asymmetric stretching, indicates the presence of intermolecular CH . . . O hydrogen bonds in PHB
crystals [61]. Assignments of the peaks in Figure 4 (3050–2800 cm−1 region) are given in Table S1.
PHB and nanocomposites show similar response to the plasma treatment, i.e., disappearance of the
shoulder at 2923 cm−1 and of the peak at 2851 cm−1. Previous works have shown that the two peaks
at 2934 and 2923 cm−1, which are related to the CH2 asymmetric stretching [62], result from the crystal
field splitting, caused by inter- or intramolecular interactions [61]. Therefore, the disappearance of
the peak at 2923 cm−1 may be related to changes in the molecular packing and interactions caused
by the plasma treatment. The same reasons may cause the reduction or disappearance of the peak at
2851 cm−1, which is attributed to the symmetric CH2 stretching vibrations. The cleavage of chemical
bonds and release of small molecular products and the occurring of cross-linking reactions may also
be reflected in this FTIR region. The disappearance of several peaks in the range from 800 to 400 cm−1

was also observed in all the samples after the plasma treatment and it may be explained by the cleaning
effect of Ar plasma [56,57].

In contrast, a significant effect of ZnO plasma coating on PHB nanocomposite film with 2 wt % BC
was observed (Figure 5). ATR-FTIR is surface-sensitive and it is a very suitable method to investigate
the effects of plasma coating with ZnO nanoparticles. The main changes in the FTIR spectra are
summarized below:

(i) the appearance of a new wide band at 3600–3100 cm−1, which is ascribed to free and hydrogen
bounded OH groups in alcohol and water; this probably comes from the alcoholic suspension of ZnO
nanoparticles used for the treatment;

(ii) the shift of the peak ascribed to CH3 asymmetric stretching vibrations, from 2976 to 2961cm−1;
this shift may be caused by several factors; however, the participation of methyl groups on the surface
of PHB in reactions with the active species from ethanol and ZnO under the plasma bombardment is,
probably, the most important [63]; the catalytic effect of Zn should have a remarkable enhancing role;
moreover the absorption of ethanol, acetaldehyde, ethylene, water or other reaction products could
also take place;
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(iii) the appearance of a new large peak at 1587 cm−1, which may be due to the C=C stretching
vibrations of polymer-ZnO complex ion, similar to other observations [64]; ethylene active species
result from ethanol under plasma and catalytic effect of Zn [63];

(iv) the appearance of a new band at 1430 cm−1, in the range characteristic to the CH3 and CH2

deformation vibrations, which may be ascribed to the metal complexes; similarly, the asymmetric and
symmetric stretching vibrations of metal carboxylate complexes occur at 1590 and 1430 cm−1 [65].

(v) the appearance of a shoulder at 547 cm−1, which is characteristic to ZnO nanoparticles [66].

Figure 5. FTIR spectra of PHB-2BC and ZnO plasma-coated nanocomposite.

Overall, the peaks observed in the FTIR spectra of PHB nanocomposite after ZnO coating
support the formation of polymer-ZnO complex species, i.e., strong chemical bonding of the metal
nanoparticles on the surface of PHB nanocomposite. The role of cellulose nanofillers in the bonding of
Zn nanoparticles could be also an active one.

3.3. Differential Scanning Calorimetry

DSC analysis may highlight the changes induced by the plasma treatments in the crystalline and
amorphous phases. The heating and cooling DSC thermograms of nanocomposites before and after
the plasma treatment are shown in Figure 6a–d. PHB shows double melting peaks due to melting,
re-crystallization and re-melting during heating with the higher temperature peak arising from the
re-crystallized polymer [67]. Different lamellar thickness and perfection may be another cause of the
double melting peak besides the different molecular weight species and orientations [12]. Moreover,
much attention has been paid to the influence of the compositional heterogeneity as a source of the
multiple melting behavior of PHB compositions [8,68].

Minor changes in the melting temperature and enthalpy of nanocomposites containing cellulose
nanofibers vs. pristine PHB were observed (Table 2), in agreement with other reports [69,70].
In particular, the addition of 2–10% cellulose crystals in PHB did not change its melting temperature or
crystallinity [70]. However, all the nanocomposites showed higher crystallization temperature (Tc)
compared to pristine PHB (Table 2), which is a result of the nucleating effect of BC [71].
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Figure 6. DSC melting (a) and cooling (b) scans of PHB nanocomposites; DSC melting (c) and cooling
(d) scans of PHB nanocomposites after the plasma treatment.

Table 2. Data obtained from the analysis of DSC melting and cooling thermograms.

Nanocomposites Tm1/Tm2
◦C ΔHm J/g ΔHm1/ΔHm2 J/g Tc

◦C ΔHc J/g C* %

PHB 163.8/170.5 76.1 57.7/18.4 112.2 73.6 57.9
PHBp 163.0/170.7 75.5 53.2/22.3 111.8 73.8 57.5

PHB-0.5BC 164.2/169.0 75.1 63.1/12.0 114.8 75.2 57.4
PHB-0.5BCp 163.8/170.4 74.6 55.3/19.3 116.5 74.6 57.1

PHB-1BC 163.6/170.5 75.8 61.3/14.5 114.1 73.7 58.3
PHB-1BCp 162.9/170.8 74.2 50.5/23.7 115.2 74.0 57.0
PHB-2BC 163.6/170.5 74.7 56.5/18.2 114.6 73.5 58.0

PHB-2BCp 162.8/170.6 72.4 50.7/21.7 115.1 72.1 56.2
PHB-5BC 164.4/169.0 71.2 60.3/10.9 114.1 69.8 57.0

PHB-5BCp 163.0/170.8 71.5 49.7/21.8 114.0 71.0 57.3
PHB-2BC-ZnO 162.7/170.6 76.5 51.7/24.8 113.7 77.5 59.4

* calculated with Equation (1); the amount of TBC plasticizer (10 wt %) was extracted from the wPHB value.
Tm1/Tm2—melting temperature of PHB corresponding to the double melting peaks; Tc—crystallization temperature;
ΔHm1/ΔHm2—melting enthalpy of PHB corresponding to the double melting peaks; ΔHm—total melting enthalpy.

Furthermore, the melting temperature of PHB and nanocomposites did not change significantly
after the plasma treatments. However, a slight but systematic increase of Tc (by 1–2 ◦C) and decrease
of crystallinity (with less than 2%) were observed after the plasma treatment of nanocomposites with
less than 5 wt % BC (Figure 6b,d; Table 2). In general, the changes in the bulk properties following
the plasma treatments are small due to the surface character of these treatments. The transformations
induced by plasma in polymers occur in a small depth from the surface, keeping unmodified the bulk
material and, therefore, its properties [72]. The slight increase of Tc and decrease of crystallinity after
plasma exposure may be caused by several factors: (i) the slight increase of temperature at the surface
of nanocomposites, which induces faster aging of PHB [71]; (ii) new active species and functions
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generated by plasma, which act as nucleating sites; and (iii) crosslinking reactions involving surface
PHB chains.

An important aspect observed after the plasma treatment is the increased proportion of
crystalline PHB with higher melting temperature (higher melting peak), coming from recrystallization.
The proportion of crystalline PHB corresponding to the higher and lower melting peaks was calculated
by dividing the enthalpy of the peak to the total enthalpy (ΔHm1/ΔHm and ΔHm2/ΔHm) (Figure 7).

Figure 7. Influence of cellulose nanofibers concentration and plasma treatments on the proportion of
crystalline PHB with lower (upper squares) and higher melting temperature (lower circles).

Before the plasma treatment, a decreasing tendency of ΔHm2/ΔHm proportion with the
concentration of cellulose nanofibers was observed and almost no variation after plasma curing.
Therefore, it may be assumed that cellulose hinders the recrystallization; however the plasma treatment
favors this process. Thus, plasma bombardment increased with a couple degrees the local temperature
and the polymer chains mobility is also increased favoring the formation of larger, more stable crystals
during melting. Moreover, the small amount of new functions induced by plasma may act as seeds
for the melting recrystallization process. Higher surface crystallinity was observed after oxygen and
carbon dioxide vacuum plasma treatment of PHB, which was explained by the preferential etching of
the softer amorphous parts on the surface of PHB in plasma treatment [51].

These effects are more pronounced in the case of ZnO plasma-coated PHB-2BC nanocomposite
(Figure S4): higher crystallinity and higher proportion of more perfect crystallites. ZnO acts probably
as a nucleating agent enhancing the crystallization. Previous works have shown the effectiveness
of ZnO nanoparticles as nucleating agents, raising the crystallinity of PHB or PHBV in PHAs-ZnO
nanocomposites [32,33].

3.4. Dynamic Mechanical Analysis

The glass transition temperature (Tg) cannot be detected in the DSC diagrams (Figure 6). Moreover,
the mechanical properties might be modified by the plasma treatment [41,51]. Therefore, dynamic
mechanical analysis (DMA) was used to characterize the viscoelastic behavior and transitions (Figure 8).
The values of the Tg and storage modulus (E’) at different temperatures were collected in Table 3.
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Figure 8. Storage Module (a) and tangent of mechanical loss angle (loss factor, tan δ) (b) of PHB
nanocomposites with 2 and 5 wt % BC before (-) and after plasma treatment (p).

Table 3. DMA results: glass transition of PHB (Tg), Tα* transition (crystal-crystal slip) and storage
modulus (E’) values at different temperatures.

Nanocomposites Tg [◦C] Tα* [◦C]
E’ [MPa]
−15 ◦C

E’ [MPa]
30 ◦C

E’ [MPa]
100 ◦C

PHB 14.2 123 3807 2687 1024
PHBp 16.2 126 3833 2827 1141

PHB-2BC 17.1 122 3456 2532 901
PHB-2BCp 18.0 125 3980 3000 1290
PHB-5BC 14.9 125 3652 2768 1075

PHB-5BCp 17.8 128 4289 3324 1058
PHB-2BC-ZnO 15.5 136 3950 3064 1311

The plasma treatment has as result a slight increase of the storage modulus of PHB, between
0.7% and 11% depending on the temperature; however, a strong increase of the storage modulus was
observed for nanocomposites after the plasma treatment. In particular, an increase between 15% and
43% was noticed in the case of PHB-2BC and an increase of 17–20% for PHB-5BC. ZnO plasma coating
led to a further increase in the storage modulus of PHB-2BC of 21–46%. Data available in the literature
on the influence of plasma treatment on PHA mechanical properties are scarce [41,51]. PHB films
modified on their surface with poly(acrylic acid) using a vacuum plasma process showed increased
tensile strength and Young’s modulus indicating recrystallization during plasma irradiation [41].
Small change of the storage modulus was also reported in the case of O2 plasma-treated PHB [51].

Correlating DMA, DSC and FTIR results, it can be assumed that the plasma treatment led to both
physical (different crystal thicknesses and perfection, accelerated aging, heterogeneous nucleation)
and chemical changes (active species, functionalization and/or crosslinking) that decrease the chain
mobility in the surface layers and increase the stiffness, leading to this remarkable increase of the
storage modulus. The dynamic mechanical properties are also sensitive to the concentration of cellulose
in nanocomposites, an increase of the storage modulus with the increase of BC concentration being
noticed after the treatment. The largest increase of stiffness (27%) compared to pristine PHB was
observed for the nanocomposites with 5 wt % BC. The highest increase of stiffness at 100 ◦C was
noticed in the case of PHB-2BCp and PHB-2BC-ZnO, with 26% and 28%, showing a synergistic effect of
BC and plasma on the mechanical properties of PHB. It can be assumed that the plasma modification
of nanocellulose is easier compared to PHB due to its more polar character; however, the addition of
cellulose nanofibers may also induce a higher porosity, which may favor the diffusion of the active
species generated during the plasma treatment. To elucidate this aspect, plasma-treated films were
investigated by SEM.
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Two relaxations were observed in the tan δ versus temperature curves, the first at 14 . . . 18 ◦C,
depending on the treatment and composition, which corresponds to the glass transition of PHB and
the second at 122 . . . 136 ◦C, which is a transition associated to the slippage between crystallites [8,73]
A slight increase of Tg, with 1–3 ◦C, was noticed for the plasma-treated films, showing a restriction of
PHB chain mobility in the amorphous regions induced by plasma. Besides the influence of the larger
crystals on the surrounding amorphous phase, the chemical changes and, especially crosslinking,
may decrease the chain mobility leading to higher Tg values after the treatments. These changes are
supported by increased values of the Tα* transition after the plasma treatment for all the samples with
about 3 ◦C, showing a more difficult slippage between crystallites after the treatment. The highest Tα*
(136 ◦C) was noticed for ZnO plasma-coated PHB-2BC nanocomposite, showing a high influence of
ZnO plasma treatment; it can be assumed that ZnO nanoparticles are strongly bond to the surface of
the films, which is consistent with the FTIR results.

3.5. Tensile Characterization

Tensile tests were carried out to determine the influence of cellulose nanofibers on the strength
and flexibility of the prepared films (Figure 9a). An increase in the tensile strength of nanocomposites
with BC concentration was observed, although no chemical modification was applied, and no
significant variation of the elongation at break. Thus, an increase of tensile strength by 24% and
28%, from 11.1 MPa for PHB to 13.8 MPa for the nanocomposite with 1 wt % BC and 14.2 MPa for
the nanocomposite with 2 wt % BC was noticed. A concentration of 5 wt % BC nanofibers led to a
less significant increase in tensile strength. Similar results were reported for PHBV with 12 mol %
hydroxyvalerate (HV) reinforced with cellulose nanowhiskers (CNW), with 2.3 wt % the optimum
concentration of CNW [74]; however, no variation in mechanical properties was observed in the case of
PHBV (low and high HV content) incorporating bacterial cellulose nanowhiskers [75], both obtained
using a solution casting technique. On the other hand, a slight increase of tensile strength was reported
for PHBV nanocomposites with nanofibrillated cellulose prepared by melt mixing [76]. Therefore,
the increase in tensile strength (Figure 9a) may be caused by stronger interfacial bonding between
PHB and BC nanofibers, favored by melt compounding, and by a good dispersion of nanofibers.
The leveling off observed for 5 wt % BC may be attributed to the PHB embrittlement caused by
BC nanofiber agglomeration. The most favorable mechanical behavior in terms of improvement
of properties vs. concentration of nanofiller was observed for the nanocomposite with 1 wt % BC.
This was also characterized after treatment with plasma.

Figure 9. Tensile tests results for (a) nanocomposites with different amount of cellulose nanofibers and
(b) PHB and PHB-1BC before and after plasma treatment.

A remarkable increase of tensile strength was observed after the plasma treatment for both PHB
and the PHB-1BC nanocomposite, with 54% and 21%, respectively. This is in line with the important
increase of storage modulus observed after the plasma treatment (Figure 8).
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3.6. Morphological Analysis by SEM and AFM

The SEM image of the PHB film (Figure 10a) shows an ordered spherulitic structure (circled areas),
which is less obvious after the plasma treatment (Figure 10b).

 
Figure 10. SEM images of PHB and PHB-5BC before (a,c) and after (b,d) the plasma treatment.

This image was captured one week after the plasma treatment of PHB; however, an embossed
surface was observed 18 h after the treatment (Figure S5). This pattern is similar to an “egg box”
structure. The embossing of the film surface may be due to the different effect of the plasma exposure on
the crystalline and amorphous regions in PHB. The areas with higher crystallinity or the spherulites are
more resistant to plasma exposure than the amorphous ones, leading to different degree of deformation.
It is worth to mention that several particles mostly in nanometric range were observed on the surface
of PHB and nanocomposite, before and after the treatment. They may be inorganic nanoparticles
usually found in commercial PHB samples.

The spherulitic morphology is hardly seen on the surface of PHB-5BC nanocomposite (Figure 10c)
because it is masked on certain areas by the presence of cellulose nanofibers. They are well dispersed
on the surface of nanocomposite and they have a thickness of less than 100 nm and lengths from
500 nm to several microns. Similarly with PHB, a ordered structure was not observed on the surface of
PHB-5BC nanocomposite after the plasma treatment.

Atomic force microscopy is a sensitive tool to analyze nanostructures. Figure 11 shows that
the organized structure observed in PHB and PHB-5BC was maintained after the plasma treatment,
but was attenuated.
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Figure 11. AFM peak force error images of PHB and PHB-5BC before (a,c) and after the plasma
treatment (b,d).

The lamellar morphology of PHB may be seen in Figure 11a and, especially, in Figure 11c, in the
case of the nanocomposite. Although DSC did not show an increase of crystallinity in PHB-5BC
compared to pristine PHB, being a bulk analysis, the surface morphology of the nanocomposite
showed a higher degree of order and better organization. Although spherulites may not be seen at
this magnitude, the twisted lamellar morphology of PHB was visible in Figure 11c [77]. This may
be an influence of BC nanofibers. Previous works have shown that cellulose nanofibers, regardless
the source or fabrication, act as nucleating agents, enhancing the crystallization and the degree
of order in PHB [8,70,76]. Plasma treatment induced visible changes in the surface morphology.
The crystalline organization was less visible as compared to untreated samples, similar to SEM
observations. The analysis of topographic images (Figure S6) reveals new details. The crystalline
lamellar structure is also visible after the plasma treatment; however, the structure is more regular
and the surface roughness is lower. Thus, root mean square roughness (RRMS) was determined using
the AFM topographic images. RRMS of PHB surface was 19.0 ± 2.3 nm before and 16.6 ± 0.5 nm
after the plasma treatment; for the nanocomposite, RRMS was 16.1 ± 1.9 nm before and 13.3 ± 1.1 nm
after the plasma treatment. This decrease of surface roughness may result from the high energy and
active species, which allow a higher mobility of the PHB chains in plasma-treated samples. Similar
observations were reported for PHB films treated with oxygen and carbon dioxide plasma in a vacuum
chamber [51].
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PHB nanocomposite with 2 wt % bacterial cellulose nanofibers, which led to the best thermal and
mechanical properties, was thoroughly investigated by SEM-EDX before and after plasma treatments,
with and without ZnO deposition. EDX results (Figure S6 and Table S2) show the presence of less
than 1% Si in all the samples and traces of different other elements (Na, K, Mg, Al), which suggests
an aluminosilicate filler. Therefore, the particles observed in the SEM images from Figure 10 may
be associated to aluminosilicate filler or nucleating agent. The EDX results for ZnO plasma-treated
PHB-2BC clearly show the presence of about 10% ZnO on the surface of nanocomposite. Moreover,
the O/C weight ratio is 0.60, so almost identical to the theoretical value for PHB, and slightly decreases
after the plasma treatment, from 0.60 to 0.57; however, it strongly increases (to 1.16) after ZnO
deposition due to the O atoms in ZnO.

The SEM images of the PHB-2BC nanocomposite film before and after the plasma treatment are
shown in Figure 12. Bacterial cellulose nanofibers are well dispersed on the surface of nanocomposite
film and embedded into the PHB matrix. A couple of nanofibers with the top part outside (Figure 12b)
were used to determine their size. Nanofibers have a thickness between 30 and 70 nm. After the
plasma treatment the surface seems smoother (Figure 12c) and the nanofiber size is in the same range
(Figure 12d).

 

Figure 12. SEM images of PHB-2BC nanocomposite before (a,b) and after (c,d) plasma treatment.

SEM images of PHB-2BC nanocomposite after ZnO plasma coating are shown in Figure 13.
The ZnO nanoparticles continuously cover the surface of PHB-2BC nanocomposite; however,
they self-aggregate similar to a coral reef structure (Figure 13a,b). This pattern results from the
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conjugated influence of ZnO and polymeric substrate. SEM image of PHB film right after the treatment
(Figure S5) shows a “egg box” structure. We may presume that the holes of this structure will allow the
deposition of more ZnO nanoparticles, which will aggregate, forming the coral reef pattern. The plasma
coating process also causes the detachment of cellulose fibers and polymer strips, as observed in
Figure 13c. Figure 13d shows the aggregated ZnO nanoparticles with a granular shape and an average
diameter of only 18 nm. Similar shape and size of ZnO nanoparticles were observed by SEM on the
surface of paper impregnated with an ammoniacal suspension of ZnO [78].

Figure 13. SEM images of PHB-2BC nanocomposite after ZnO plasma coating.

3.7. Antibacterial Properties

The antibacterial activity of ZnO was demonstrated by previous works [32,33,36]; however,
the influence of a simple Ar plasma exposure on the antibacterial activity of PHAs had not yet
been studied.

Previous work has shown better adhesion and proliferation of mouse adipose-derived stem
cells on the surface of plasma-treated PHBV film [39]. Moreover, the presence of cellulose in the
nanocomposite favors cells proliferation [14,71]. Better compatibility with L929 cells was reported
for poly(3-hydroxyoctanoate) (PHO) reinforced with 3 wt % BC compared to pristine PHO due
to a more hydrophilic surface [71], similarly for PHB modified with a polyhydroxyalkanoate and
2 wt % BC compared to PHB [14]. Therefore, the number of colonies obtained after incubation of
the bacterial suspensions in contact with the untreated and plasma-treated PHB-2BC nanocomposite
films was determined. A decrease by 44% of the Staphylococcus aureus bacteria colonies’ mean number,
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from 100 to 56, was obtained after the plasma treatment. Similarly, 63% inhibition of Escherichia coli
growth after 24 h was obtained in the case of plasma-treated PHB-2BC compared to the untreated
film (Figure 14a,b). For comparison, a PHB-2BC-ZnO nanocomposite was characterized in the same
conditions and almost complete inhibition of Staphylococcus aureus growth was obtained (Figure 14c,d).
This significant decrease of the number of colonies, by 44% in the case of Staphylococcus aureus and
63% in the case of Escherichia coli, shows that the plasma treatment is able to induce antibacterial
activity. Similar antibacterial efficiency against Escherichia coli was reported in the case of a PHB
blended with a quaternarized N-halamine polymer obtained using a complicate chemical route [79].
Besides biodegradability and eco-friendliness, the new nanocomposite films show good thermal
and mechanical properties and increased antibacterial activity. Thus, plasma-treated PHB-2BC
nanocomposite films are proposed for food packaging to protect fresh foods from decay.

 
Figure 14. Antibacterial activity of PHB-2BC nanocomposite films against Escherichia coli before (a)
and after the plasma treatment (b) and against Staphylococcus aureus before (c) and after ZnO plasma
coating (d).

4. Conclusions

Biodegradable and eco-friendly films of poly(3-hydroxybutyrate) modified with bacterial
cellulose nanofibers were prepared using a melt compounding-compression molding technique
and surface-treated by a plasma or ZnO nanoparticle plasma coating. The thermal, mechanical
and antibacterial properties of these films were studied for possible applications in food packaging.
The thermal stability, crystallinity and melting behavior of nanocomposites were not changed by the
plasma treatment; however, a remarkable increase in stiffness and strength was obtained. ZnO plasma
coating consisted of a continuous layer of self-aggregated ZnO nanoparticles and led to the improvement
of the crystallinity and mechanical properties of the PHB-2BC nanocomposite. Higher antibacterial
activity was noted after the plasma treatment and complete inhibition of Staphylococcus aureus growth
after ZnO nanoparticle plasma coating. Plasma-treated PHB nanocomposites containing bacterial
cellulose nanofibers are proposed as a “green” solution for food packaging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/11/1249/
s1, Figure S1: DTG curves (300–350 ◦C) of PHB nanocomposites before and after the plasma treatment; Figure S2:
FTIR spectra of PHB and PHB nanocomposites with 2 wt % and 5 wt % BC; Figure S3: FTIR spectra of PHB (A),
PHB-2BC (B) and PHB-5BC (C) before and after the plasma treatments; Figure S4: DSC first melting and cooling
scans for ZnO plasma-coated PHB-2BC compared to the untreated nanocomposite; Figure S5: SEM image of
PHB right after the plasma treatment; Figure S6: AFM topographic images of PHB and PHB-5BC before (a,c) and
after the plasma treatment (b,d); Figure S7: EDX results for PHB-2BC and PHB-2BC-Zn; Table S1: EDX data for
PHB-2BC nanocomposite before and after plasma and ZnO plasma coating; Table S1: Peak assignments in the
FTIR spectra of PHB and nanocomposites in the 3050–2800 cm−1 region.
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Abstract: The antiradical and antimicrobial activity of lignin and lignin-based films are both of
great interest for applications such as food packaging additives. The polyphenolic structure of lignin
in addition to the presence of O-containing functional groups is potentially responsible for these
activities. This study used DPPH assays to discuss the antiradical activity of HPMC/lignin and
HPMC/lignin/chitosan films. The scavenging activity (SA) of both binary (HPMC/lignin) and ternary
(HPMC/lignin/chitosan) systems was affected by the percentage of the added lignin: the 5% addition
showed the highest activity and the 30% addition had the lowest. Both scavenging activity and
antimicrobial activity are dependent on the biomass source showing the following trend: organosolv of
softwood > kraft of softwood > organosolv of grass. Testing the antimicrobial activities of lignins and
lignin-containing films showed high antimicrobial activities against Gram-positive and Gram-negative
bacteria at 35 ◦C and at low temperatures (0–7 ◦C). Purification of kraft lignin has a negative effect on
the antimicrobial activity while storage has positive effect. The lignin release in the produced films
affected the activity positively and the chitosan addition enhances the activity even more for both
Gram-positive and Gram-negative bacteria. Testing the films against spoilage bacteria that grow at low
temperatures revealed the activity of the 30% addition on HPMC/L1 film against both B. thermosphacta
and P. fluorescens while L5 was active only against B. thermosphacta. In HPMC/lignin/chitosan films,
the 5% addition exhibited activity against both B. thermosphacta and P. fluorescens.

Keywords: antimicrobial activity; antiradical activity; chitosan; hydroxypropylmethylcellulose;
lignin; pathogenic microorganisms; organosolv

1. Introduction

Due to the environmental problems caused by nonbiodegradable synthetic plastic packaging
materials, research has been focused to develop biodegradable packaging materials using renewable
resources and biomass-derived waste. Thus, high strength oxygen-barrier films prepared from renewable
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forestry product waste (hot-water wood extract) were reported by Cheng et al. as an industrial,
scalable, simple, and green processing approach [1]. Natural polysaccharides such as starch, cellulose,
and hemicellulose have been intensively investigated as appropriate raw materials for the development
of novel biodegradable food packaging materials [2–5]. In this context, the search for appropriate
starting compounds is supported by the establishment of biorefineries to exploit lignocellulose feedstock
(LCF) and corresponding LCF-rich biomass and/or waste [6–8].

Besides cellulose and hemicellulose, lignin attracts scientific interest as source of aromatic
compounds, representing 30% of all non-fossil organic carbon on earth. Lignin is produced in large
quantities as a byproduct of the pulp and paper industry wherein it is primarily burnt as a low-efficiency
fuel to power paper mills [9]. Aside from its abundance and inexpensive supply, lignin is favorable for
its numerous attractive properties, such as biodegradability, antioxidant activity, high carbon content,
high thermal stability, and stiffness, comprehensively reviewed by Rinaldi et al. [10]. These important
features of lignin can be synergistically combined with the advanced functionalities of well-defined
polymers via covalent bond linkages [11]. Concerning the antibacterial properties of lignin, it seems
to be also a promising green replacement for fossil-based agents useful against several dangerous
microorganisms. Its biocidal activity makes it a more attractive compound than silver nanoparticles
due to its reduced environmental impact. Some studies have shown that lignin has an antimicrobial
effect [12]. The phenolic hydroxyl and methoxy groups contained in lignin have been reported to
be biologically active. Depending on biomass source and pulping process, lignins vary in their 3D
structure and possess different antimicrobial, antioxidant, and UV absorption properties. Various
investigations have suggested that lignins can be applied to stabilize food and feedstuffs because
of their antioxidant, antifungal, and antiparasitic properties [12–16]. Thus, Guo and others found
that lignin extracts show considerable antimicrobial activity against Listeria innocua (a Gram-positive
bacteria) [17].

As a polyphenol, lignin has the potential as an antioxidant to prevent oxidation reactions in
biofuels, animal feeds, and polymeric composite materials. Structurally, lignin is a randomly crosslinked
polymer consisting of three different phenylpropane derivatives mainly linked by ether bonds (Figures 1
and 2). Numerous studies were reported to elucidate the detailed 3D structure of lignin, including the
formation of more complex bonds (as shown in Figure 2, last row) during biosynthesis, comprehensively
reviewed by Lupoi et al. [18].

Figure 1. Lignin units H, G, and S derived from corresponding cinnamoyl alcohols.
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Figure 2. Most common monolignol linkages. First line: ether bonds (ß-O-4′, α-O-4′, 4-O-5′); second
line: C–C bonds (ß-ß′, ß-1′, 5-5′), and third line: more complex linkages (ß-5′/ α-O-4′, 5-5′/ ß-O-4′/
α-O-4′, ß-1′/ ß-O-4′). Reprinted from [15] under open access license.

Due to this rather complex mixture of differently connected monolignols, most of the properties
of lignins are dependent on the final 3D structure. Antioxidant capacity mainly is caused by hydrogen
transfer and single electron transfer reactions and the capacity varies as soon as the number of available
functional groups, such as OH and OCH3 changes. So far, lignin is not transferred to chemical industry
as a commercial antioxidant due to this inhomogeneity [19,20]. Very recently, it was shown that plant
portions such as stem- and leaf-derived lignins significantly differ in their monolignol composition
and connectivity [21,22]. In addition to their UV absorption properties, the free radical scavenging
ability of phenolic groups gives lignin an excellent antioxidant property and can increase thermal and
oxidation stability of polymers in blends [23]. Sugarcane bagasse lignin and modified lignins can serve
as natural, safer and less expensive potential antioxidant substitutes for synthetic antioxidants such
as BHT. Also, unmodified lignin from sugarcane bagasse and epoxy lignin could be used as natural
antibacterials [24].

For a long time, natural cellulose and related composites have been prepared and applied in
many different fields including packaging, optics, and sensor technologies. Within the last five years,
first examples of lignin/cellulose-based coatings have been reported [25]. In the context of food
preservation, few studies have been reported on the use of organic active principles (vegetal) against
bacteria/fungi plant pathogens, while a large amount of literature is available on how these active
agents can be incorporated in biobased polymeric matrices. It is important to remember how crop
damage and the economic losses of agriculture production caused by plant pathogens both represent
a serious worldwide problem that needs innovative and green strategies able to preserve important
fresh productions during their transport and storage. Recently, the possibility of obtaining various
functionalities by using the combination of different nanofillers, including antimicrobial activity,
was also considered; for example, cellulose nanocrystals and lignin nanoparticles were added to PLA
films to both act as promising bioactive packaging for the preservation of fresh food products against
food borne pathogens and to reinforce the PLA nanocomposites [26].
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Among the many (polysaccharidic) biopolymers used for the preparation of edible films and
coatings, hydroxypropylmethylcellulose (HPMC) has been the focus of many studies due to its
availability, edibility, good film-forming properties (resulting in transparent films with suitable
mechanical performance) and excellent gas and grease barrier properties, as well as its ability to retain
a large amount of active compounds [27].

Chitosan, composed of 2-glucosamine and N-acetyl-2-glucosamine monomer units, is mainly
produced from crustacean shells (i.e., crab, shrimp). Chitosans are biodegradable and biocompatible,
furthermore they are attractive due to their antioxidant and antimicrobial activity. However,
some disadvantages, such as dissolution in highly acidic solutions, low surface area, high cost,
and poor thermal and mechanical properties, requires the combination with other components such as
polyvinyl alcohol (PVA) to overcome the weaknesses [28].

In this work, lignin and chitosan were introduced in both binary (HPMC/lignin) and ternary
(HPMC/lignin/chitosan) composite systems with different lignin types and weight loading using
a solvent casting approach. The antiradical and antimicrobial activities of the prepared films were
studied as well as the antimicrobial activities of added lignins.

2. Materials and Methods

2.1. Lignin Isolation and Purification

Industrial black liquor was delivered by from the Zellstoffwerk Blankenstein GmbH (Blankenstein,
Germany). Gradual acidic precipitation of black liquor was performed for lignin extraction using HCl
and H2SO4 with varying pH, temperature, and time of stirring. Corresponding yields were determined.
L1 was extracted under the following conditions: H2SO4 with stirring at room temperature, pH = 2 for
90–180 min L2 was prepared via soaking of L1 with diethyl ether. Selective extraction with acetone
and ethanol, respectively, produced L3 and L4. Diethyl ether was used to precipitate all samples.
Monitoring was performed via thin layer chromatography (TLC). The organosolv lignins were isolated
from spruce/pine (L5), beech wood (L6), and Miscanthus (L7) according to an earlier published
procedure [29].

2.2. Lignin Purity, Ash and Sugar Content via NREL Measurements

The chemical composition (%, w/w) was determined according to the standard analytical procedures
published by National Renewable Energy Laboratory (NREL) [30]. NREL measurements were performed
by the BIOPOS Research Institute (Teltow-Seehof, Germany). HPLC analysis was conducted using
water at a flow rate of 0.4 mL/min in a column (300 × 7.8 mm, Machery-Nagel, Düren, Germany)
at a constant temperature of 90 ◦C. Structural carbohydrates in biomass and lignin samples were
determined following NREL procedures [31–34].

2.3. 2D Heteronuclear Single Quantum Coherence (HSQC) NMR Analysis

According to the procedure described in [29], HSQC spectra were recorded with a spectral width
of 7211 Hz, a receiver gain of 2050, and a total acquisition time of 0.28 s. O1 was set to 5 ppm (1H) and
80 ppm (13C).

2.4. 31P NMR Analysis

Analogue to a procedure given in [29], 31P NMR spectra were obtained using 1H-31P decoupling
experiment (Avance III 600, Bruker, Karlsruhe, Germany), 131,000 points were recorded at 12,175.324 Hz.

2.5. Antioxidant Activity (DPPH Assay)

The DPPH inhibition was assessed by the procedure described by Alzagameem et al. using a Jasco
V-630 spectrophotometer [13]. Shortly, dioxane/water (90:10, v/v) at a concentration of 1 g/L was used
to dissolve the samples; a mixture was prepared of 0.1 mL of the sample and 3.9 mL of a 6 × 10−5 M
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DPPH solution. Finally, the absorbance was determined after 15 and 30 min, resp., at a wavelength of
518 nm.

2.6. Antimicrobial Activity of Lignins (Zone of Inhibition Test)

Inoculums of Staphylococcus aureus ssp. Aureus (DSM No 799), L. monocytogenes (DSM No 19094),
and E. coli (DSM No 1576) were prepared by transferring a frozen culture to 10 mL of nutrient broth
(Roth, Karlsruhe, Germany). Afterwards the broth was incubated at 37 ◦C for 24 h. In the beginning of
each trial, the inoculum was diluted in physiological saline solution with tryptone (Oxoid, Hampshire,
UK) to a final concentration of 107 cfu/mL. 1 mL of the suspension was spread with a sterile spatula
over the surface of a plate count agar plate (Roth, Karlsruhe, Germany). Three filter papers were
impregnated with the antimicrobial agent, 0.1 g of lignin was dissolved in 1 mL DMSO and dried over
a circular filter paper (0.5 cm of diameter) and three blank filter papers as references were applied
on the inoculated agar plate. The agar plates were incubated for 24 h at 37 ◦C. A clear zone without
microorganism growth (zone of inhibition) is related to the level of antimicrobial activity of the agent.

2.7. Film Formation

HPMC film-forming solutions were prepared using the procedure described by Sebti et al. by
dissolving 3 parts of HPMC in 200 parts of 0.01 mol L−1 HCl solution, 100 parts of absolute ethanol,
and 10% (w/w HPMC) of PEG 400 [35]. Twenty-five mL of the solution was plated onto a glass and
dried at room temperature (RT) for 36 h. HPMC-lignin film-forming solutions were prepared by
dissolving 5, 10, 15, 20, 25, and 30% (w/w HPMC) of the first fraction of the purification of kraft lignin
(L1) in the smallest amount of DMSO then added to the HPMC-film forming solution mentioned
before, and stirred for 15 min at RT. 25 mL of the polymer solution was plated onto a glass and
dried at RT for 36 h. HPMC-Organosolv lignin (L5, L6 and L7) samples were prepared the same way.
HPMC-lignin-chitosan film-forming solutions were prepared by dissolving 5% of 85% deacetylated
chitosan in absolute ethanol and added to the HPMC film forming solution, while stirring, 5, 10,
15, 20, 25, and 30% of (L1, L5, L6, L7) dissolved in the smallest amount of DMSO was added to the
HPMC-chitosan film forming solution, and stirred for 15 min at RT. Twenty-five mL of the polymer
solution were plated onto a glass and dried at RT for 36 h.

2.8. Antioxidant Activity (DPPH Test)

The DPPH radical scavenging activity for the studied films was determined according to the
method proposed by Yang et al., with a slight modification [12]. Films (0.1 g) were cut into small
pieces and immersed in 2 mL of methanol for 24 h at room temperature then centrifuged for 2 min.
The obtained supernatant was analyzed for evaluation of DPPH radical scavenging activity: an aliquot
of methanol extract (0.5 mL) was mixed with 0.5 mL of DPPH in methanol (50 mg L−1). The mixture
was maintained at room temperature in the dark for 60 min. The absorbance was measured at 517 nm
using a UV–Vis spectrometer (Jasco V-630 spectrophotometer, Silver Spring, MD, USA). The mixture
solution of methanol extracted from neat HPMC and DPPH methanol was used as control. DPPH
radical scavenging activity was calculated by using Equation (1):

(RSA, %) = [(Acontrol − Asample)/ Acontrol] × 100 (1)

where Asample was the absorbance of sample and Acontrol was the absorbance of the control.

2.9. Antimicrobial Activity of the Films

The antimicrobial activity of the samples was analyzed by modifying the Japanese Industrial
Standard (JIS) Z 2801:2000 in order to test conditions typical for perishable products. The JIS is based
on a comparison of bacteria counts (S. aureus, E. coli) in saline solution on reference and sample
materials after a defined storage temperature and time (35 ◦C, 24 h) [36,37]. The material that shows
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a calculated log10-reduction ≥ 2.0 log10 units after 24 h is considered as an effective antimicrobial agent
(JIS Z 2801:2000). If log10-reduction Ø ≥ 2 log10 units is reached, the antimicrobial activity against
B. thermosphacta and P. fluorescens is then tested. The test will be conducted at a constant temperature of
7 ◦C for 24 h. In case the Ø log10-reduction is ≥ 2 log10, highly concentrated meat extract solution
(18 μg mL−1) will be chosen as the reference media for perishable foods [36–40].

3. Results and Discussion

3.1. Antimicrobial Activity of Lignin

Lignin purification fractions were tested against both Gram-positive (S. aureus and L. monocytogenes)
and Gram-negative bacteria (E. coli) to test the effect of purification on the antibacterial activity.
Unmodified lignins were found to be the most effective against Bacillus sp. (Gram-positive bacteria)
than against Klebsiella sp. (Gram-negative bacteria) [24]. Rocca and others discussed the antibacterial
activity of different lignins and nanocomposites containing lignin that have higher sugar content
against S. aureus (known to present a thicker peptidoglycan layer) as a representative of Gram-positive
bacteria, and E. coli (contains more fatty acids) for Gram-negative. They concluded that the interaction
of the nanocomposites with the bacterial cell wall can be governed by the lignin structure helping
not only the stability of the particles but also their selectivity towards different types of bacteria [41].
The disk diffusion method was applied on lignin purification fractions L1 to L4. The samples were
dissolved first in ethanol and tested, then in acetone and tested, and finally in DMSO and tested.
The results showed that the inhibition zone of L1 increased from ethanol to acetone to DMSO. L2,
L3 and L4 show no activity at all using ethanol and acetone while L2 showed slight activity against
L. monocytogenes when dissolved in DMSO. This is due to the solubility of lignin in each solvent,
where it is 100% soluble in DMSO, 60% soluble in acetone, and 40% soluble in ethanol. This allows
a small fraction to dissolve, causing the antibacterial activity.

The effect of storage on the antibacterial activity of L1 was also studied, where a fresh sample of
L1 was tested quantitatively against S. aureus. A fresh sample of L1 with a concentration of 0.1 g mL−1

gave a log10 reduction of 4.4, and 2.1 at the concentration of 0.001 g mL−1. After storing L1 for
6 months, L1 showed better activity with a log10 reduction of 4.5 at 0.1 g mL−1 and remained the same
at 0.001 g mL−1. This is demonstrated in Alzagameem et al., 2018 through the analytical analysis of
fresh and stored fractions and the DPPH inhibitions as well as the total phenol contents of the studied
fractions [13]. Lignin degradation by time produces low molecular weight species that have both
antioxidant and antibacterial capacities.

Based on the effect of solvent on the antibacterial activity, further studies on lignin samples were
done using DMSO to guarantee that all active species were dissolved and introduced to the tested
platelets. Table 1 shows the result of the disk diffusion method of the studied purification fractions in
addition to two softwood-based organosolv lignins: from spruce/pine (L5) and from beech (L6) as well
as a grass-based organosolv lignin: from Miscanthus L7 for comparison purposes.

The reference, which does not contain lignin, does not have any observed inhibiting effects on
the bacteria, but is overgrown with colonies. L. monocytogenes has a higher antimicrobial efficacy than
S. aureus. This can be seen by L1, L2, L5, and L6, in which inhibition zones around the platelets have
formed on the L. monocytogenes plates. The tests show, as well, that the first fraction of the purification
(L1 to L4) has the highest activity. Organosolv lignins obtained from softwood have certain activities
while the lignin obtained from grass L7 has none. The beech based (L6) sample specifically has higher
activity that the spruce/pine-based samples (L5); it actually has the highest activity among all the
lignins studied. L1, on the other hand, as a kraft lignin, has higher activity than L5. The same with
Organosolv lignins: Gram-positive bacteria were inhibited more than Gram-negative. In regard to
E. coli, all studied lignins show no activity at all.
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Table 1. Inhibition zones of lignin samples against S. aureus, L. monocytogenes, and E. coli obtained by
disk diffusion method.

Lignin Platelets
Bacteria

S. aureus L. monocytogenes

Reference
DMSO

−
−1x contaminated with yeast −−

L1 + (max 1–2 mm) ++ (max 5 mm)

L2 − + (max 1 mm)

L3 − + (max 1 mm), slight growth in inhibition zone

L4 − −
L5 + (max 1 mm) + (max 1–2 mm)

L6 ++ (max 2–3 mm) + (max 7 mm)

L7 − −
−−=no inhibition, overgrowth of platelets;−=no inhibition;+= Inhibition;++= strong inhibition; max =maximum:
measured at the greatest distance from the plate.

The antimicrobial mechanism may involve the generation of localized heat and reactive oxygen
species (ROS) upon light irradiation. Rocca et al. postulated the sugar content of the lignin might
cause and/or support the adhesion to the bacterial membrane. For example, the peptidoglycan layer
of bacterial cell walls is able interact with sugar molecules, thereby increasing the activity against
S. aureus [41]. The NREL results of the lignins L1 to L4 in Table 2 show that L1 has the lowest acid
insoluble lignin content and the highest acid soluble content. Glucan content (polysaccharide) is the
highest for L1. Also, only L1 and L2 have arabinan content. Xylan content for L1 and L2 as well was
much higher than that for L3 and L4, but it seems that the effect of the acid soluble lignin content
has the main role in the antibacterial activity since L1 was more active than L2 and it correlates with
the antibacterial activity results. This supports the finding of Rocca et al. [41]. PH2 SK was extracted
according to Klein et al., 2018 [15] at pH = 2 which has almost the same NREL values as L2.

Table 2. Compositional analysis according to National Renewable Energy Laboratory (NREL) procedure
of kraft lignin fractions (L1 to L4, purified via solvent extraction and PH2SK, isolated at pH2 without
further purification).

Fraction
AIL
[%]

ASL
[%]

Total
Lignin [%]

Ash
[%]

Glucan
[%]

Xylan
[%]

Galactan
[%]

Arabinan
[%]

Rhamnan
[%]

Mannan
[%]

Sum
[%]

L1 86.86 15.14 102.00 1.01 0.45 0.59 0.00 0.04 0.00 0.00 104.09
L2 93.37 9.76 103.13 0.88 0.31 0.76 0.00 0.06 0.00 0.00 105.15
L3 91.43 9.46 100.89 0.24 0.26 0.04 0.00 0.00 0.00 0.00 101.42
L4 95.17 2.42 97.59 0.40 0.36 0.07 0.00 0.00 0.00 0.00 98.42

PH2SK 86.24 13.28 99.52 0.85 0.26 0.85 0.00 0.07 0.00 0.00 101.55

AIL = acid insoluble lignin; ASL = acid soluble lignin.

The HSQC analysis of the purification fractions in Figure 3 shows low molecular weight species
in L1 at chemical shift δC/δH 10.0–37.0/2.5–0.7. The number of those species decreased going through
the purification from L1 to L4. It indicates the carbohydrate content which is also supported by the
NREL testing.
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Figure 3. HSQC of lignin purification fractions: L1, L2, L3, and L4.

In addition, it was recently shown that 2D HSQC NMR in combination with SEC measurements
can be used to determine the molecular weights (Mw) of biopolymers using multivariate data analysis
(i.e., principal component analysis) to simulate Mw data [42]. The 31P NMR analysis, on the other
hand, shows the presence of aliphatic OH groups in all the purification fractions confirming data
reported for lignins obtained from other sources and isolated using different methods [43–45].

The number of OH groups in the lignin fractions (Table 3) was obtained from the 31P NMR
analysis, showing that the aliphatic OH number of the L1 samples was the highest, followed by L2,
L3, and L4 which have half this number. Also, the number of the carboxylic acid OH groups for
L1 was also the highest, demonstrating the antibacterial activity as it is usually related to its origin,
and specifically due to the presence of phenolic compounds and different functional groups containing
oxygen (methoxyl and epoxy groups) in its structure [18,19,24]. PH2SK was extracted according to
Klein et al., 2018 [15]. Previous studies confirmed the degradation of lignin with temperature around
60 ◦C [13,19]. During the extraction of PH2SK, the black liquor was heated to 50–60 ◦C. The heating
could have produced phenolic carboxylic acids, containing fragments which are demonstrated by
the high number of phenolic carboxylic acid OH groups in Table 3. Primary antimicrobial activity
tests showed certain activity of PH2SK against Gram-positive bacteria which also matched with the
NREL results.

In a previous study, X-ray diffraction (XRD) measurements confirmed the increase of the
purification level from L1 to L4 [13]. For kraft lignin samples purified by selective extraction, the storage
effects were observed to result in depolymerization being initiated by temperature and UV irradiation,
respectively [46,47].
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Table 3. Number of OH in the lignin fractions as determined by 31P NMR analysis.

Aliphatic OH Condensed-OH G and Dimethylated-OH Carboxylic Acids-OH

L1 8.70 5.04 6.30 0.59
L2 8.52 0.28 0.71 0.00
L3 3.81 2.99 2.91 0.16
L4 3.17 0.48 1.79 0.15

L5 * 3.02 0.21 0.18 0.02
PH2SK 7.32 7.11 9.73 3.10

* L5 has S–OH: 0.01.

3.2. Preparation of Lignin-Derived Composites

Film preparation was based on the antibacterial activity results as well as the antioxidant activities
of the lignins; the polymerization of HPMC-based films was limited to the selected active lignin
samples: L1, L5, and L6 samples to be tested against Gram-positive and Gram-negative bacteria.
The antioxidant activity of the lignins was studied using the DPPH assay [11]. Table 4 shows the DPPH
inhibitions of the lignin samples. All of the lignin samples show a specific activity that varies from
high (68.2% of L4) to low (31% of L7). Accordingly, lignins from L1 to L7 were added to HPMC and
the antioxidant activity of the resulted films was then investigated.

Table 4. The DPPH inhibitions of kraft lignin fractions (L1 to L4) and organosolv lignins obtained from
spruce/pine (L5), beech (L6), and Miscanthus x giganteus (L7).

L1 L2 L3 L4 L5 L6 L7

DPPH Inhibition (%) 65.1 ± 3.7 66.8 ± 6.6 62.2 ± 9.5 68.2 ± 3.6 42 ± 1.9 64 ± 2.6 31 ± 1.0

The lignin was added to the HPMC during polymerization in addition to polyethylene glycol
400 (PEG) that improved the flexibility and impact strength of the blend and act as a compatibilizer
with the polymer. As mentioned, the polymers were produced based on the antioxidant activities
as well as the antibacterial activities of the lignins (L1 to L7). HPMC-film is transparent and water
soluble. Water solubility decreases with the addition of lignin. The color of the films was light honey
and became denser with the addition of lignin as shown in Figure 4. The brittleness appeared after the
addition of 25% of the total weight of the sample in lignin to both L1 and L7, at 30% of L5, and at 20%
of L6. Lignin release started at 30% of L1 and 15% of L5, while L7 films did not exhibit any release.
L6 had lignin release at 20% and 25% but had none at 30%. Primary antimicrobial tests on the films
against Gram-positive bacteria confirmed the activity of the films against S. aureus. The films were not
active against E. coli, and hence, the addition of chitosan was the key. Eighty-five percent chitosan
(deacetylated) was added to the HPMC-lignin film solutions in 5% increments, the lignin additions
to the HPMC and chitosan were chosen based on the best lignin-HPMC combination with no lignin
release and no brittleness. Lignin release appeared at lower percentages starting at 5% in L1 films, at 5%
and 10% in L5 films, and at 15% in L6 films, while chitosan release happened at 20% and 30% for L1 and
at 15% and 25% for L6 while HPMC-L5-chitosan films exhibited no chitosan release. The lignin and/or
chitosan release depended on the compatibility of the three components in the film in addition to the
lignin type. In HPMC-lignin films, the increment of the lignin added to the HPMC solution improved
the mechanical properties of the HPMC film and decreased the water solubility. The lignin release for
the softwood based organosolv lignins started at lower lignin percentages compared to kraft lignin and
grass-based organosolv lignin. The HPMC-lignin-chitosan films are more complex: the lignin started
the release at lower concentrations while the chitosan started the release at higher lignin concentration.
The released lignin/chitosan were non-reacted species that failed in the competition to bond in the
film cluster. At low lignin concentrations, the chitosan won the competition and bonded fully in the
film cluster, leaving the rest of the lignin to release. At high lignin concentrations, the lignin won the
competition and bonded fully to the film cluster, leaving the rest of the chitosan out of the polymer
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structure. This may be due to the increased number of the phenolic OH groups introduced by the
lignin at higher concentrations.

 
Figure 4. HPMC/lignin and HPMC/lignin/chitosan composite films.

3.3. Antiradical Activity of Lignin-Derived Films

Radicals originating from oxygen exist naturally in the atmosphere or can be created by the
thermal processing or irradiation of packaging and food. These radicals act as initiators of the chain
oxidation of lipids. It is therefore advantageous to eliminate theses radicals from the headspace and the
bulk of the food, as an alternative route to eliminate oxygen from the package. The radical scavenging
efficiency of an antiradical substance depends on the rate of hydrogen atom abstraction from the
phenyl group and also on the stability of the resulting radical. Strategies employed in active packaging
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generally include: (1) the design of active compound releasing systems and (2) undesired compound
scavenging systems. In the first strategy, the generation of low molecular weight substances inside the
packaging film and promotion of their migration into the food stuff is of interest. In the second strategy,
one of the advantages of radical scavengers is their efficiency upon contact without the need for the
release of active compounds. This has been shown for hydroxyl radicals in the gas phase scavenged by
essential oils supported on active packaging films containing essential oils [12]. The phenolic mobile
hydrogen atom (ArO–H) plays the main role in the ability of monomeric phenolic compounds to
scavenge free radicals (R •). The process occurs according to the following scheme: ArO–H + R •
→ ArO • + R–H [13]. In the plant cell wall, lignin is often associated with carbohydrate polymers.
The nonphenolic carbohydrate impurities, which remain strongly associated with lignin during its
isolation and purification, can decrease the concentration of active phenolic OH groups and negatively
influence their reactivity (by increasing the O–H bond dissociation enthalpy). The phenoxy radicals in
some lignins can take part in the reaction with oxidant radicals as secondary antioxidants [45]. Figure 5
shows the scavenging activity (SA) of free radical DPPH of the HPMC-based films. The films studied
depended on the percentage of the lignin added; the lowest addition (5%), the highest addition (30%),
and the lignin addition that produces the best film for each lignin sample.

Figure 5. Antioxidant activity of HMPC/lignin and HPMC/lignin/chitosan films. The measurements
were held in triplets. The red data labels indicate the highest activity for each lignin type. The yellow
points relate to the standard deviation.

The results showed that the 5% addition of lignin had the highest SA% and the 30% had the
lowest in which the UV absorption increased from the 5% to the 30% and the SA decreased. During the
polymerization, lignin reacted with HPMC to form ether or ester bonds when 5% of lignin was added.
Lignin is reactive to an extent where some phenolic OH groups are left free, causing the SA; however,
not every phenolic OH group takes part in the reaction with the free radical [48]. For the 30% addition,
the high concentration of lignin increased the connectivity of HPMC-lignin, where it converted the
phenolic OH groups to an ether or ester bond or even self-reacted; this decreased the number of
active phenolic OH groups against oxidants and hence decreased the SA. Chitosan-lignin-HPMC
films, in general, have higher SA than lignin-HPMC films because simply, the activity of neat chitosan,
which is basically due to the hydroxyl and the amine groups [49], was added to the lignin-HPMC
activity; also, the reaction between the components could happen on the α-position of the phenolic
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group in lignin, where an electron donating group (like methyl or methylene) increases the SA
and an electron withdrawing group (like carbonyl or carboxyl) decreases the SA by increasing the
polarization of the –OH bond and complicating its hemolytic dissociation [50,51]. The type of lignin
added also affects the SA value. The trend of the SA of all the samples, based on the lignin type, was:
organosolv of softwood > kraft of softwood > Organosolv of grass. The Organosolv lignins, in general,
had a higher methoxyl content than kraft lignins which may act as a secondary antiradical and the
carbohydrates content is higher in kraft lignin than organosolv [52], resulting in a decreased SA value.
Table 4 shows the DPPH inhibition of the added lignins, where L1 has the highest and grass-based
organosolv lignin has lowest. This basically could be the reason why films with lignins from grass
have lower antioxidant activity.

Small angle X-ray scattering (SAXS) studies are ongoing to obtain more detailed information
regarding the film morphology including micro- and/or nanostructures as observed for lignin-derived
polyurethanes [16,53].

3.4. Antimicrobial Activity of HPMC/Lignin and HPMC/Lignin/Chitosan Composites

The prepared films were tested against S. aureus and E. coli at 35 ◦C for 24 h in pure culture.
In regard to Dohlen and coworkers, those films that reached a log10-reduction Ø ≥ 2 log10 were
tested against B. thermosphacta (a Gram-positive bacteria that is one of the most abundant spoilage
organisms of fresh and cured meats, fish, and fish products) due to its tolerance to high-salt and low-pH
conditions, its ability to grow at refrigeration temperatures (4 ◦C), and its production of organoleptically
unpleasant compounds and P. fluorescens (Gram-negative bacteria that poses a significant spoilage
problem in refrigerated (0–7 ◦C) meat and dairy products) [38,54]. A log10-reduction Ø ≥ 2 log10 units
allowed the adaption of temperature and inoculated solution. The test was conducted at a constant
temperature of 7 ◦C for 24 h. In case the Ø log10-reduction was ≥ 2 log10, highly concentrated meat
extract solution (18 μg mL−1) will be chosen as the reference media for perishable foods. Figure 6
shows the antimicrobial activities of the studied films against S. aureus and E. coli; Figure 7 shows them
against spoilage bacteria at low temperatures (B. thermosphacta and P. fluorescens).

The results in Figure 6 correlate with the inhibition zone test results (Table 1), in which lignin films
are active against Gram-positive bacteria more than Gram-negative bacteria. For S. aureus, the activity
of films containing organosolv lignins in general was higher than kraft lignins. This could be because
the carbohydrates in the kraft lignin could have reacted with the HPMC and entered the film structure,
leaving the film without the active part of the sugar content that participated in the antimicrobial
activity of the lignin alone. The activity of the lignin films increased with increasing lignin concentration
in the film which introduced more active functional groups (aliphatic OH, carbonyl CO, COOH) into
the film structure. For E. coli, the kraft lignin films exhibited no activity at low concentration. Only the
30% addition had an activity, which is justified by the introduction of more active functional groups
into the film and the lignin release could be the main reason of the activity. HPMC-L5 films exhibited
high activity at higher percentages, which also could be enhanced by the released lignins; the 5%
addition had the lowest activity due to the concentration factor. The 25% L6-HPMC film was the only
active one among HPMC-L6 films. The chitosan addition to the HPMC-lignin combination improved
the activity since chitosan is known as an antibacterial compound against both Gram-positive and
Gram-negative bacteria. It gains its activity due to the presence of the amino group and the OH
functionality in its structure [55,56].
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Figure 6. Antimicrobial activity of HMPC/lignin and HPMC/lignin/chitosan films against S. aureus
(above) and E. coli (below). All films are active against S. aureus. Columns in orange relate to nonactive
films against E. coli. Chitosan incorporation increased the activity. L5 films showed highest activities
against both bacteria.

The chitosan release did not have a significant effect on the samples and the activities of the
chitosan films were close to each other. Also, the chitosan activity of the corresponding films dominates
over the lignin activity. Thus, can be clearly seen from the chitosan-HPMC activity compared to the
chitosan-HPMC-lignin activities, with the exception of the slight negative effect of lignin on the activity
of the films in which more amino or OH groups of chitosan and/or lignin are involved in bonding with
the HPMC blocking the antimicrobial activity for some of those functionalities.

The films were further tested against spoilage bacteria that grow at low temperatures (0–7 ◦C):
B. thermosphacta (Gram-positive) and P. fluorescens (Gram-negative). Figure 7 shows that the 30%
addition of all lignins in HPMC-lignin films was active against B. thermosphacta. On the other hand,
the 5% addition of the lignins in the HPMC-lignin-chitosan films was the active one. The activities
were close to each other and showed no effect of the lignin type.

In HPMC-lignin films, the 30% addition of L1 is the only active film against P. fluorescens; L5 and
L6 showed no activity. In HPMC-lignin-chitosan films, the 5% addition of L5 had the highest activity.
Strangely, activity of L1 against P. fluorescens was higher than that against B. thermosphacta; this may be
due to the lignin release (which has to be clarified in ongoing studies).

Differences in the level of antimicrobial activity could be explained by a variety of factors, such
as the Gram characteristics of the bacteria, the ability of building exopolysaccharides, differences in
the zeta potential, differences in the permeability of the outer membrane which itself is influenced by
temperature, different fatty acids, etc. These factors combined with different charges of the surfaces
could have caused the variation in the antimicrobial activity against different bacteria. As an example,
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in different studies, a higher activity of high molecular weight chitosan against Gram-positive bacteria
(S. aureus) compared with Gram-negative bacteria, E. coli and Ps. fluorescens was observed [36,37,39].
In our results, P. fluorescens is even more resistant than E. coli, which is due to higher production of
exopolysaccharides by P. fluorescens.

Figure 7. Antimicrobial activity of HMPC/lignin and HPMC/lignin/chitosan films against B. thermosphacta
(above) and P. fluorescens (below). Columns in orange relate to nonactive films against P. fluorescens.

4. Conclusions

In addition to antioxidant activity, lignins of different origins show distinct antimicrobial effects.
Due to the obtained results, purification of kraft lignin via solvent extraction has a negative effect on
the antimicrobial activity against S. aureus and L. monocytogenes most obviously due to the presence of
carbohydrate content and aliphatic OH groups which was supported by both NREL and NMR analysis.
The biomass source (hard and soft wood, grasses) and pulping process influence both antioxidant
and antimicrobial activity. Organosolv lignins, in general, have a higher methoxyl content than kraft
lignins which may act as a secondary antiradical and the carbohydrate content is higher in kraft lignin
than organosolv. In addition, the antimicrobial activity of the lignins also depends on the solvent
polarity (as shown for ethanol, acetone, and DMSO). Storage led to an increase in antimicrobial activity
against S. aureus due to the degradation of lignin over time. The scavenging activity of both binary
(HPMC/lignin) and ternary (HPMC/lignin/chitosan) systems was affected by the percentage of the
added lignin. The lignin release in the produced films positively affected the activity and the chitosan
addition enhances the activity even more for both Gram-positive and Gram-negative bacteria. Spoilage
bacteria that grow at low temperatures, such as B. thermosphacta and P. fluorescens, were affected by
lignin/chitosan composite films. The detailed mechanism regarding the bioactivity is the focus of
ongoing studies and might be correlated to bacterial surfaces charges and zeta potential.
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Abstract: This research work evaluated the influence of the type of incorporation and variation in
the concentration of blackberry pulp (BL) and microencapsulated blackberry pulp (ML) powders by
freeze-drying on the chemical and physical properties of arrowroot starch films. Blackberry powders
were added to the film-forming suspension in different concentrations, 0%, 20%, 30% and 40%
(mass/mass of dry starch) and through two different techniques, directly (D) and by sprinkling (S).
Scanning electron microscopy (SEM) images revealed that the incorporation of blackberry powder has
rendered the surface of the film rough and irregular. Films incorporated with BL and ML powders
showed an increase in thickness and water solubility and a decrease in tensile strength in comparison
with the film containing 0% powder. The incorporation of blackberry BL and ML powders into
films transferred colour, anthocyanins and antioxidant capacity to the resulting films. Films added
with blackberry powder by sprinkling were more soluble in water and presented higher antioxidant
capacity than films incorporated directly, suggesting great potential as a vehicle for releasing bioactive
compounds into food.

Keywords: blackberry; arrowroot starch; gum arabic; freeze-drying; water solubility; water vapor
permeability; anthocyanins; antioxidant capacity; powder; food packaging

1. Introduction

The production of active edible films for active edible packaging is gaining interest from researchers
and the industry due to their potential to control the quality and stability of many food products
(dried fruits, meat and fish, among others) [1,2]. Current research on active packaging has been focusing
on the encapsulation of natural bioactive compounds, antimicrobial and antioxidant agents, vitamins,
aromas and dyes, within biodegradable packaging materials [1–12]. This approach can improve
protection properties and also generate custom properties, such as antioxidants and antimicrobials,
innovative flavours, aromas and colours [4–6].

Due to these aspects, countless research projects are being conducted in this direction. For instance,
the incorporation of green tea extract into chitosan films [7]; red raspberry extract, rich in anthocyanins,
into isolated soy protein films [8]; natural extract of beet and carrot into hydroxypropyl methylcellulose
films [9]; oil resin, oregano, olive, pepper, garlic, onion and cranberry into chitosan films; and casein
into carboxymethyl cellulose films [10], among many other studies.

Films containing blackberry pulp presented anti-inflammatory activity and increased cell
viability [11]. The use of blackberry in films is promising and deserves further exploration, since this
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fruit is an excellent agricultural resource for combining nutritional properties and biological activities
in the same food, which can bring benefits both to the food in which it will be packed, due to its
antioxidants, and to the consumer in terms of nutrition. Blackberry is a rich source of antioxidant
compounds, such as phenolic acids, tannins and anthocyanins [13,14].

Several studies have reported higher antioxidant capacity in blackberries based on their oxygen
radical absorbance capacity in comparison with other fruits, such as strawberries, red raspberries
and red wine grapes [15–17]. In addition, the microencapsulation of blackberry pulp as a possibility
to maintain the stability of its antioxidant compounds when exposed to unfavourable conditions
(e.g., high temperature, light, oxygen) is a viable alternative and a promising technology to preserve its
functionality [18].

Among the techniques of microencapsulation, freeze-drying is the most used in the food industry;
low temperatures are applied, which favour the preservation of bioactive materials that are sensitive
to high temperatures [19,20]. Freeze-drying is a technique based on dehydration by sublimation of a
frozen product. During this procedure, blackberry pulp is homogenized with the encapsulating agent
and then co-lyophilized, obtaining in the end a material with a dry aspect [21], which can be easily
reduced to powder with microparticles with diameters of μm-mm [22].

The incorporation of microparticles of blackberry into the film can protect antioxidant compounds,
and allow their release, in a controlled manner, into the food during storage. In addition, the way
of incorporating these microparticles influences their location within the film matrix and this may
influence this release, as well as the physico-chemical properties (microstructure, mechanical and
barrier properties, colour, anthocyanins content and antioxidant capacity) presented by the film [23].

Recently, Nogueira, Fakhouri and Oliveira [24] reported methods used for the preparation of
starch films incorporated, directly and by sprinkling, with dried blackberry microparticles. In the
direct incorporation method, the blackberry powder was added directly into the filmogenic solution
and later deposited onto the support plate for drying; whereas, in the incorporation method by
sprinkling, the filmogenic solution was previously deposited onto the support plate and, subsequently,
the blackberry powder was sprinkled with a stainless steel sieve onto its surface. According to the
authors, the resulting films were homogeneous and the incorporation of blackberry powder into the
films did not make them sticky; instead, they could be easily manipulated. Most of the blackberry
particles remained intact after their direct incorporation, as well as by sprinkling, into the film-forming
suspension, since it was possible for the naked eye to visualize particles in the resulting dry film.
Moreover, using the sieve to sprinkle the powder onto the film-forming solution allowed the blackberry
particles to fall evenly across each surface area of the film. Nogueira, Fakhouri and Oliveira [23]
confirmed this behaviour through scanning electron microscope (SEM) images, in which particles
added by sprinkling into the filmogenic solution tend to remain on the surface, differing from particles
added directly into the filmogenic solution, which tend to be more integrated in the resulting film
matrix. The fact that the particles are located on the surface of the film allows greater contact with
the food or aqueous media, resulting in a faster release of the particles and solubilization of the film.
When the film is consumed along with the food, it should be able to release encapsulated compounds to
the food system or during passage into the gastrointestinal tract after consumption [23,25]. For active
edible films, high solubility in aqueous media is a desirable feature [25].

The incorporation of encapsulated blackberry pulp into the film can promote a controlled release
of the antioxidant compounds onto the food surface during storage, where it will act to prevent
oxidation and the formation of undesirable food flavours and textures [26–28]. In the work carried
out by Talón et al. [27], sunflower oil oxidation was prevented when using films incorporated with
encapsulated eugenol. Pork belly packaged with Job’s tears starch film containing 0.5% clove bud
essential oil exhibited a lower degree of lipid oxidation determined by peroxide and thiobarbituric
acid reactive substances than a non-packaged sample during storage [28].

Given the great potential as active packaging, further studies are still necessary for a better
understanding of the influence of blackberry microparticles on properties of arrowroot starch films.
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This knowledge will be important in the future to more efficiently develop active films incorporated
with blackberry microparticles and for their eventual application as active food packaging and partial
substitutes for non-biodegradable plastic packaging used for specific food wrappers such as sushi,
or to be consumed as fruit strips as a source of nutritional compounds.

Thus, the aim of this research work was to develop edible and active arrowroot starch films
incorporated, directly (D) and by sprinkling (S), with blackberry pulp (BL) and microencapsulated
blackberry pulp (ML) powders by freeze-drying. The influence of the method of incorporation and the
variation in the concentration of blackberry powders in properties of starch films were investigated.
The blackberry powders were characterized with regard to drying process, moisture content,
water activity, hygroscopicity, solubility, microstructure, colour, anthocyanins content and antioxidant
properties. The films were characterized regarding microstructure, colour, anthocyanins content,
antioxidant properties, thickness, water activity, moisture content, water solubility, water vapor
permeability and mechanical properties.

2. Materials and Methods

2.1. Materials

In this work, we used frozen blackberries (Rubus fruticosus), cv. Tupy, containing total solid
content of 10.3 g/100 g of pulp (Agro Monte Verde Eirelli”, MG, Brazil), gum arabic InstantgumVR
(colloids Naturels, São Paulo, Brazil) containing 14.00% ± 0.10% of moisture content, 1.38% ± 0.16%
of proteins, 0.37% ± 0.02% of lipids, 3.79% ± 0.10% of ash and 80.46% ± 0.10% of carbohydrates [29],
arrowroot starch containing 15.24% ± 0.19% of water, 0.40% ± 0.03% of protein, 0.12% ± 0.01% of fat,
0.33% ± 0.01% of ash, 83.91% ± 0.10% of carbohydrates [29] and amylose content of 35.20% ± 1.63% [30]
and glycerol P.A. (Reagen, Quimibrás Indústrias Químicas S.A.- Rio de Janeiro, Brazil) as plasticizing
agent. All other reagents used for the analysis presented analytical grade.

2.2. Production of Blackberry Pulp (BL) and Microencapsulated Blackberry Pulp (ML) Powders by
Freeze-Drying

The production of blackberry pulp (BL) and microencapsulated blackberry pulp (ML) powders by
freeze-drying followed the methodology described by Nogueira, Fakhouri and Oliveira [23]. A portion
of frozen blackberry pulp with and without encapsulating agent (encapsulating agent consisting of
arrowroot starch and arabic gum mixture (1:1 mass/mass) in ratio of 1:1.78 (mass/mass, blackberry
pulp solids for encapsulating agent) was homogenized in a homogenizer mixer at room temperature
for 5 min, and freeze-dried (Mod. 501, Edwards Pirani, Crawley, West Sussex, UK), with initial
temperature of −40 ◦C, pressure of 0.1 mmHg and final temperature of 25 ◦C per 2 h, with total cycle
time of 48 h. The resulting dried product was ground in a hammer mill (MR Manesco and Ranieri
Ltd.a, model MR020, Piracicaba, Brazil) and sieved (28 mesh). The powders were stocked in hermetic
pots, coated with aluminium foil to protect against photodegradation and, subsequently, stored in
desiccators containing dried silica gel at 25 ◦C.

Characterization of Blackberry Powder

The blackberry powders were characterized with regard to drying process as the ratio between
powder solid mass and the mass of total solids in the feed solution, in triplicate. The moisture content
of powders was gravimetrically determined, in triplicate, by drying the samples in a vacuum oven
at 60 ◦C until constant weight [29]. For the determination of water activity, AquaLab Lite apparatus
(Decagon Devices Inc., Pullman, WA, USA) was used, by direct reading of the samples, in triplicate,
at 25 ◦C.

Hygroscopicity was determined following the methodology described by Cai and Corke [31],
with modifications. Samples (about 1 g in Petri dishes) of each powder were placed, in triplicate in
desiccators containing saturated sodium chloride (NaCl) solution (75.7% relative humidity at 25 ◦C).
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After one week, each sample was weighed and hygroscopicity was expressed as grams of water
absorbed per 100 g of dry solids.

For the determination of solubility, the method proposed by Eastman and Moore (1984), cited by
Cano-Chauca, Stringheta, Ramos and Cal-Vidal [32] was followed. One gram of each sample was
added to 100 mL of distilled water and maintained at high stirring speed in the magnetic stirrer for
5 min. Then, the solution was centrifuged at 3000 G for 5 min. An aliquot of 25 mL of the supernatant
was transferred to pre-weighed Petri dishes and submitted to drying in the oven at 105 ◦C until
constant weight. Solubility (%) was calculated by weight difference.

2.3. Incorporation of Blackberry Powders into Film-Forming Solution

2.3.1. Preparation of Film-Forming Solution

Film-forming solution was prepared by dispersing arrowroot starch in distilled water (4%,
mass/mass), as optimized by Nogueira, Fakhouri and Oliveira [33], and heated at 85 ◦C in a thermostatic
bath, under constant agitation, for about 5 min. Then, glycerol was added to the starch solution at a
concentration of 17% (mass/mass of total solids, as optimized by Nogueira, Fakhouri and Oliveira [33])
and homogenized. Blackberry powders were added to the film-forming solution in concentrations of
0%, 20%, 30% and 40% (mass/mass of total solids). This incorporation of blackberry powder into the
film-forming solution was performed in two ways, directly (D) and by sprinkling (S), following the
methodology proposed by Nogueira, Fakhouri and Oliveira [24].

2.3.2. Direct Incorporation of Blackberry Powders (D) into Film-Forming Solution

Blackberry pulp powders (BL) and microencapsulated blackberry pulp powder (ML) were added
directly into the film-forming solution and homogenized manually with the aid of a drumstick.
Aliquots of 25 mL of resulting solutions were dispensed onto Plexiglas plates (12 cm diameter).
Films were dried for about 24 h, at room temperature (25 ± 5 ◦C). After being removed from the
plates, the films were conditioned at 25 ◦C and 55% ± 3% of relative humidity for 48 h before
their characterization.

2.3.3. Incorporation of Blackberry Powder by Sprinkling (S) into Film-Forming Suspension

Aliquots of 25 mL of resulting film-forming solution (solution of arrowroot starch and
glycerol obtained according to item 2.3.1) were initially deposited onto Plexiglas plates (12 cm
diameter). Blackberry pulp powder (BL) and microencapsulated blackberry pulp powder (ML) were
homogeneously sprinkled, through a stainless-steel sieve with 53 mesh, onto all the surface area of
the film-forming solution already disposed on the plates [24]. Films were removed from the support
plates after drying for 24 h at room temperature (25 ± 5 ◦C). Films were stored at 25 ◦C and 55 ± 3%
relative humidity for 48 h before their characterization.

2.4. Films Characterization

2.4.1. Visual Aspect

Visual and tactile analyses were performed in order to select the most homogeneous films that
were flexible for handling when removed from plates. Films without these characteristics were rejected.

2.4.2. Microstructure

The morphological characteristics of the surface and the cross section developed from the film
samples were examined under a scanning electron microscope (Leo 440i, Electron Microscopy/Oxford,
Cambridge, England). Film samples were placed on double-sided carbon adhesive tape adhered to
a stub, submitted to the application of a gold layer (model K450, Sputter Coater EMITECH, Kent,
UK and observed in a scanning electron microscope operated at 20 kV.
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2.4.3. Colour Determination

The colours of the films were measured using a Hunter Lab colorimeter (Color Quest XE 2819,
USA). The equipment was set with D65 illuminant and calibrated with a standard white reflector plate.
Three films of each treatment were evaluated. The CIELab, mainstream color space coordinate system
defined by International Commission on Illumination (CIE) was used for determining a*, b* and L*
parameters, where L* is luminosity (L* = 0 black and L* = 100 white), a* is the greenness and redness
of samples (+a* = red and -a* = green) and b* represents the blueness and yellowness (+b* = yellow
and -b* = blue). Colour difference (ΔE *) between the films were calculated according to Nogueira,
Fakhouri and de Oliveira [24].

2.4.4. Anthocyanins Content

The anthocyanins content in the films and powders was determined by the method employed
by Sims and Gamon [34], with adaptations. Film samples were previously macerated in liquid
nitrogen, weighed in triplicate and homogenized with 3 mL of cold acetone/Tris-HCl solution (80:20,
volume/volume, pH 7.8 0.2 M) for 1 min. The samples remained at rest for 1 h, protected from light and
centrifuged for 15 min at 3500 rpm. The supernatants were immediately read in a spectrophotometer
(B422 model, Micronal) in visible region at 537 nanometers (anthocyanins). The acetone/Tris-HCl
solution was used as blank sample. Absorbance values were converted to mg/100 g of blackberry
pulp solids.

2.4.5. Antioxidant Capacity

Antioxidant capacity was determined by the ABTS (2.2’-azinobis (3-ethylbenzothiazoline-
6-sulfonic acid) method, which estimates the sample’s capacity to isolate ABTS radicals. These ABTS
radicals were formed by the reaction of 140 mM potassium persulfate with standard 7 mM ABTS
solution, stored in the dark for 16 h at room temperature. Then, ABTS (P.A.) was diluted with ethanol
to obtain the absorbance value of 0.70 nm ± 0.05 nm to 734 nm. Samples of the films and powders
were extracted in methanol solution (50% methanol in distilled water, v/v) and then in acetone solution
(70% acetone in distilled water, v/v) to determine their antioxidant capacity. Aliquots of 30 μL of extract
were added to 3 mL of ABTS radical and kept in the dark for 6 min. Standard curve was fitted with
Trolox [6-hydroxy-2.5.7.8-tetrametilchroman-2-carboxylic acid] at concentrations ranging from 100 to
2000 μM. Results were calculated according to an equation fitted by standard curve and expressed by
μg.g−1 solid of Trolox equivalent (TE). All of the analyses were performed in triplicate.

2.4.6. Film Thickness, Water Activity and Moisture Content

Film thickness was measured using a micrometre (Mitutoyo brand, model MDC 25 M, MFG/Japan).
For each film, thickness was determined by randomly measuring 10 different regions of the film.
The moisture content of films was gravimetrically determined, in triplicate, by drying the samples in an
air-forced oven 105 ºC for 24 h [29]. The water activity was determined using AquaLab Lite apparatus
(Decagon Devices Inc., Pullman, WA, USA), by direct reading of the samples, circularly sized into
35 mm in diameter, in triplicate, at 25 ◦C.

2.4.7. Solubility in Water

The method proposed by Gontard, Guilbert, and Cuq [35] was used for determining the water
solubility of film samples, which were cut in circles (2 cm of diameter) and weighed (initial dry weight
at 105 ◦C for 24 h). Then, they were placed individually into beakers containing 50 mL of distilled
water, and stirred at 75 rpm for 24 h at 25 ± 2 ◦C. Finally, the samples were removed and dried at 105 ◦C
until constant weight (final dry weight). The solubility of films (%) was calculated as the percentage of
total soluble matter.
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2.4.8. Water Vapor Permeability

Water vapor permeability tests were conducted using the ASTM E96-80 method [36]. Film samples
were placed, in triplicate, in acrylic permeation cells containing dried calcium chloride (0% relative
humidity at 25 ◦C). These cells were weighed and placed in a desiccator maintained at 25 ◦C and 75%
RH using saturated sodium chloride solution.

Water vapor transferred through the film was determined by the mass gain of calcium chloride.
Cells were weighed daily for at least 7 days. For each film sample, the thickness was determined by
random measurements of 5 different regions of the film. The water vapor permeation rate (WVP) was
obtained following the equation described by Nogueira, Fakhouri and de Oliveira [24].

2.4.9. Mechanical Properties

Tensile strength and elongation at break were obtained using a texturometer conducted according
to the ASTM standard method D 882-83 [37], with modifications [38]. For each film, six samples were
cut in rectangular strips (100 mm × 25 mm). Thickness was determined by randomly measuring
5 different regions of the sample, before analyses. For this test, films were fixed by two distal claws,
initially 50 mm apart, which moved at the speed of 1 mm/s. Tensile strength (MPa) was calculated by
dividing the maximum force at the moment of rupture (N) by cross-sectional area of the film (m2).
Elongation at break (%) was calculated dividing the difference between the distance at the moment of
rupture (cm) and the initial separation distance (cm) by the distance at the moment of rupture (cm),
multiplied by 100.

2.5. Statistical Analysis

Significant differences between average results were evaluated by analysis of variance (ANOVA)
and Tukey test at 5% level of significance, using SAS software (Cary, NC, USA).

3. Results and Discussion

3.1. Characterization of Blackberry Powder

Figure 1 shows microstructure of BL and ML powders observed through SEM images.
External morphology of freeze-dried BL and ML resembled a broken glass structure of variable
sizes, with typical folds, slight cracks and porosity on the surface due to the loss of water content during
the freeze-drying process. Similar characteristics were observed by Yamashita [21] and Franceschinis,
Salvatori, Sosa and Schebor [39] for freeze-dried blackberry (Rubus spp.) powder.

Furthermore, for ML powder, it was possible to observe spherical particles distributed throughout
their vitreous structures. It is believed that these particles are the result of the microencapsulation
of blackberry pulp by the mixture of arrowroot starch and arabic gum used as an encapsulating
agent. Shi et al. [40] produced nanoparticles of starch by spray-drying and freeze-drying methods.
Nanoparticles of starch produced by both methods were spherical and showed very similar morphology.

Table 1 shows the results of the characterization of blackberry pulp (BL) and microencapsulated
blackberry pulp (ML) powders obtained by freeze-drying. The yield obtained from the blackberry
pulp’s drying process, with or without encapsulating agents, was high. BL and ML powders presented
low water content and the water activity was less than 0.3, indicating that they are biochemically and
microbiologically stable because below that value (Aw < 0.3) there are interruptions in non-enzymatic
reactions and there is no growth of microorganisms [41].
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Figure 1. Scanning electron micrographs of freeze-dried blackberry pulp (BL, images A, B and C) and
freeze-dried microencapsulated blackberry pulp (ML, images D, E and F) powders: images (A,D) 250×
magnification, (B,E) 1000×magnification, (C,F) 3000 ×magnification.

ML powder was significantly (p < 0.05) less hygroscopic and soluble than BL powder. This fact
happened because arrowroot starch and arabic gum are materials with low hygroscopicity; consequently,
the microencapsulation of blackberry pulp tends to reduce the hygroscopicity of resulting powders.
Besides, although arabic gum is highly soluble [42], arrowroot starch in its native form presents low
solubility in water at room temperature. This fact probably contributed to the decrease in the solubility
of the blackberry powder.

Table 1. Characterization of blackberry powder obtained by freeze-drying.

Analysis Blackberry Pulp (BL)
Microencapsulated

Blackberry Pulp (ML)

Process yield (%) 89.24 ± 2.81 a 95.86 ± 0.89 a

Moisture content (%) 10.72 ± 2.81 a 4.50 ± 0.31 a

Aw (decimal) 0.13 ± 0.01 a 0.11 ± 0.01 b

Hygroscopicity
(g of adsorbed water/100 g solids) 21.28 ± 0.45 a 12.86 ± 0.1 b

Solubility in water (%) 61.26 ± 0.49 a 53.84 ± 0.76 b

Total Anthocyanins
(mg/100 g of blackberry solids) 125.27 ± 9.77 a 125.99 ± 5.25 a

ABTS radical
(μmol of Trolox/g of blackberry

solids)
288.43 ± 30.70 a 309.18 ± 34.09 a

Color
L* 47.29 ± 2.35 b 57.23 ± 1.57 a

a* 14.18 ± 2.97 a 20.13 ± 1.17 a

b* 4.95 ± 0.56 a 3.59 ± 0.08 a

Same letters in the same line show no statistical difference (p > 0.05).

Although microencapsulation is a widely used method to protect bioactive compounds against
adverse environmental conditions, such as pH, light and oxygen [18], no significant differences
(p > 0.05) were observed between the values of anthocyanins and antioxidant properties for BL and
ML powders. Since freeze-drying is a method that does not use high temperatures during the drying
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process and is based on dehydration by the sublimation of a frozen product, these factors probably
contributed to the maintenance of bioactive compounds and antioxidant capacity [21].

The resulting powders presented a reddish colour, typical of blackberry pulp. ML powder showed
significantly (p < 0.05) lighter coloration than BL powder, due to the presence of an encapsulating
agent which has a lighter colour.

3.2. Films Characterization

3.2.1. Visual Aspect

The incorporation of blackberry powders into the film-forming solution gave the arrowroot starch
films a reddish colour, which can be observed in Figure 2. In larger concentrations, the colour was
more visually remarkable. All films could be removed from the plates and, in general, had good
appearance and transparency. Films with 0%, 20%, 30% and 40% of blackberry pulp powder (BLD) and
microencapsulated blackberry pulp powder (MLD) directly incorporated were visually homogeneous,
continuous and very flexible for handling. On the other hand, films with blackberry powders (BL and
ML) incorporated by sprinkling (S) were brittle and sensitive to handling.

Figure 2. Photographic images of the films samples with 0%, 20%, 30% and 40% of freeze-dried
blackberry pulp (BL) and freeze-dried microencapsulated blackberry pulp (ML) incorporated directly
(D) and by sprinkling (S): (A) 0%; (B) 20% BLD; (C) 30% BLD; (D) 40% BLD; (E) 20% BLS; (F) 30% BLS;
(G) 40% BLS; (H) 20% MLD; (I) 30% MLD; (J) 40% MLD; (K) 20% MLS; (L) 30% MLS; (M) 40% MLS.

3.2.2. Microstructure

The morphological characteristics of the films can be observed in Figure 3. Differently from
the film with 0%, which presented organized polymer matrix and regular surface (Figure 3A–C),
films developed with 40% of blackberry powders presented rough surfaces and morphological
characteristics directly associated to those observed in BL and ML powders. Shi et al. (2013) also
observed that the incorporation of starch nanoparticles obtained by spray drying and freeze-drying
made the surface of starch film rough. According to the authors, protuberances found on the film
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surface resulted from the presence of starch nanoparticles. The structural characteristics exhibited by
the resulting films also varied according to the type of technique, directly or by sprinkling, employed
in the incorporation of the blackberry powders into the film-forming solution. The cross-section
images of films incorporated directly with 40% BL and ML (Figure 3D–F,J–L, respectively) revealed the
presence of dispersed and agglomerated blackberry particles within the starch network, which resulted
in organised and disorganised regions.

Figure 3. Scanning electron microscope (SEM) images of the films with 0% and 40% of freeze-dried
blackberry pulp (BL) and freeze-dried microencapsulated blackberry pulp (ML) incorporated directly
(D) and by sprinkling (S): (A) surface of control film; (B,C) cross section of control film; (D) surface of
40% BLD film; (E,F) cross section of 40% BLD film; (G) surface of 40% BLS film; (H,I) cross section of
40% BLS film; (J) surface of 40% MLD film; (K,L) cross section of 40% MLD film; (J) surface of 40% MLS
film; (K,L) cross section of 40% MLS film. Images (A), (C), (F), (I), (L) and (O) with 250×magnification
and images (B), (D), (E), (G), (H), (J), (K), (M) and (N) with 1000×magnification.
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This result may have been obtained due to the poor dispersion of powders in high concentrations
in the film-forming solution, given their high viscosity. Similar characteristics were observed by
Sartori and Menegalli [43] in film containing solid lipid microparticles. Castillo et al. [44] observed
randomly dispersed nano-agglomerates and individual platelets of talc in nanocomposite films by
transmission electron microscopy (TEM). Mukurumbira, Mellem and Amonsou [25] observed that the
incorporation of nanocrystals into starch films made their surfaces irregular and rough. According to
the authors, these changes could be attributed to the presence of aggregated nanocrystals and, possibly,
the interactions between nanocrystals and amylose in the starch. Ortega, Giannuzzi, Arce and
García [45] incorporated silver nanoparticles into starch films and also observed the presence of
agglomerates of nanoparticles in the gelatinized starch suspension.

For films embedded with sprinkled blackberry powder it was observed that the use of a sieve
to sprinkle BL and ML powders over the film-forming solution allowed them to become adhered to
the film surface after drying. In addition, as can be seen in Figure 3G–I, the ML particles penetrated
more into the starch matrix than the BL particles, which tended to remain mostly on the surface of the
matrix. Probably, ML particles are denser than BL (Figure 3M–O).

3.2.3. Colour Determination

Table 2 presents colour parameters of film samples with 0% [24], 20%, 30% and 40% of blackberry
pulp (BL) and microencapsulated blackberry pulp (ML) incorporated directly (D) and by sprinkling (S).
Films incorporated with blackberry exhibited colorimetric parameters correlated with those found for
BL and ML powders (Table 1), differing significantly from the film with 0% [24] which was colourless.

Table 2. Colour parameters of film samples with 0%, 20%, 30% and 40% of freeze-dried blackberry
pulp (BL) and freeze-dried microencapsulated blackberry pulp (ML) incorporated directly (D) and
by sprinkling (S). Results of the control film characterization (0%) were published by Nogueira,
Fakhouri and Oliveira [24].

Films L* a* b* ΔE*

0% 91.54 ± 1.16 a 1.96 ± 0.09 g -8.64 ± 0.46 i -
20% BLD 63.16 ± 0.40 b 23.50 ± 0.18 e 1.35 ± 0.09 hg 37.00 ± 0.43 de

30% BLD 62.16 ± 0.48 b 24.60 ± 0.30 dce 1.69 ± 0.06 g 38.50 ± 0.56 de

40% BLD 47.28 ± 0.66 edf 35.05 ± 0.36 a 4.30 ± 0.16 ba 56.76 ± 0.76 a

20% BLS 57.89 ± 3.68 cb 27.44 ± 2.88 c 0.44 ± 0.29 h 43.17 ± 4.62 dc

30% BLS 46.67 ± 1.51 edf 34.31 ± 0.85 a 1.86 ± 0.36 fg 56.30 ± 1.75 ba

40% BLS 40.72 ± 3.87 gf 35.92 ± 0.61 a 3.52 ± 1.15 bdc 62.33 ± 3.70 a

20% MLD 62.78 ± 1.54 b 19.28 ± 0.68 f 3.11 ± 0.31 dec 35.57 ± 1.68 e

30% MLD 53.84 ± 0.37 cd 24.27 ± 0.24 de 4.09 ± 0.07 bac 45.61 ± 0.43 c

40% MLD 42.70 ± 0.70 gf 30.44 ± 0.11 b 4.72 ± 0.08 a 58.09 ± 0.66 a

20% MLS 49.89 ± 1.03 ed 25.98 ± 0.34 dce 2.21 ± 0.39 feg 49.29 ± 0.95 bc

30% MLS 42.96 ± 2.19 egf 30.62 ± 0.28 b 2.90 ± 0.35 fde 57.58 ± 1.93 a

40% MLS 36.27 ± 0.13 g 26.82 ± 1.50 dc 3.74 ± 0.29 bdac 61.94 ± 4.85 a

Same letters in the same column show no statistical difference (p > 0.05).

The results indicate that the incorporation and concentration of BL and ML significantly (p < 0.05)
affected chromaticity parameters (a* and b*) of films. With the incorporation of BL and ML into the
film with 0% [24], values of b* increased, varying from negative to positive, showing a propensity for
yellow coloration. Similarly, Li et al. [46] observed that the addition of starch nanocrystals resulted in
the yellowing of pea starch films.

A relevant increase in values of a* was also observed, evidencing a tendency for red coloration
and the presence of anthocyanins pigments. It was reported that a* coordinate is attributed to the
anthocyanins content in blackberry, which is responsible for the red colour of BL and ML powders [21,47].
Once again, low values indicate that films developed with BL and ML powders exhibited colour shades
ranging from red to yellow-orange, correlating with film visual observations.
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Ortega et al. [45] also observed that the incorporation and concentration of silver nanoparticles
significantly affected chromaticity parameters (a* and b*); although, in both cases the corresponding
values were very low and, visually, nanocomposite films remained colourless.

As expected, the incorporation of BL and ML powders and their concentration also significantly
affected (p < 0.05) colour difference (DE). The increase from 20% to 40% in the concentration of BL and
ML incorporated directly and by sprinkling into arrowroot starch film (0% [24]) caused a statistically
significant increase (p < 0.05) in a* and b* values, leading to a decrease in luminosity L* and increase in
total colour difference ΔE* (Table 2).

3.2.4. Anthocyanins Content and Antioxidant Capacity

Table 3 shows anthocyanins content (mg/100 g of blackberry solids) and antioxidant capacity
(μmol of Trolox/g of blackberry solids) of films after the drying process. In the absence of blackberry
powder (BL and ML), arrowroot starch film showed an insignificant amount of anthocyanins content
and antioxidant capacity. Thus, it is clear that the anthocyanins content and antioxidant capacity
presented by arrowroot starch films incorporated with BL and ML are directly related to their content
in blackberry powders (Table 1).

It is important to add that there was a decrease in the anthocyanins content of films with BL
and ML powders when compared with the initial amount of the respective powders. This happened
because anthocyanins present great susceptibility to degradation when exposed to environmental
factors such as temperature, light, pH and oxygen [48] during film production, resulting in their
decrease in dried films. Maniglia, Tessaro, Lucas and Tapia-Blácido [49] also reported losses of phenolic
compounds due to a possible oxidative degradation of phenolic groups caused by heating applied
during the preparation of film-forming solution and during the film-drying process. Nevertheless, in
this research work, increasing the concentration of blackberry incorporated into the film led to a slight
increase in anthocyanins content.

Table 3. Anthocyanins content and antioxidant capacity of films with 0%, 20%, 30% and 40%
of freeze-dried blackberry pulp (BL) and freeze-dried microencapsulated blackberry pulp (ML)
incorporated directly (D) and by sprinkling (S). Results of the control film characterization (0%) were
published by Nogueira, Fakhouri and Oliveira [24].

Films
Total Anthocyanins (mg/100

g of Blackberry Solids)
ABTS (μmol of Trolox/g of

Blackberry Solids)

0% * 0.32 ± 0.12 e 9.15 ± 6.51 f

20% BLD 47.53 ± 6.06 cd 161.99 ± 10.54 e

30% BLD 40.23 ± 1.29 cd 180.68 ± 22.48 ed

40% BLD 76.47 ± 0.98 a 174.24 ± 51.73 ed

20% BLS 70.01 ± 9.65 ba 253.57 ± 24.68 ed

30% BLS 71.63 ± 6.96 ba 368.32 ± 37.02 bac

40% BLS 81.95 ± 12.83 a 408.24 ± 32.04 a

20% MLD 38.13 ± 0.55 d 272.64 ± 73.00 dc

30% MLD 41.79 ± 0.10 cd 274.55 ± 46.66 dc

40% MLD 39.39 ± 9.41 cd 278.93 ± 8.32 bdc

20% MLS 45.47 ± 2.13 cd 385.62 ± 18.54 ba

30% MLS 56.09 ± 1.22 bc 436.78 ± 24.48 a

40% MLS 55.68 ± 1.63 bcd 446.82 ± 39.66 a

Same letters in the same column show no statistical difference (p > 0.05). * For 0% [24] film, anthocyanins content
and antioxidant capacity is expressed by total solids, Total Anthocyanins (mg/100 g of total solids) and ABTS (μmol
of Trolox/g of total solids).

In scientific literature there are several works reporting a high correlation between phenolic
compound content and antioxidant capacity [50,51]. However, increasing the concentration from 20%
to 40% BL and ML powders incorporated into the film-forming solution has shown a tendency to
increase the anthocyanins content in the resulting films. This same trend was not observed for the
antioxidant capacity. A similar behaviour was observed by Nogueira et al. [52] for arrowroot starch films
incorporated with blackberry pulp, and by Chang-Bravo, López-Córdoba, and Martino [53] for extracts
of yerba mate and propolis. According to Chang-Bravo, López-Córdoba, and Martino [53], for both
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extracts, DPPH(2,2-Diphenyl-1-picryl-hidrazil) radical scavenging activity increased proportionally
to their polyphenols content until reaching a plateau in which the antioxidant capacity became
independent from the concentration.

As for the antioxidant capacity, the type of incorporation of BL and ML powders, either directly
or by sprinkling, had more influence than the variation in their concentration in films. The films
incorporated with 30% and 40% of BL and ML by sprinkling had the highest antioxidant capacity.
The fact that the particles of BL and ML remained on the surface of the film probably facilitated the
extraction of bioactive compounds, due to a greater number of particles in direct contact with the
extraction solvent, which consequently generated greater antioxidant activity. However, in direct
incorporation, the BL and ML powders integrated into the polymer matrix, which probably reduced
their surface area when in direct contact with extraction solvents. This fact may have hindered the
extraction of bioactive compounds and, consequently, generated lower antioxidant capacity.

Moreover, it is important to emphasize that there are great varieties of bioactive compounds with
antioxidant capacity in fruit extracts [50]. In addition to anthocyanins, other bioactive phenolic acids,
tannins and ascorbic acid [14] may be also present in films with blackberry, contributing to the total
antioxidant capacity of BL and ML powders.

3.2.5. Water Activity and Moisture Content

Water activity and moisture content values of films are shown in Table 4. The water activity
obtained for the control film (0% [24]) and films containing BL and ML ranged from 0.37 to 0.55.
Films can be considered stable against microbial proliferation. According to Quek, Chock and
Swedlund [54], in general, food with aw < 0.6 is considered microbiologically stable and, in case of any
spoilage, it is induced by chemical reactions rather than by microorganisms.

Moisture content in the control film (0% [24]) and in films containing BL and ML ranged from
7.88% to 13.65%. Similar results were found for films made of amadumbe and potato starch with
amadumbe starch nanocrystals (0, 2.5, 5 and 10%), which presented moisture content ranging from
9.3% to 13.4% and 14.8% to 16.7%, respectively [25].

The incorporation of BL and ML powders by sprinkling (S) led to a significant decrease (p < 0.05)
in the moisture content of films in comparison with those incorporated directly and the control
films (0% [24]). Li et al. [46] observed a decrease in moisture content with the incorporation of
starch nanocrystals into pea starch films. In this study, the impact of particles falling onto the
film-forming solution by sprinkling may have triggered a discontinuity of polymer matrix on its
surface, favouring water release from the starch structure. Low water content in BLS and MLS films
may be one of the possible causes of brittleness and fragility of these films.

Table 4. Water activity and moisture content of films with 0%, 20%, 30% and 40% of freeze-dried
blackberry pulp (BL) and freeze-dried microencapsulated blackberry pulp (ML) incorporated directly
(D) and by sprinkling (S). Results of the control film characterization (0%) were published by Nogueira,
Fakhouri and Oliveira [24].

Films Aw at 25 ◦C Moisture Content (%)

0% 0.43 ± 0.05 bc 11.30 ± 0.10 bdc

20% BLD 0.37 ± 0.01 c 9.94 ± 1.02 fedg

30% BLD 0.37 ± 0.01 c 10.89 ± 0.62 bedc

40% BLD 0.40 ± 0.01 bc 13.65 ± 1.00 a

20% BLS 0.55 ± 0.09 a 8.72 ± 0.79 fhg

30% BLS 0.45 ± 0.03 bc 8.50 ± 0.84 hg

40% BLS 0.41 ± 0.02 bc 9.97 ± 1.17 fedg

20% MLD 0.40 ± 0.01 bc 10.42 ± 0.13 fedc

30% MLD 0.38 ± 0.01 c 12.14 ± 0.38 bac

40% MLD 0.39 ± 0.01 c 12.30 ± 0.83 ba

20% MLS 0.42 ± 0.01 bc 8.18 ± 0.28 hg

30% MLS 0.47 ± 0.03 ba 7.88 ± 0.72 h

40% MLS 0.45 ± 0.02 bc 9.22 ± 0.50 fehg

Same letters in the same column show no statistical difference (p > 0.05).
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3.2.6. Film Thickness, Water Solubility, Water Vapor Permeability and Mechanical Properties

Table 5 shows thickness (mm), water solubility (%), water vapor permeability (g.mm/m2.day.kPa),
tensile strength (MPa) and elongation at break (%) of films with 0% (0%, [24]), 20%, 30% and 40% of BL
and ML powders incorporated directly (D) and by sprinkling (S).

Table 5. Thickness (mm), water solubility (%), water vapour permeability (g.mm/m2.day.kPa),
tensile strength (MPa) and elongation at break (%) of films with 0%, 20%, 30% and 40% of freeze-dried
blackberry pulp (BL) and the freeze-dried microencapsulated blackberry pulp (ML) incorporated
directly (D) and by sprinkling (S). Results of the control film characterization (0%) were published by
Nogueira, Fakhouri and Oliveira [24].

Films Thickness (mm)
Solubility in

Water (%)

Permeability
to Water Vapor
(gmm/m2daykPa)

Tensile
Strength

(MPa)

Elongation at
Break (%)

0% 0.065 ± 0.005 d 14.18 ± 0.26 g 3.62 ± 0.27 hdfge 22.71 ± 1.27 a 3.18 ± 0.44 d

20% BLD 0.092 ± 0.005 dc 21.64 ± 0.93 fe 3.03 ± 0.10 hfge 3.60 ± 0.33 ih 23.53 ± 3.60 a

30% BLD 0.121 ± 0.014 bdaac 22.76 ± 1.13 dfe 6.63 ± 0.39 bc 3.55 ± 0.12 ih 23.33 ± 0.72 a

40% BLD 0.154 ± 0.054 bac 26.14 ± 1.16 dce 5.40 ± 0.47 dce 2.73 ± 0.33 i 26.42 ± 1.40 a

20% BLS 0.082 ± 0.006 d 19.26 ± 1.68 fe 1.67 ± 0.12 h 10.84 ± 1.69 b 7.46 ± 2.55 c

30% BLS 0.098 ± 0.013 bdc 24.65 ± 1.95 dce 2.38 ± 0.45 hg 8.16 ± 0.64 dc 5.26 ± 1.55 dc

40% BLS 0.113 ± 0.016 bdac 27.98 ± 2.69 bc 3.47 ± 0.14 hfge 6.32 ± 0.85 fe 18.32 ± 4.69 b

20% MLD 0.150 ± 0.024 bac 21.74 ± 1.70 fe 2.43 ± 0.36 hg 7.02 ± 0.99 de 3.99 ± 0.76 dc

30% MLD 0.146 ± 0.022 bac 22.18 ± 0.36 dfe 7.80 ± 0.07 ba 5.62 ± 0.40 feg 3.28 ± 0.42 d

40% MLD 0.154 ± 0.010 ba 23.69 ± 0.77 dfce 9.23 ± 0.47 a 4.51 ± 0.29 hg 7.72 ± 0.50 c

20% MLS 0.147 ± 0.017 bac 27.14 ± 2.45 dc 4.42 ± 0.17 dfge 8.87 ± 0.86 c 4.32 ± 0.40 dc

30% MLS 0.153 ± 0.005 bac 33.89 ± 2.50 a 5.08 ±1.87 dfce 6.98 ± 0.60 de 3.96 ± 0.71 dc

40% MLS 0.173 ± 0.011 a 32.33 ± 1.39 ba 5.57 ± 1.05 dc 4.82 ± 0.67 fhg 3.25 ± 0.96 d

Same letters in the same column show no statistical difference (p > 0.05).

Water solubility, water vapor permeability and mechanical properties are directly influenced by
film thickness, among other factors [45]. Thickness of films (0%, [24]) made from arrowroot starch
and of films incorporated with BL and ML powders ranged from 0.065 mm (0% [24]) to 0.173 mm
(40% MLS). The increase of 20% to 40% in the concentration of BL and ML, incorporated directly and
by sprinkling into the arrowroot starch matrix (0% [24]), caused a statistically significant increase
(p < 0.05) in the thickness of the control film (0%, [24]). This increase in thickness is due to the
increase in solid content, since the same volume of the film-forming solution was used in the plate area.
Besides, the agglomeration of blackberry particles in the polymer matrix, evidenced by prominences
on the surface of films by SEM (Figure 3), may have contributed to the increase in film thickness.
Ortega et al. [45] also observed that silver nanoparticles caused a slight increase in film thickness.
The authors also attributed these results to the increased solid content and possible agglomeration of
silver nanoparticles.

Water solubility, water vapor permeability and mechanical property are important parameters for
choosing the application of biopolymer films [25,55–59]. Some applications, considering the potential
use of these new polymer films instead of synthetic packaging, may require low water solubility,
strength and flexibility to tolerate the typical effort made by packaging materials during handling
and food transportation, maintaining the integrity of the product [25,55,56]. Some other applications,
such as encapsulation, may require significantly higher solubility [25,55] in order to allow release of
the encapsulated material into the surroundings.

The type of incorporation and the variation of BL and ML concentrations had significant effect
(p < 0.05) on the solubility, tensile strength and elongation at break of starch films. In general,
water solubility increased significantly (p < 0.05) while tensile strength decreased after increasing the
concentrations of BL and ML powders (20%, 30% and 40%) in films, in comparison with the control
film (0%, [24]), by direct incorporation. This behaviour could be attributed to a possible reduction
of intermolecular attraction forces caused by agglomerations of BL and ML [25,44,45], which led to
the disrupting and discontinuity of starch matrix [23] (Figure 3). Consequently, the polymer network

167



Polymers 2019, 11, 1382

was less dense, facilitating water permeation in its structure and solubilization, and reducing its
resistance and increasing flexibility. Films prepared with babassu mesocarp flour and starch isolated
from babassu mesocarp by casting exhibited similar behaviour [49].

Films incorporated directly with BL and ML were less water soluble than films incorporated
with blackberry powder by sprinkling. The location of blackberry particles probably influenced this
behaviour. As showed in Figure 3, blackberry powder particles incorporated by sprinkling tended to
remain on the surface of the film, unlike directly incorporated particles, which were introduced into
the polymer starch network. The fact that the particles of blackberry powder stayed on the surface
of the films is believed to have enabled a greater and direct contact of these particles with the water.
Additionaly, the fact that the particles are porous and hydrophilic probably led to their solubilization
and the formation of holes on the surface of the films, which allowed water molecules to go inside the
starch matrix and then its solubilization [23]. The same phenomenon of increased water absorption was
observed in the chitosan/starch films with halloysite nanotubes, which was attributed to the increased
porosity and hydrophilicity of the nanocomposite films [60]. The addition of hydrophilic clay into
kafirin films also affected the hydrophilicity of the film due to the presence of Si-OH groups [61].

As equally observed for water solubility, water vapor permeability presented by films was also
significantly affected (p < 0.05) by the incorporation of blackberry powder, as well as by the variation in
its concentration. According to Ludueña, Vázquez, and Alvarez [62], the passage of water molecules
through a polymeric material is the balance between three principal mechanisms: film crystallinity,
tortuous pathways through the polymeric matrix, and the presence of structural defects on the surface.

Films with only 20% of powder presented decreasing water vapor permeability in relation to
the film with 0% (0%, [24]), as previously reported by Shi et al. [40] for starch films containing spray
dried and vacuum freeze-dried starch nanoparticles. At low concentrations, BL and ML powders were
easily dispersed into the film-forming solution, increasing compactness of the films, which may have
hindered the passage of water molecules [40,46,63]. It is also possible that the presence of blackberry
powder particles within the starch matrix, as well as on the surface, introduced a tortuous path
for the passage of water molecules, which may have led to a decreasing behaviour in water vapor
permeability. A similar result regarding a decrease in water vapor permeability was observed when
chitin nano-whiskers (CNWs) was incorporated into the maize starch–based films [64].

In a single polymer film, the diffusible molecules migrate from a straight (middle) path that is
perpendicular to the film surface. Whereas, in films with nanocomposites, the diffusion molecules must
navigate through tortuous paths due to the presence of particles or platelets, as well as through interfacial
zones of different permeability characteristics in comparison with those with pure polymer [64–69].
In theory, the longer the diffusive pathway of the penetrant, water molecules in this case, the lower the
permeability [25,63].

However, when more than 20% of BL and ML powders were incorporated directly, the particles
tended to form aggregations, as observed in the microstructure of 40% BLD and MLD films (Figure 3).
The aggregation of BL and ML particles reduces the interaction between the active surface area and the
polymer matrix. This fact tends to weaken their adhesion to the starch matrix interface, destroying the
orderly structure of the film to 0% , increasing water vapor permeability [25,64], and following the
same tendency observed for water solubility.

4. Conclusions

This study has developed a new understanding of the influence of the incorporation of blackberry
particles obtained by freeze-drying into the properties of arrowroot starch-based films. The addition of
blackberry pulp particles causes interactions with the film matrix, inducing changes in the properties
of films. These interactions alter the microstructure, as well as the chemical, mechanical, and barrier
properties of the films. It was found that the incorporation of blackberry pulp particles does not only
make the surface of arrowroot starch rough and irregular, but also thicker, more flexible, soluble in
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water, and less mechanically resistant. Additionally, blackberry pulp particles transferred colour,
anthocyanins and antioxidant capacity to the arrowroot starch film.

Properties presented by the resulting films were also influenced by the concentration and the
type of method used, direct or by sprinkling, for the incorporation of blackberry powders into the
film-forming solution. Films with only 20% BL and ML presented lower water vapor permeability
rates than the film with 0%. This behaviour was attributed to a better dispersion of blackberry powder
at low concentrations in the film-forming solution, as well as to the introduction of tortuous paths in
the starch matrix. At concentrations above 30%, there was an increase in water vapor permeability
due to the presence of agglomerated blackberry powder particles. Films incorporated with blackberry
powder by sprinkling had higher antioxidant capacity and were more soluble in water, showing great
potential to be used as a vehicle for releasing bioactive compounds into the surroundings.
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Abstract: This study was conducted to improve the life-span of the biofilm produced from algae
by evaluating the decomposition rate with the effect of cinnamon extraction oil (CEO). The biofilm
was fabricated using the solution casting technique. The soil burying analysis demonstrated low
moisture absorption of the biofilm, thus decelerating the degradation due to low swelling rate and
micro-organism activity, prolonging the shelf-life of the biofilm. Hence, the addition of CEO also
affects the strength properties of the biofilm. The maximum tensile strength was achieved with the
addition of 5% CEO, which indicated a good intermolecular interaction between the biopolymer
(algae) and cinnamon molecules. The tensile strength, which was measured at 4.80 MPa, correlated
with the morphological structure. The latter was performed using SEM, where the surface showed
the absence of a separating phase between the biofilm and cinnamon blend. This was evidenced
by FTIR analysis, which confirmed the occurrence of no chemical reaction between the biofilm and
CEO during processing. The prolongation shelf-life rate of biofilm with good tensile properties are
achievable with the addition of 5% of CEO.

Keywords: cinnamon extraction oil; algae; biodegradation; shelf-life; food packaging

1. Introduction

Quotidian plastic materials for food packaging in the market is proffered using a synthetic polymer
base like polyproline and polyethylene, which is strenuous to decompose. Based on every day activities
of Malaysian households and industries, high amounts of solid waste materials seem to have polluted
and harmed the landfill with poison. In the interest of conserving the landfill, while overcoming
the solid waste pollution issues, a few groups of individuals. such as researchers, the government,
and industrial players [1], came up with several solutions. Starting off, the government promotes
the routine of recycling, reducing, and reusing on a daily basis to the community [2]. Industrial
players and researchers further focus on recycling plastics to be used as secondary materials and
attempts to recycle and convert those materials into synthetic fiber threads and yarns to produce
jerseys, shoes, and other textile products [3]. Nonetheless, the main problems are nowhere near solved
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at this point. The solid waste keeps on continuing its revolution in our daily life. The development
of the first environmentally friendly materials consist partly of conventional plastic polyethylene
(PE) or polypropylene (PP) and partly of nature’s own material—chalk (40% by weight). Until early
2004, the research growth on producing the bio-based product was expanding throughout the entire
globe [4]. PLA (polylactic acid) films, produced from lactic acid, have shown the highest commercial
potential and are now produced on a comparatively large scale. Most bioplastics are produced
based on natural biomaterials, such as corn, starch, and soybean [5]. Moreover, other food harvests,
for example, cassava, wheat, potato, and sago, have also been transformed into plastic to supplant
oil-based plastic [6]. Since those products are food assets for human beings, continuous transformation
of those yields into plastic will soon interfere with human sustenance supply by reducing the world’s
sustenance assets. In an effort to prevent interference with food assets, other biomaterials should be
assessed. Contemporaneous edible films have the potential to substantially reduce the environmental
burden due to food packaging and limit moisturization, aroma, and lipid migration between food
components [7]. Dealing with the biopolymer materials, it is difficult to avoid fugacious shelf-life
issues. Biopolymer, which derives from natural sources, is commonly known for having transitory
shelf-life as compared to synthetic biopolymer. Problems and errors may arise during the storage time
either for logistic purposes or during transportation of the biopolymer to the industrial consumer.
Humidity, temperature, micro-organism, and fungi attack may affect the quality and deteriorate the
strength of the biopolymer. Accordingly, this study focuses on producing biofilm with sustainable
shelf-life, high quality, low toxicity, and cheap costs, which could provide efficient food chain supply.
Therefore, algae are chosen to be used in biopolymer film fabrication. Algae, or seaweed, is an
environmental asset that exists in boundless amounts, which can be cultivated naturally. The Agarose
chemical structure provides a good support for films. In addition, it is reported that the films, which are
made of algae, are transparent, strong, and flexible [2]. In order to enhance the shelf-life and improve
the strength of the algae film, cinnamon extract was used to act as a co-primer and anti-microbial
in the film. Based on a previous study, anti-microbial polymer film was able to restrain microbial
development, hence, broadening the time span of usability of sustenance [6]. Cinnamaldehyde is an
organic compound with the formula of C6H5CH=CHCHO and occurs naturally as a predominant
trans (E) isomer, giving cinnamon its flavor and odor [1]. It is a type of flavonoid that is naturally
synthesized by the shikimate pathway [2]. This pale yellow, viscous liquid occurs in the bark of
cinnamon trees and other species of the genus Cinnamomum sp. The essential oil of cinnamon bark
contains about 50% cinnamaldehyde [3]. Cinnamaldehyde is also used as a fungicide [8]. Proven
effective on over 40 different crops, cinnamaldehyde is typically applied to the root systems of
plants [5]. Its low toxicity and well-known properties makes it ideal for agricultural activities. Thus,
“cinnamaldehyde” is an effective insecticide, and its scent is also known to repel animals, such as cats
and dogs [8]. It has also been tested as a safe and effective insecticide against mosquito larvae [9].
At a concentration of 29 ppm, cinnamaldehyde can kill half of Aedes aegypti mosquito larvae within
24 h [10]. The “trans-cinnamaldehyde” also works as a potent fumigant and practical repellent for adult
mosquitos [11]. By adding cinnamon active chemicals into the packaging system [5], the growth rate
of microorganisms in food can be inhibited or reduced. Among other antimicrobials, cinnamaldehyde,
which is a major component of cinnamon, also possesses antimicrobial activity and has been utilized
in the processing of milk, chicken, and meat [5,6]. The objectives of this study were (1) to assess the
suitable percentage loading of cinnamon extract with algae film, and (2) to characterize the effect of
cinnamon with the biofilm based on the soil bury test, tensile test, FTIR, and SEM.

2. Materials and Methods

Raw algae and cinnamon were purchased from a local store, located in Gombak, Malaysia, while
glycerol and acetic acid were then purchased from Sigma Aldrich (Selangor, Malaysia). For the
preparation of raw materials of the biofilm, algae were processed though cleaning, drying, and
shredding into powder form (ranging from 50 μ–100 μ). The cinnamon oil was collected using the

174



Polymers 2019, 11, 4

microwave essential oil extraction method. Temperature was set at 60 ◦C for 6 min as the cinnamon
started to steam up and condensation took place for the production of the extraction oil. Next, we let
the extraction oil cool down for another 20 min before collecting it. Using a separator, we collected the
oil and applied low heat (33–35 ◦C) to separate the oil and water. After 20 min of heating process, the oil
particle moved on top of the water surface. The oil was collected using the pipet and placed in the vial.

2.1. Solution Casting Method

The algae biofilm was prepared using the solution casting method. The ingredients to prepare
biofilm with CEO is as follows: 2% algae powder, three different percentages of CEO at 1%, 3%, and
5%; 1.5 mL glycerol solution; 1%, 3%, 5%, 7%, and 9% acetic acid with 0.2% molarity and distilled water
were weighed individually using an electronic mass balance. Acetic acid was obtained in liquid form.
It was diluted to 0.2% (w/v) using distilled water. The algae, glycerol, acetic acid, and distilled water
were mixed in a beaker, which was then heated up to 90 ◦C on a hot plate and held at that temperature
for 25 min. The stirring speed of the magnetic stirrer was set at a constant speed of 250 rpm, to avoid
the formation of bubbles and maintain the homogeneity of the solution. Then, the mixed solution was
cooled down to 65 ◦C for 35 min. During cooling, stirring was continued to prevent the formation
of bubbles and solidification of the solution. The second batch of the biofilm was repeated with the
addition of the CEO. Pure biofilms (0% CEO) were set up as a control sample. The solution was cast
into a square form (18 × 27 cm) of the acrylic plate. Upon casting, the drying process took place in
an oven at a temperature of 50 ◦C for 24 h. The biofilm thickness was measured using an electronic
gauge (Digitronic Caliper, Gombak, Selangor, Malaysia), with accuracy ranging between 0.1% and 1%
as a function of thickness value (0–100 μm or 0–1000 μm). Seven replicates were made for each type of
biofilm formulation.

2.2. Soil Burial Test

The compostability of the biofilms and CEO additions were performed according to soil bury test
ISO/DIS 17088. The biofilm dimensions of 20 mm × 20 mm were cut and weighed and five replicates
were made for each formulation. The bury test area was plotted at a cool and shaded corner of the
garden. The soil temperature was based on the normal climate change, which is from 33 to 35 ◦C,
while soil type was black garden soil. Each sample was buried in a convenient depth of 50 mm to allow
for aerobic soil bury composting, as the compost has to be turned at regular intervals in this process.
The area was plotted with granite or brick to prevent interruption or error during the investigation.
Each time the specimen was retrieved from the ground, the plotted area was covered with layers of
dried leaves or thin layers of soil to allow air to permeate the hole and accelerate the growth and
expansion of fungi or bacteria.

2.3. Tensile Test

The Instron tensile test ASTM D882-02 machine (Gombak, Selangor, Malaysia) was used for this
test. The load of the machine was set at 5 kN with the speed at 10 mm/min. Seven replicates of strips
for each composition were cut at dimensions of 70 mm × 10 mm. The result of the tensile strength and
elongation at break were assessed through the graph of the stress-strain curve.

2.4. Fourier Transform Infrared Spectrometer (FTIR)

An FTIR Spectrometer (Perkin Elmer System spectrum 100; PerkinElmer, Gombak, Selangor,
Malaysia) is an analytical technique used to identify organic, polymeric, and, in some cases, inorganic
materials. The FTIR analysis method uses infrared light to scan test samples and observe chemical
properties. The resolution was set up at 4cm−1 in a spectral range of 4000 to 600 cm−1 and 32 scans
per sample. Different peaks (various functional groups of chemical elements) of the IR spectrum were
observed along the selected initial angle to the final angle.
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2.5. Scanning Electron Microscopy (SEM)

The surface morphology of the films was studied using a Scanning Electron Microscope (SEM)
JSM 5600 (Gombak, Selangor, Malaysia) with magnifications up to 1000×. Prior to carrying out the
observation, the samples were subjected to sputter coating with a layer of carbon using a Polaron
SC515 (Gombak, Selangor, Malaysia). This procedure was performed to ensure the sample morphology
could be clearly observed under SEM and to prevent any electrostatic charging during observation.

3. Results and Discussions

3.1. Biofilm Thickness

In a polymer film packaging application, thickness is a crucial aspect, which requires specific
attention from the material design. The thickness of the biofilm will highly influence other important
properties, such as the strength, elasticity, and moisture content. Researchers [5] found that the
main purpose of effective biofilm for food packaging is to secure the food from food pathogens, thus
extending the shelf-life of the food, and will ensure the quality of the food and its nutrients to be intact.
The general thickness of biofilms for packaging is ±0.3 mm [12]. Table 1 shows the thickness of the
algae-based film by varying algae sample.

Table 1. Thickness of algae-based film with and without CEO.

Sample (% Algae) Biofilm without CEO Thickness (mm) Biofilm with CEO Thickness (mm)

0 0.2 ± 0.01 0.2 ± 0.01
1 0.2 ± 0.01 0.2 ± 0.01
2 0.2 ± 0.01 -
3 0.2 ± 0.01 0.2 ± 0.02
4 0.2 ± 0.02 -
5 0.2 ± 0.01 0.2 ± 0.03

The second batch formulation was focused on biofilm with the addition of several percentages
of CEO. Based on this observation, it could be highlighted the importance of using CEO compared
to the cinnamon powder. By using CEO, it was easier to control the thickness of the biofilm, as the
resulting film thickness was not significantly different compared to the thickness of the control biofilm
(0%, as depicted in Table 1). This is because the CEO used in the solution form mixed well within the
blends. In comparison, using the cinnamon powder, the course cinnamon particle will not dissolve in
the biofilm solution during processing, hence affecting the thickness of the bioplastic. In industry, this
parameter is important for food packaging. This trend was similar to the previous study [13], where
whey and pectin protein powder were incorporated into cinnamon and researchers had difficulty to
control the thickness of the biofilm.

3.2. Algae-Based Biofilm with Acetic Acid

3.2.1. Tensile Data

(A) Tensile strength, (B) modulus elasticity and (C) elongation at break of algae-based biofilms
were affected by the different percentages of acetic acid, as demonstrated in Figure 1. The first attempt
to produce algae-based biofilm failed because the sample was too fragile, as the algae is rich with
starch content and becomes hydrophilic in nature. The glycerol was chosen to alter the delicateness of
the biofilm. Once again, the biofilm produced was low in strength, as the particles of glycerol may have
leaked during processing and the biofilm produced was found to tear easily. Next, the flexibility of the
biofilm was improved with the help of the acetic acid content, to aid the glycerol to be fully efficient in
the algae-based biofilm. Acetic acid is a weak acid that has one carboxylic acid group and is usually
use in food additive [5]. Although there has been no specific research on the usage of acetic acid as
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crosslinking agents, it has reported that the presence of acetic acid increased the interfacial interaction
in the properties of coconut shells filled with low a polyethylene composite [14]. Researchers [15] also
indicated that the combination of acetic acid with CO2 packaging can extend the shelf life from 12 to
20 days for chicken retail cuts without negatively affecting the quality and sensory properties of the
broiler meat. The addition of acetic acid into the blend may help the infusion of glycerol into the algae
molecular structure by accelerating the disintegration and suspension of algae sediment. Previous
researchers also stated similar strength results in a PVA and chitosan blend with glycerol and acetic
acid [16]. However, from the analysis done, the addition of 1%, 3%, 5%, and 7% acetic acid in the
biofilm decreases the (A) tensile strength to half compared to the control biofilm, probably due to the
different molecular structures of the acetic acid, even though it comes from the same carboxylic acid
family [17]. Figure 1 also illustrated a reduction in (B) modulus of algae-based biofilms, similar to the
tensile strength, with an increase in the concentration of acetic acid. Based on the figure, the lowest
elastic property was recorded for 7% acetic acid, further than this percentage will continuously drop
the modulus strength of the biofilm. This finding was similar to previous attempts using glycerol
to increase the percentage of citric acid by up to 15% [3]. On the other hand, the (C) elongation at
break (Eb) results were vice versa to the tensile and modulus strength results. Based on the Eb graph,
it was found that the biofilms were capable of resisting changes in shape without crack formation
with the addition of the acetic acid. Figure 1 demonstrated that the (C) elongation at break gradually
increased with the increasing percentage of acetic acid by up to 7%. The highest elongation at break
was measured with 5% acetic acid at 27.34% of Eb, while the lowest Eb was shown by 0% acetic acid at
20.14%. Physically, the biofilm with the addition of acetic acid was better in flexibility, less fragile, and
good in modulus. The biofilm obtained was transparent and could not easily tear off when folded.
However, the addition of acetic acid neither improves the tensile strength nor the elongation at break
of the biofilm.

Figure 1. Effect of acetic acid on (A) tensile strength; (B) modulus strength; and (C) elongation at break
of algae-based biofilm.

3.2.2. Soil Burial Test

The algae used in this research to form a biofilm is a green algae species known as Neochloris
Oleoabundans or Ettlia Oleoabundans [18]. These unicellular green algae are freshwater based and
rich in starch content [18,19]. Starch is hydrophilic in nature and easy to degrade due to microbial
and moisture contact. The degradation of algae-based bioplastic film via starch by micro-organisms
in the soil produced carbon dioxide, biomass formed by extraction of algae carbon, and soluble CEO
compound. From the soil bury test analysis, gradual biodegradation was observed in the biofilm
surface degradation as shown in Figure 2. Figure 2 demonstrates the physical appearance of the algae
biofilm after soil burial test for 28 weeks. The samples for soil bury test were exposed to the actual
weather. Under rainy conditions, excess water permeated through the soil and diffused into the biofilm
samples causing swelling and softening of the biofilm. Based on the physical observation, the biofilm
started to deteriorate after 14 weeks and onwards, most likely due to hydrophilic nature of the algae.
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At the end of the 28 week period, the sample could barely retain the shape and began to wrinkle and
tear apart. From the pictures, the sample showed high number of pores, and the number of pores
continues to spread and increase in size as the length of soil bury test was prolonged. This confirmed
that the biofilm sample had undergone biodegradation phases.

Figure 2. Physical appearance of algae film after soil burial at the 7th, 14th, 21th, and 28th weeks.

3.3. Algae-Based Biofilm with CEO

3.3.1. Tensile Data

Algae-based biofilm with 3% acetic acid was found to yield good (A) tensile strength and
(B) modulus properties, and, therefore, was selected to be used with CEO. This percentage was
selected to be used for further investigation alongside the addition of different ranges of CEO (phase
two). The percentages of CEO tested were 1%, 3%, 5%, 7%, and 9%. The control sample is label
as 0 in the tabulated figures. Figure 3 demonstrates the (A) tensile strength of algae film, which
increases with increasing percentages of CEO. The control sample without acetic acid possessed the
least tensile strength. Meanwhile, the maximum tensile strength was achieved with 5% CEO due to
the good intermolecular interaction between algae and starch and cinnamon molecules. This finding
was also supported by a previous study [20], which also recorded a similar pattern where tensile
strength increased with the addition of cinnamon bark oil into the alginate film. Based on Figure 3,
the (B) modulus elasticity of the algae-based biofilm was found to display the same trend as the
tensile strength results. The addition of 5% CEO was found to increase the stiffness of the algae-based
biofilm up to 0.323 GPa, compared to algae-based biofilm with 1%, 3%, 7%, and 9% of CEO, which
recorded lower modulus strength. However, in this study, the 5% CEO loading did affect the (C)
elongation at break compared to the other percentages. Figure 3 indicated that the 5% CEO loading
has low elongation at break compared to the 3% and 7% of CEO loading. Based on the current findings,
5% CEO with 3% acetic acid yielded a good and accepted elongation at break of the algae-based
biofilm. This was made possible with the right amount of acetic acid in strengthening and adhering
to the intermolecular bonds between the algae and cinnamon molecules. Hence, the addition of
acetic acid into algae-based biofilm clearly indicated that the acetic acid molecules affect the adjacent
molecules by increasing the distance and reducing the internal force, resulting in a more flexible film.
The interference with adjacent molecules affects the intermolecular and intramolecular linkage of the
polymer, thus strengthening the structure of the algae-based biofilm [21].
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Figure 3. Effect of CEO on (A) tensile strength; (B) modulus strength; and (C) elongation at break of
algae-based film.

3.3.2. Soil Burial Test

Figure 4 depicted the physical appearance and Figure 5 shows the SEM analysis of biofilm with
5% CEO after soil burial at the 7th, 14th, 21th, and 28th weeks, respectively. The analysis is similar to
control algae-based biofilm in Figure 2, it was noticed that the color of the biofilms with CEO turned
darker and the darkening of the biofilms is a sign of biodegradation [22]. Changes in the appearance
of the biofilms are explainable through the high-moisture absorption property and low intensity of
cinnamaldehyde in the CEO percentages [23]. Based on the physical appearance of the biofilm in
Figure 4, the sample in this research would have behaved similarly to the findings by Zhang et al. [20],
where the alginate films incorporated with cinnamon bark oil showed less biodegradation potential
compared to the alginate film without cinnamon bark oil. Therefore, it can be postulated that the
addition of 3% acetic acid into the recipe assists in reducing the decomposition rate of the biofilm
with CEO, compared to the sample of 5% CEO without acetic acid content. From the SEM analysis in
Figure 5, the agglomeration of biofilm became more obvious as the biofilm began to swell, which in
turn caused slow degradation. The addition of 5% of CEO into the biofilm exhibited physical changes.
Besides which, different volumes of CEO used in this study resulted in varying biodegradation rates
and behaviors. The antimicrobial (cinnamaldehyde functional group) and repellent properties of
cinnamon may also decelerate the degradation rate of the film. These findings are in accordance with
the previous research [23], where the higher the cinnamon percentage, the slower the composability
rate. The film with 5% CEO demonstrated lesser pore percentages. A higher amount of CEO tends to
reduce the degradation rate because of the hydrophobicity of the acetic acid, and the strong aroma of
the cinnamon itself may repel insects and micro-organisms from attacking the biofilm [24].

Figure 4. Physical appearance of biofilm 5% of CEO at the 7th, 14th, 21th, and 28th weeks.
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Figure 5. SEM analysis of algae film with 5% CEO after soil burial at the 7th, 14th, 21th, and 28th weeks.

3.4. Fourier Transform Infra-Red (FTIR) Spectroscopy Data

Figure 6A illustrated the FTIR spectra of biofilm with 5% CEO content and B biofilm with 3%
of acetic acid, respectively, both displaying individual peaks within the range of 4000–500 cm−1.
Peak A presented a broad absorption band at about 3310 cm−1, which represents the hydroxyl (OH)
group. The peak at 2924 cm−1 was recognized due to the C–H stretching of methane. Besides this,
the peak at 1606 cm−1 was formed due to the stretching vibration of the conjugated peptide bond
formation by amine (NH2) and acetone groups in the algae. The peak at 1441 cm−1 was due to an ester
sulfate group. The characteristic peaks at 1013 cm−1 and 931 cm−1 indicated C–O stretching groups
of 3,6-anhydrogalactose [25]. In addition, based on the FT-IR spectrum of CEO in A, the absorption
band or frequency ranged from 3500 cm−1 to 3200 cm−1 broad, exhibiting the presence of O–H stretch.
The specific absorbance band at 1635 cm−1 revealed the stretching vibration of the C=O bond for
cinnamaldehyde [25]. Due to the influence of conjugation and an aromatic ring, the peak is wider
than usual for aldehyde compounds. A strong absorption band between 900 cm−1 and 690 cm−1

indicated the presence of aromatic C=C bonds [26]. Cinnamaldehyde is the main active component
in cinnamon, which can be used as a natural antimicrobial in food preservation to retard or inhibit
the bacterial growth of pathogenic and spoilage bacteria, which in turn extends the shelf life of the
food products [20]. Since there was no peak observed at 1700–1720 cm−1 in Figure 6B, which shows
that there was no crosslinking between acetic acid and the algae-based blends due to the absence of
chemical reaction. The sighting of a peak at wavenumber ranges between 1700–1720 cm−1 indicates the
presence of cellulose-fatty acids ν(C=O), a stretching vibration of the esters. The slope was transmitted
obviously in (A), however, slowly lowering down with the addition of acetic acid as showed in sample
(B). The combination of CEO and acetic acid was significantly reduced the cellulose fatty acid presence
in the algae as shown in sample (C) which is possibly occurs due to the formation of a physical reaction
between CEO, acetic acid and algae [26]. Figure 6C represents the FT-IR spectrum of 3% acetic acid
blends with 5% CEO biofilms. A peak at 1716 cm−1 was observed, indicating an association with C=O,
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which is attributed to the carboxyl and ester carbonyl bands. This confirmed the existence of acetic
acid in the specimen. However, the peak at 3328 cm−1 became less intense when cinnamon was added
into the formulation.

Figure 6. FTIR spectra of (A) Biofilm with 5% CEO; (B) biofilm with 3% acetic acid; and (C) biofilm
with 5% CEO and 3% acetic acid.

4. Conclusions

The tensile test of biofilm demonstrated good enhancement upon the incorporation of 5% CEO.
The biofilm achieved tensile strength at 4.8 MPa and elongation of 15%. Based on the SEM morphology,
higher amounts of CEO in the presence of acidic acid leads to a reduction in the degradation rate
of the biofilm. The biofilm demonstrated a continuous phase and exhibited a characteristic band at
1716 cm−1 in the FTIR analysis. Hence, in conclusion, 5% CEO and 3% acetic acid are the suitable
blend that could tremendously affect the tensile behavior and the biodegradation rate of the biofilm.
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Abstract: This study aims to develop orange oil loaded in thin mango peel pectin films and evaluate
their antibacterial activity against Staphylococcus aureus. The mango peel pectin was obtained from the
extraction of ripe Nam Dokmai mango peel by the microwave-assisted method. The thin films were
formulated using commercial low methoxy pectin (P) and mango pectin (M) at a ratio of 1:2 with and
without glycerol as a plasticizer. Orange oil was loaded into the films at 3% w/w. The orange oil film
containing P and M at ratio of 1:2 with 40% w/w of glycerol (P1M2GO) showed the highest percent
elongation (12.93 ± 0.89%) and the lowest Young’s modulus values (35.24 ± 3.43 MPa). For limonene
loading content, it was found that the amount of limonene after the film drying step was directly
related to the final physical structure of the film. Among the various tested films, P1M2GO film
had the lowest limonene loading content (59.25 ± 2.09%), which may be because of the presence
of numerous micropores in the P1M2GO film’s matrix. The inhibitory effect against the growth
of S. aureus was compared in normalized value of clear zone diameter using the normalization
value of limonene content in each film. The P1M2GO film showed the highest inhibitory effect
against S. aureus with the normalized clear zone of 11.75 mm but no statistically significant difference.
This study indicated that the orange oil loaded in mango peel pectin film can be a valuable candidate
as antibacterial material for food packaging.

Keywords: antibacterial activity; food packaging; orange oil; pectin film

1. Introduction

Currently, environmental problems and food safety have been of great public concern.
Using packaging materials consisting of biopolymer is considered environmentally advantageous.
Active packing has been defined as ‘a type of packaging in which the package, the product, and the
environment interact to extend shelf life or improve safety and convenience or sensory properties,
while maintaining the quality and freshness of the product [1]. One of the major concerns of the food
industry is the spoilage of foods and food poisoning caused by microbial contamination, which occurs
mainly on the surface as a result of the post processing and food handling process [2]. Thus, packaging
possessing an antimicrobial property might be novel and gain interest for active packaging to be used
in the food industry.

Pectin, one of the main structural water-soluble polysaccharides derived from plant cell walls,
has been utilized in several fields, such as the pharmaceutic, cosmetic, and food industries, because of
its excellent gelling property. Moreover, pectin can be extracted by simple methods from various plant
materials. Mango peel, which is an agro-waste substantially arisen from fruit processing products in
Thailand, was found to be a rich source of pectin [3–5].
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Natural aromatic compounds and flavors such as fruit and vegetable essential oils are also
extensively used in the food industry. For one clear example, orange oil exhibiting a significant
bacterial inhibitory effect is one of the most beneficial and frequently used essential oils. Limonene,
a major constituent found in orange oil, has been an active compound implicated in an antimicrobial
property [6]. Limonene is a clear liquid at 25 ◦C with a citrus-like taste and odor. It is slightly soluble
in glycerol, soluble in ethanol and carbon tetrachloride, and miscible with fixed oil. Limonene has
demonstrated antibacterial activity as has been shown to inhibit the growth of many bacterial species
in vitro, for example, Staphylococcus aureus, Salmonella enteritidis, Escherichia coli, Klebsiella pneumoniae,
and Proteus vulgaris [7–9]. Limonene, a lipophilic compound, is able to penetrate through lipids
of a bacterial cell, distribute cell structure, and render them more permeable. Then, it causes cell
death by extensive leakage of intracellular fluid and ions [10]. There were some previous studies
of film loading bioactive compounds that showed antimicrobial activity for preservative packaging.
For example, gelatin film containing bergamot and lemongrass essential oils against Escherichia coli,
Listeria monocytogenes, Staphylococcus aureus, and Salmonella typhimurium. Hydroxy methylcellulose
film incorporated with kiam wood extract against E. coli, S. aureus and L. monocytogenes and starch film
containing saponin against E. coli, S. typhi, and E. erogenous [11–13]. In the current study, the bio-based
packaging materials have been developed by incorporating selected components, that is, essential oil
derived from oranges, into a mango pectin film packaging model. The developed orange oil loaded
pectin films were characterized and evaluated for their antibacterial activity against S. aureus.

2. Materials and Methods

2.1. Materials

Commercial low methoxy pectin (LMP; Unipectine OF300C; DE = 30% and DA = 0%) was
purchased from CargillTM , Saint Germain, France. Orange oil was purchased from Thai-China flavors
and Fragrance Industry Co., Ltd., Nonthaburi, Thailand. Calcium chloride (CaCl2) was purchased
from Merck, Damstadt, Germany. Mueller Hinton agar (MHA) was purchased from Becton Dickinson,
Holdrege, NE, USA. Tryptic soy broth (TSB) was obtained from HiMedia Laboratories Pty. Ltd.,
Mumbai, India. S. aureus (ATCC 25923) was obtained from the BIOTEC, Manassas, VA, USA. Distilled
water served as the solvent for preparing film solutions.

2.2. Mango Pectin

Mangoes (cv. Nam Dokmai) were collected from Chiang Mai province in Thailand, during June
to August 2018. The mangoes were washed and the peels were stripped with a peeling knife, and then
dried in a hot air oven at 50 ± 2 ◦C. The dried peel was ground to a fine powder using a high-speed
food processor, and was then screened using a sieve (number 30; diameter 0.6 mm). Pectin from mango
peel was extracted using the microwave-assisted method [14]. First of all, mango peel powder was
mixed with acidified water pH 1.5. The mixture was extracted using microwave oven, irradiated
at a frequency of 2450 MHZ at 500 W for 20 min. Then, it was centrifuged at 9000 rpm for 10 min.
After that, supernatant was precipitated with ethanol and the precipitated pectin was washed by
ethanol three times. The mango peel pectin was dried in hot air oven at 40 ◦C. The dried mango peel
pectin was ground to a fine powder and kept in desiccator for further experiment.

2.3. Identification of Major Compounds of Orange Oil

The major compounds of orange oil used in this study were analyzed by gas chromatography
mass spectrometer (GC-MS analyzer) from Agilent-Technologies (Santa Clara, CA, USA). A split ratio
of 1:650 was used to inject the sample of 1.0 μL. The compounds of the sample were separated using
an HP-5 MS capillary column (30 m × 0.25 mm, film thickness 0.25 μm). The carrier gas was helium
and the flow rate was set as 1.5 mL/min. The data obtained from GC-MS analysis were compared with
the National Institute of Standards and Technology mass spectral library for compound identification.
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2.4. Preparation of Films Loaded with Orange Oil

The minimum inhibitory concentration (MIC) of orange oil against S. aureus was evaluated
before loading orange oil into the film formulations. The MIC was evaluated using the broth dilution
method [8]. Orange oil was prepared in various concentrations from 0.5 to 150 mg/mL by dilution
with Tween® 80. The orange oil concentration above MIC was then selected and used for loading in the
prepared film, using the ionotropic gelation with solvent casting techniques [15]. Briefly, film forming
solution 3% w/v was prepared using commercial low methoxyl pectin (P) mixed with the extracted
mango peel pectin (M) in various ratios with and without 40% glycerol (G), basic on dry pectin
weight as the plasticizer. Orange oil (3% w/w) was added into pectin solution and then mixed until
a homogeneous mixture was obtained. After that, the steps that were previously described were
followed [15]. The film without mango pectin nor glycerol was used as a control film (P3M0O) in
order to focus on the effect of mango pectin in thin film formulation. Furthermore, only mango pectin
cannot form gel by this technique. Thus, the combinations of both pectin in the film formulation
were prepared.

2.5. Characterization of Films Loaded with Orange Oil

The mechanical properties of the films loaded with orange oil were tested by a texture analyzer
TX.TA plus (Stable Micro Systems, Surrey, UK). Each experiment was repeated six times. The tensile
strength, percent elongation, and Young’s modulus was calculated [15]. The film morphology was
examined using scanning electron microscopy (SEM, JSM-5410LV, JEOL Ltd., Peabody, MA, USA).
The SEM were performed at 15 kV under low vacuum mode. The morphology of film’s matrix at
magnifications of ×500 was evaluated.

2.6. Limonene Loading Content

The limonene loading content in the films was determined using GC-MS, which was previously
described [16]. The limonene loading was calculated by the following equation: %Limonene loading =
the actual quantity of limonene/the theoretical quantity of limonene × 100.

2.7. Film Sterility Test

Films containing orange oil were cut into a circle with a diameter of 4.0 mm, which is the same
size as the disc that was used in the anti-bacterial activity test. The cut films were sterilized by ethylene
oxide and tested for sterility by the direct inoculation in culture medium method [17,18]. Tryptic soy
broth media and its containing S. aureus were used as negative and positive control, respectively.
Film samples were placed in the media and evaluated the microbial growth sign by visual observation
after incubation at 37 ± 2 ◦C for seven days.

2.8. Anti-Bacterial Activity of Films Loaded with Orange Oil

In vitro anti-bacterial activity of films was determined using the agar disc diffusion method [19].
S. aureus was activated in TSB and incubated for 6–10 h. Absorbance was then measured at 600 nm.
The activated S. aureus turbidity had to equal 108 cfu/mL and was used and cultivated on MHA plates.
The films loaded with orange oil were put onto the MHA plate. Ampicillin was also used as a positive
control. After that, the MHA plates were incubated at 37 ◦C for 24 to 48 h, and the diameter of the clear
zone was measured, including the diameter of the film or disc, using a Vernier caliper. Each experiment
was performed in triplicate.

2.9. Statistical Analysis

An analysis of variance (ANOVA) was carried out with SPSS software version 16.0 (SPSS Inc.,
Chicago, IL, USA).
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3. Results and Discussion

3.1. Identification of Orange Oil

GC-MS analysis of orange oil showed 19 known compounds including hydrocarbons, aldehydes,
alcohol, and ketone (Table 1). The major compound of the oil was limonene (84.57%), which was
exhibited at the retention time of 4.801 min. Other compounds were also found in the oil, such as
cis-limonene oxide (1.86%), β-myrcene (1.06%) and trans-limonene oxide (0.88%). Thus, limonene
was used as the marker for further experiments in this study. Previous studies have also identified
limonene to be the major component (67.44–94.50%) in orange oil [20–22].

Table 1. Identified compounds of orange oil. GS-MC—gas chromatography mass spectrometer.

Compound GC-MS RT (min) Peak Area (%)

2-Thujene 3.623 0.46
3-p-Menthene 3.708 0.06
β-Myrcene 3.874 1.06

Octanal 4.097 0.21
3-Carene 4.309 0.06
Limonene 4.801 84.57

1,2-Dimethylcyclobutane 5.597 0.13
Linaolool oxide 5.705 0.08

Linalool 6.375 0.77
cis-Limonene oxide 7.313 1.86

trans-Limonene oxide 7.433 0.88
α-Terpineol 8.990 0.25

Decanol 9.396 0.33
Carveol 9.842 0.67
Carvone 10.592 0.76
Farnesol 13.350 0.49

9,11-Dodecadien-1-ol 15.719 0.10
1,5-Cyclooctadiene, 1,5-dimethyl 16.125 0.06

Valencene 18.225 0.10

3.2. Morphology and Mechanical Properties of Film Loaded with Orange Oil

All film formulations’ compositions are shown in Table 2. The film without orange oil (P1M2 film)
exhibited a smooth surface with dense matrix, whereas orange oil films showed rough surface with
the presence of micropores inside the film’s matrix. When orange oil was loaded, we observed the
increasing of the thickness of orange oil films, which was related to the size and amount of micropores
inside the film’s matrix (Table 2 and Figure 1). The more orange oil evaporated, the greater the number
and size of micropores, which resulted in a loose structure of the matrix and increased film thickness.
Our results are consistent with Jouki et al. 2014, which found that quince seed film showed the loose
film’s matrix when oregano oil was incorporated [23]. Furthermore, in a previous study, the effect of
grape pomace extract in chitosan film was investigated. Film structure discontinuities were induced
by incorporation of wax or oil into the polysaccharide matrix [24]. Moreover, this study found that
the greater the mango peel pectin ratio, the greater the number of micropores as seen in P3M0O film
dense film matrix with less micropores than P1M2O film. The mechanical properties of films loaded
with orange oil are shown in Table 3. Young’s modulus of P1M2GO film significantly decreased to
35.24 MPa compared with 145.34 MPa for this film without orange oil. These results may be because of
the amount of micropores in the polymer matrix. A previous study showed that quine seed mucilage
films incorporated with the highest amount of oregano essential oil, which had many micropores,
exhibited the best mechanical properties with the lowest tensile strength and Young’s modulus, as well
as the highest percent elongation. The works of [23,25] also found that percent elongation of citrus
pectin film incorporated with clove bud oil increased as a result of oils existing in the film matrix in
the form of oil droplets, which can be easily deformed and improve the film’s extensibility.
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Figure 1. Scanning electron microscopy (SEM) of film’s matrix of P3M0O (a), P1M2O (b), P1M2GO (c),
and P1M2 (d) films.

Table 2. Film composition and thickness. LMP—low methoxy pectin.

Film Code

Composition

Thickness
(μm)

LMP (% w/v of
Pectin

Solution)

Mango Peel Pectin
(% w/v of Pectin

Solution)

Glycerol (%
w/w Based on
Pectin Weight)

Orange Oil (%
w/w of Pectin

Solution)

P3M0O 3 0 - 3 52.94 ± 0.21
P1M2O 1 2 - 3 58.82 ± 0.23

P1M2GO 1 2 40 3 70.58 ± 0.18
P1M2 1 2 - - 25.71 ± 0.11

Table 3. Orange oil loading content, tensile strength, elongation, and Young’s modulus of films
containing orange oil.

Film Code
Orange Oil
Loading (%)

Tensile Strength
(MPa)

Elongation
(%)

Young’s Modulus
(MPa)

P3M0O 86.17 ± 3.41 a 6.12 ± 1.18 a 2.28 ± 0.15 a 266.04 ± 35.39 a

P1M2O 70.10 ± 1.03 a 3.12 ± 1.23 b 2.57 ± 0.10 a 126.91 ± 42.32 b

P1M2GO 59.25 ± 2.09 b 4.54 ± 0.18 c 12.93 ± 0.89 b 35.24 ± 3.43 c

P1M2 - 4.98 ± 0.54 c 6.15 ± 0.88 c 145.34 ± 31.77 b

Note: For each test, the different letters are statistically different (p < 0.05).

3.3. Limonene Oil Loading Content

The limonene loading contents of films loaded with orange oil are shown in Table 3. The highest
limonene loading content (86.17%) was obtained from P3M0O film, whereas P1M2GO film exhibited
the lowest limonene loading content (59.25%). This result found that the texture of the orange oil
film played an important role in limonene loading contents. Micropores indicated that orange oil
had evaporated from the polymer matrix. Film with a lower amount and smaller size of micropores,
like P3M0O, can encapsulate more limonene content. While the P1M2GO film with larger amount and
size of micropores showed the lowest limonene content.

3.4. Film Sterility and Anti-Bacterial Activity

The product sterility test was used to confirm that the film samples were sterile, before testing
the anti-bacterial activity. In sterility test, there was no microbial growth in any of the film samples.
Growth of S. aureus was observed in the positive control, while no sign of S. aureus growth was observed
in the negative control. The results of examination of the anti-microbial activity of films against S. aureus
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using the agar disk diffusion method are shown in Table 4. All films loaded with limonene exhibited
a clear zone. In the direct comparisons of the clear zone diameter of film formulations containing
different limonene loading content, the P3M0O film, which had the highest limonene loading content
(86.17%), showed the widest clear zone diameter (10.02 mm), whereas P1M2GO film, which exhibited
the lowest limonene loading content (59.25%), showed the smallest clear zone diameter (8.08 mm).
Thus, the anti-bacterial activity of the films in this study was dependent on the amount of limonene
remaining in the film. Generally, in a hydrophilic polymer such as pectin, water molecules from agar
penetrate into the polymer matrix resulting in swelling of film; thus gradually widening the meshes of
the polymer network and leading to greater release of active compounds into the surroundings [22].
However, in order to normalize limonene content in each film, the normalized clear zone was calculated
and presented in Table 4. Interestingly, the normalized clear zone dimeter of P1M2GO film (11.75 mm)
was higher than the others, but no statistically significant difference existed between the films. It may
be concluded that when we consider film composition in the same amount of limonene loading content,
the P1M2GO film, which showed better mechanical properties, tended to show higher anti-bacterial
activity. In addition, our recent study found that loading orange oil in the form of microemulsion
was able to reduce micropores in the film’s matrix and increase limonene loading capacity as well as
anti-bacterial activity [16].

Table 4. Anti-bacterial activity of films against S. aureus.

Sample Clear Zone Diameter (mm) Normalized clear Zone (mm)

P3M0G film ND ND
P3M0O film 10.02 ± 0.03 10.02
P1M2O film 8.76 ± 0.01 10.77

P1M2GO film 8.08 ± 0.01 11.75
P1M2 film ND -

Orange oil (100 mg/disc) 9.64 ± 0.01 -
Tween® 80 ND -

Ampicillin (6.25 μg/disc) 9.82 ± 0.01 -

Note: ND = not detected. Normalized clear zone (nm) = (limonene content of P3M0O/limonene content of each
film) × clear zone diameter of each film.

4. Conclusions

Films loaded with orange oil were prepared and their morphology, tensile properties, loading
content, and anti-bacterial activity were investigated. The addition of orange oil decreased the
Young’s modulus value, which appears to be related to the amount of micropores in the film’s matrix.
Interestingly, the P1M2GO film, which had the best mechanical properties, exhibited the lowest
limonene loading content (59.25%). For the test of anti-microbial against S. aureus, the P1M2GO film
showed the highest normalized clear zone (11.75 mm), but no significant difference existed. This study
indicated that the orange oil loaded in mango peel pectin film can be a valuable candidate as an
antibacterial material for food packaging. However, this orange oil film needs further development,
especially the increasing of the limonene loading content. Other technologies such as preparation
of orange oil in micro-emulsion or nano-emulsion could be used in order to enhance the limonene
loading content.
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Abstract: This work describes the fabrication of antimicrobial multilayered polymeric films
containing carvacrol (used as a model essential oil) by co-extrusion and multiplication technique.
The microlayering process was utilized to produce films, with up to 65 alternating layers, of
carvacrol-containing low-density polyethylene (LDPE) and ethylene vinyl alcohol copolymer (EVOH).
Carvacrol was melt compounded with LDPE or loaded into halloysite nanotubes (HNTs) in a
pre-compounding step prior film production. The detailed nanostructure and composition (in
terms of carvacrol content) of the films were characterized and correlated to their barrier properties,
carvacrol release rate, and antibacterial and antifungal activity. The resulting films exhibit high
carvacrol content despite the harsh processing conditions (temperature of 200 ◦C and long processing
time), regardless of the number of layers or the presence of HNTs. The multilayered films exhibit
superior oxygen transmission rates and carvacrol diffusivity values that are more than two orders of
magnitude lower in comparison to single-layered carvacrol-containing films (i.e., LDPE/carvacrol and
LDPE/(HNTs/carvacrol)) produced by conventional cast extrusion. The (LDPE/carvacrol)/EVOH
and (LDPE/[HNTs/carvacrol])/EVOH films demonstrated excellent antimicrobial efficacy against E.
coli and Alternaria alternata in in vitro micro-atmosphere assays and against A. alternata and Rhizopus
in cherry tomatoes, used as the food model. The results presented here suggest that sensitive essential
oils, such as carvacrol, can be incorporated into plastic polymers constructed of tailored multiple
layers, without losing their antimicrobial efficacy.

Keywords: antimicrobial; EVOH; essential oils; carvacrol; halloysite nanotubes; multilayered films

1. Introduction

Polymeric materials with antimicrobial activity have gained significant interest over the past
decade. These polymers hold immense potential in combating bacterial and fungal contaminations,
including those involving pathogenic microorganisms [1–3]. Among these polymeric systems,
biocide-releasing polymers, in which molecules or nanoparticles with biocidical activity are released
from the polymer matrix, have been increasingly studied [4,5]. However, potential health and safety
risks associated with the release of synthetic antimicrobials (e.g., antibiotics) and nanoparticles could
limit the application of these materials [2]. Essential oils (EOs), which are natural and highly-effective
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antimicrobials against both bacteria and fungi [6], are categorized as GRAS (generally recognized as
safe) by the Food and Drug Administration (FDA). Numerous studies have highlighted the immense
potential of these antimicrobial compounds in food packaging, pharmaceuticals and hygiene [7–10].
The incorporation of EOs into polymers offers significant advantages in terms of their broad spectrum
activity, safety, and as they can be released as a vapor, their antimicrobial function does not require
direct contact with the target microorganism [10–14]. Yet, the integration of these sensitive compounds
with commodity polymers using conventional manufacturing techniques is challenging, due to their
loss during high-temperature processing and diminished antimicrobial efficacy [15–20].

In our recent studies, we have demonstrated that Halloysite nanotubes (HNTs), which are
naturally-occurring clays with a characteristic tubular structure and chemical composition similar
to kaolin [21,22], can serve as active carriers for carvacrol or its synergistic mixture with thymol [23,24].
Entrapment of these model EOs in HNTs was demonstrated to enhance the thermal stability of these
volatile compounds and allowing their high-temperature melt compounding (up to 250 ◦C) with various
polymers, including low-density polyethylene (LDPE) [23,24], polyamide [25] and polypropylene [26].
The resulting polymer nanocomposite films exhibit high EOs content, a sustained release profile of the
volatile compounds, and excellent antimicrobial properties, both in synthetic media and in complex
food systems [23–26]. The capability of processing EOs at high temperatures opens new opportunities to
produce more sophisticated materials with superior properties and advanced functionalities. It should
be noted that several other studies have reported on polymeric films containing EOs encapsulated in
HNTs [27–31]; however, the majority of these films were prepared by solution casting.

In this study, we investigate the feasibility of fabricating complex antimicrobial EOs-containing
multilayered films by layer-multiplication coextrusion [32]. In the latter technique, coextrusion
through a series of layer multiplying dies allows for producing sophisticated films containing
numerous layers with a tailored structure and thickness from the micro- to the nanoscale [32,33].
Herein, we produce multilayered films (number of layers varies from 9 to 65) comprising of
alternating layers of carvacrol-containing LDPE and ethylene vinyl alcohol copolymer (EVOH) by
layer-multiplication coextrusion. EVOH copolymers are well known for their outstanding oxygen
and odor barrier properties [34,35], including organic compounds such as EOs [36]. However, due to
its polar nature, EVOH tends to adsorb moisture which in turn impedes with its barrier properties.
This moisture-dependent behavior was exploited for controlling the release of EOs from EVOH coating
on different polymeric substrates [37–39].

First, carvacrol, a model EO, was loaded into HNTs in a pre-compounding step. Next, the
resulting HNTs/carvacrol hybrids were melt-compounded with LDPE, followed by a high-temperature
multilayer coextrusion process in which the LDPE/(HNTs/carvacrol) compound and EVOH were
coextruded to produce layered (LDPE/[HNTs/carvacrol])/EVOH films. The detailed nanostructure
and composition (in terms of carvacrol content) of the films were characterized and correlated to their
barrier properties, carvacrol release rate, as well as antibacterial and antifungal activity, both in vitro
and in real food systems.

2. Materials and Methods

2.1. Materials

Halloysite Nanotubes (HNTs) were supplied by NaturalNano (Rochester, NY, USA) and dried at
150 ◦C for 3 h prior to use. Low-density polyethylene (LDPE), Ipethene 320, is supplied by Carmel
Olefins Ltd. (Haifa, Israel) with melt flow rate of 2 g/10 min. Carvacrol (1-methyl-4-(1-methylethylidene)
cyclohexene, >97%, CAS 586-62-9), Yeast extract and Tryptone for Lysogeny broth (LB) medium, NaCl,
Bacto agar, Nutrient Broth (NB) medium, Potato Dextrose Agar (PDA) are purchased from Sigma
Aldrich (Rehovot, Israel). NB bacto-agar is purchased from Becton Dickinson (Sparks, MD, USA).

Ethylene vinyl alcohol (EVAL E105B), (EVOH) containing 44 mole percent of ethylene was
purchased from Kuraray, Tokyo Japan. The properties reported by the manufacturer of the EVOH are
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a density of 1.11 g cm−3, a melting temperature of 165 ◦C, a glass transition temperature of 53 ◦C, and
an oxygen transmission rate at 20 ◦C and a 65% relative humidity of 0.03 cc·mm/(m2·day).

2.2. Preparation of HNTs Loaded with Carvacrol

HNTs were dried at 150 ◦C for 3 h prior to use to remove adsorbed moisture. HNTs/carvacrol
hybrids were prepared by shear mixing of carvacrol with HNTs followed by ultrasonication (Vibra cell
VCX 750 instrument, Sonics & Materials Inc., Newtown, CT, USA) at a constant amplitude of 40% for
20 min on ice [23–26]. NOTATION: This procedure should be performed in a fume hood to minimize
inhalation of HNTs [40].

2.3. Preparation of Films

The forced-assembly multilayer coextrusion process was utilized to fabricate several
different multilayer films having alternating layers of LDPE/EVOH, (LDPE/carvacrol)/EVOH,
(LDPE/HNTs)/EVOH and (LDPE/[HNTs/carvacrol])/EVOH. This process, illustrated in Figure 1,
comprises two single screw extruders, two melt pumps, a feed-block and a series of multipliers.
During this process two coextruded polymer melts form three vertical layers within the feed-block.
This three-layer melt structure then proceeds through a series of multipliers. Within each multiplier
the melt is sectioned vertically and reoriented to double the number of layers as shown in Figure 1.
The coextrusion temperature was selected on the rheological compatibility of the LDPE and the EVOH.
The rheological properties of the polymer melts were initially determined as a function of temperature
by using a Kayeness Galaxy 1 melt flow indexer (MFI) at a shear rate of 10 s−1 in order to simulate
the flow conditions during multilayer coextrusion. This analysis identified 200 ◦C as the optimum
multilayer coextrusion temperature. Films having 9, 17, 33 and 65 layers were produced with LDPE
as the outer layers. The film thickness was maintained at a constant 100 μm (note that the actual
film thickness was found to vary across the machine direction from 95 to 105 μm). The composition
ratio between LDPE and EVOH within each film was kept as 80% to 20% as shown in Table 1.
For comparison, LDPE was melt compounded at 150 ◦C with, pure carvacrol and HNTs/carvacrol
hybrids, as shown in Table 1, using a 25-mm twin-screw extruder (Berstorff, Munich, Germany) with
L/D ratio of 25:1 at a screw speed of 300 rpm and feeding rate of 5 kg h−1. Following the melt
compounding process, ~100 μm thick films were prepared by cast extrusion using a 45-mm screw
diameter extruder (Dr. Collin, Ebersberg, Germany) at 150 ◦C.

 

Figure 1. Schematic illustration of the coextrusion and multiplication line used for the fabrication of
the multilayered films.
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Table 1. Composition of the studied multilayered films. The thickness of all films was maintained
constant at 100 μm.

System
LDPE/EVOH

Ratio
No. of Layers

Carvacrol Content
* (w/w %)

HNTs Content
(w/w %)

LDPE/EVOH 80/20 9, 17, 33, 65 0 0
(LDPE/carvacrol)/EVOH 80/20 9, 17, 33, 65 6 0

(LDPE/HNTs)/EVOH 80/20 9, 17, 33, 65 0 3
(LDPE/[HNTs/carvacrol])/EVOH 80/20 9, 17, 33, 65 6 3

Neat LDPE N/A 1 0 0
LDPE/carvacrol N/A 1 4 0

LDPE/(HNTs/carvacrol) N/A 1 4 2

* Refers to initial carvacrol content in LDPE.

2.4. Characterization of Films

2.4.1. High-Resolution Scanning Electron Microscopy

For cross-sectional high-resolution scanning electron microscope (HR-SEM) imaging, a polymer
film was embedded in epoxy (Agar 100 resin, Agar Scientific, Stansted, UK) cured at 60 ◦C for 24 h.
The cured epoxy block was then sectioned (along the transverse direction) at −120 ◦C in liquid
nitrogen by a diamond knife mounted on Reichert Ultracut Ultra-microtome. The morphology of
the cross-sectioned films was studied using a Carl Zeiss Ultra Plus instrument operated at 1 keV
accelerating voltage.

2.4.2. Thermal Gravimetric Analysis (TGA)

The post-processing content of carvacrol in the films was investigated by thermal gravimetric
analysis (TGA) using a TGA-Q5000 system (TA Instruments, Newcastle, DE, USA). The films were
heated under nitrogen atmosphere from room temperature to 600 ◦C at a heating rate of 20 ◦C
min−1. The results were analyzed using Universal Analysis 200 version 4.5A build 4.5.0.5 software.
The measurements were performed in triplicates, at least. The mass loss at 225 ◦C was attributed to the
total volatile content. The carvacrol content within films was calculated by subtracting total volatile
content within corresponding reference films (attributed to moisture) from the total volatile content
within carvacrol-containing films.

2.4.3. Carvacrol Release Studies

The accelerated release of carvacrol from the films was studied by isothermal gravimetric analysis
using a TGA-Q5000 system at a constant temperature of 60 ◦C under nitrogen atmosphere, until a
constant mass was attained.

Several methods have been reported to characterize the diffusion of active agents and other
additives in polymers [41–45]. In this study, we express the diffusion coefficient from the initial linear
slope of the fractional mass release ratio vs. t1/2 according to Equation (1) [41,45].

mt

m∞
= 4

(
Dt
πl2

)1/2
(1)

where mt and m∞ are the amounts of additive (carvacrol) released from the film at time t and at
equilibrium t = ∞, respectively, D (m2 s−1) is the diffusion coefficient and l is the overall film thickness.
The thickness values of the specimens were determined with an accuracy of ±1 um using a hand-held
micrometer (Hahn & Kolb, Stuttgart, Germany). Five readings were taken for each sample and the
results were analyzed for their statistical significance using ANOVA with significance reported at the
0.05 probability level.
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2.4.4. Oxygen Transmission Rate

Oxygen flux rates J(t) for the extruded multilayer films comprising LDPE/EVOH, (LDPE/HNTs)/
EVOH, (LDPE/carvacrol)/EVOH, (LDPE/[HNTs/carvacrol])/EVOH and the control neat LDPE film
were all determined using a MOCON (Minneapolis, MN, USA) OxTran 2/20 unit. The measurements
were carried out at 1 atm pressure at 23 ◦C (+0.1) and a 65% relative humidity. The instrument was
calibrated at 23 ◦C using a NIST-certified Mylar film with known oxygen transport characteristics.
The oxygen transmission rate (OTR) value for each film was calculated according to Equation (2) from
steady-state flux, J, rates,

OTR = J
l

Δp
(2)

where, l is the overall film thickness and Δp is partial pressure difference of the oxygen across the film.
The average reported P(O2) values were taken from at least two samples. The OTR values are reported
as [cc·mm/(m2·day)].

2.4.5. Antimicrobial In Vitro Assays

Micro-atmosphere diffusion antimicrobial assays: The antibacterial activity of the films was
evaluated by measuring the inhibition of Escherichia coli (E. coli, ATCC 8739) growth by a modified
micro-atmosphere diffusion method on LB agar [46]. E. coli was maintained on polystyrene beads
at −80 ◦C and a bacterial culture was prepared by incubating one polystyrene bead in 5 mL of LB
medium for 16 h at 37 ◦C under shaking (250 rpm). Subsequently, the culture was diluted with 0.85%
w/w NaCl in distilled water to obtain a bacterial stock solution at a concentration of 103 colony forming
units (CFU) mL−1. Petri dishes containing LB agar were seeded with 0.1 mL of 103 CFU mL−1 E. coli
stock culture, and a film sample (with an area of ~36 cm2) was attached using a double-sided tape to
the center of the Petri dish lid, assuring no direct contact between the film and the agar. The plates
were tightly sealed with Parafilm® and incubated for 12 h at 37 ◦C. The antibacterial potency of the
films was estimated by measuring the observed inhibition zone below the films. All measurements
were performed in triplicates Neat LDPE, LDPE/EVOH and (LDPE/HNTs)/EVOH films were used
as reference materials.

Micro-atmosphere diffusion antifungal assay: Alternaria alternata (A. alternata; source: tomato)
a phytopathogenic, clinical and food spoilage fungi was cultured on 1% potato dextrose agar (PDA:
10 g L−1; Bacto-agar: 15 g L−1 in deionized water) at 25 ◦C in the dark. Film efficacy was tested as
follows: agar plugs (diameter = 6 mm) were removed from the edges of a 5 days old growing colony
with a cork-borer. The plugs were placed at the center of a 9-cm Petri dish onto 1% PDA. Then, a film
sample (6 × 6 cm; 36 cm2) was attached with a double-sided masking-tape to the center of the Petri
dish lid (see previous section). The plates were tightly sealed with Parafilm™ and incubated inverted
for 5 days at 25 ◦C in the dark. Neat LDPE, LDPE/EVOH and (LDPE/HNTs)/EVOH films were
used as references. Following 5 days incubation, the diameter of the growing colonies was recorded,
subtracting the diameter of the mycelial agar plug. Growth rate reduction was calculated as per-cent
of Neat LDPE control.

Micro-atmosphere diffusion antifungal in vivo bioassay: The efficacy of the films to extend the
shelf life of products was examined using cherry tomato as a model. Fresh cultures of the decay
causing molds A. alternata and Rhizopus spp. (source: tomato) were prepared by transferring mycelial
fragments onto 1% PDA in 9-cm Petri dish and incubating inverted in the dark for 5 days at 25 ◦C.
Fresh cherry tomatoes were purchased at the local grocery store. The tomatoes were surface sanitized
with by thoroughly washing in tap water to remove dust followed by immersion in 10% bleach for
10 min. Then the tomatoes were rewashed with tap water and let dry on clean paper towels on the
bench. Inoculation was carried out by puncturing the tomato with a sanitized scalpel, creating a 1
mm long × 1 mm deep wound. Mycelial plugs (1 × 1 mm) of A. alternata and of Rhizopus spp. (each
tested separately) were placed directly on the fresh wound. The bioassays were carried out in 6-wells
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plate. Film samples were situated at the bottom (2 × 2 cm) and circumference (10 × 1 cm) of each well.
An additional film piece (2 × 2 cm) was attached to a ’SealPlate’ cover (Excel Scientific Inc., Victorville,
CA, USA), which was used to seal the entire plate at the top, creating a packaging simulation. The test
system was incubated at 23 ◦C in the dark for 4 days. Each film sample was tested in triplicates and
fungal growth was quantified as a binomial outcome (growth vs. no growth).

3. Results

3.1. Films Preparation and Morphology

The production of the nanocomposite multilayered films consists of several processing steps. First,
carvacrol was loaded onto dry HNTs by shear mixing and ultrasonication, producing HNTs/carvacrol
hybrids [23,25,26]. The latter were melt compounded with LDPE in a single screw extruder
and LDPE/(HNTs/carvacrol) pellets were obtained. Finally, multilayered nanocomposite films
were prepared by forced-assembly layer-multiplying coextrusion with alternating layers of the
LDPE/(HNTs/carvacrol) and EVOH, termed as (LDPE/[HNTs/carvacrol])/EVOH films. The films
were processed through 2, 3, 4 and 5 multipliers in a multiplication extrusion system, depicted in
Figure 1, resulting in films with 9, 17, 33 and 65 layers. The total film thickness was maintained constant
at 100 μm, while the weight ratio of LDPE/(HNTs/carvacrol) to EVOH was 80 to 20. Multilayered films
of LDPE/EVOH, (LDPE/HNTs)/EVOH and (LDPE/carvacrol)/EVOH were produced using the same
procedure. For comparison, single-layered neat LDPE, LDPE/carvacrol and LDPE/(HNTs/carvacrol)
films were also produced by conventional blown extrusion. All carvacrol-containing films were
transparent and continuous, with a slight yellow tint due to carvacrol presence (see Figure S1 in
Supplementary Materials).

The films’ structure and morphology were studied by HR-SEM. Figure 2 presents characteristic
micrographs of the cross-sectioned multilayered films. The films exhibit intact and continuous
alternating layers throughout their cross-section. The calculated periodicity of the 100-μm thick
65-layer LDPE/EVOH 80/20 films is approximately 1.5 μm, consisting of alternating layers of ~1.3
μm LDPE and ~0.2 μm EVOH. Nevertheless, our microscopy studies reveal that the thickness of the
individual layers is not consistent throughout the film’s cross-section, see Figure 2b,e. This behavior
was also observed for all studied films, regardless of the number of layers. The HNTs are observed
to be well dispersed in the LDPE matrix, and aggregates or percolating networks are not detected
(see Figure 2d,e). In Figure 2f the individual HNTs are clearly observed to protrude from the film’s
surface, as they are oriented in the machine direction. These results coincide well with our previous
studies [23,25,26]. In general, HNTs are reported to be easily dispersed in many polymers owing to
their weak cohesion, lacking strong primary interactions, mainly relying on secondary hydrogen bonds
or van der Waals forces [47]. Some of the HNTs are observed to penetrate into the thin EVOH layers,
however, it is impossible to determine whether it occurred during film production or was introduced
during film cryo-cross sectioning.

196



Polymers 2018, 10, 864

 

Figure 2. HR-SEM images of cryo-fractured cross-sections of (a–c) a 65-layer (low-density
polyethylene (LDPE)/carvacrol)/ethylene vinyl alcohol copolymer (EVOH) film; and (d–f) a 65-layer
(LDPE/[halloysite nanotubes (HNTs)/carvacrol])/EVOH film, at a low magnification demonstrating
the entire film thickness, medium and higher magnifications. HNTs appear to be finely dispersed
in the LDPE layer, marked by arrows for clarity. Note that the films were cross-sectioned in the
transverse direction.

3.2. Thermal Gravimetric Analysis (TGA)

As the multiplication extrusion technique process involves high exerted temperatures and long
processing time (10–15 min), it may not be suitable for the processing of blends containing sensitive and
bioactive ingredients. Specifically, highly volatile compounds such as carvacrol. Therefore, carvacrol
retention in the multilayer films is highly important as it will determine their resulting antimicrobial
functionality. The pre-processing carvacrol content in the films was 4.8% w/w, while the total carvacrol
content in the films (i.e., post melt-compounding and film production) was determined by TGA and
the results are summarized in Table 2. For most films, the carvacrol concentration is found to vary
between 3.1–3.4% w/w, indicating that >60–70% of the initial carvacrol content is retained during the
high-temperature processing steps. It should be noted that in this case, the entrapment of carvacrol
within HNTs (prior to melt compounding) was not found to significantly affect its residual content
within the films. Our previous studies have demonstrated that carvacrol loading into HNTs was
crucial to achieve high EO content in LDPE (~70%) and prolonged antimicrobial performance [23,24].
It should be noted that in these studies the LDPE processing temperature was only 140 ◦C and films
were prepared by compression molding and blown extrusion.

We suggest that the unique layered microstructure of the films, incorporating EVOH, which
is known for its outstanding low permeability to organic vapors (including flavors and aroma
compounds) [48], delays the loss of carvacrol during the extended high-temperature processing and
results in a high final carvacrol content within film [36]. Thus, our results demonstrate that carvacrol can
withstand the harsh conditions (high temperature and shearing) applied during the layer-multiplying
coextrusion forced-assembly, resulting in uniform and transparent carvacrol-containing multilayered
LDPE/EVOH films.
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Table 2. Carvacrol content in the different films as measured by Thermal Gravimetric Analysis
(TGA) (the number in parenthesis indicate the standard deviation obtained from at least three
independent experiments).

Polymer Films No. of Layers
Pre-Processing Content

of Carvacrol (% w/w)
Post-Processing Content of
Carvacrol by TGA (% w/w)

(LDPE/carvacrol)/EVOH 9 4.8 3.2 (0.1)
(LDPE/carvacrol)/EVOH 17 4.8 3.1 (0.1)
(LDPE/carvacrol)/EVOH 33 4.8 3.4 (0.1)
(LDPE/carvacrol)/EVOH 65 4.8 2.9 (0.2)

(LDPE/[HNTs/carvacrol])/EVOH 9 4.8 3.2 (0.1)
(LDPE/[HNTs/carvacrol])/EVOH 17 4.8 3.4 (0.2)
(LDPE/[HNTs/carvacrol])/EVOH 33 4.8 3.2 (0.1)
(LDPE/[HNTs/carvacrol])/EVOH 65 4.8 3.3 (0.1)

3.3. Carvacrol Release Studies

The release kinetics of the volatile antimicrobial agent from the film is crucial for determining
its antimicrobial performance and potential applicability as a packaging material. Moreover, the
ability to control the release kinetics is desired for tailoring the material’s properties for a specific
application or condition [49]. TGA was used to characterize the carvacrol release from the different
films by monitoring their weight loss over time at a constant temperature (60 ◦C) [26,50], and Table 3
presents the calculated effective diffusion coefficient values. The highest value of effective carvacrol
diffusivity was obtained for LDPE/carvacrol films, while the addition of HNTs slows down the
out-diffusion of carvacrol from the LDPE/(HNTs/carvacrol) films. This effect, was already described
in our earlier work and is ascribed to the effective role of HNTs as nano-carrier for carvacrol in LDPE
systems [23]. Incorporation of EVOH in the layered films has significantly lowered the effective
carvacrol’s diffusivity by more than 2 orders of magnitude in comparison to LDPE/carvacrol and
LDPE/(HNTs/carvacrol) films. This profound effect may be attributed to the high-barrier EVOH
layered structure of the films. EVOH is well-known for its outstanding barrier properties and was
shown to profoundly reduce fragrance and aroma migration [36]. The number of layers was not found
to affect the effective carvacrol’s diffusivity, while the addition of HNTs induced a slight increase
in diffusivity. The latter may be ascribed to the penetration of HNTs (which are 0.2 to 2 μm length)
into the EVOH layers, as was observed in Figure 2, disrupting the layer integrity and enhancing
carvacrol diffusion. It should be noted that in order to eliminate the plasticizing effect of water on the
EVOH properties, carvacrol diffusivity was measured in dry conditions. Previous studies revealed
that humidity significantly facilitates diffusion of carvacrol in EVOH systems [39,51,52].

Table 3. Calculated effective diffusivity values for carvacrol from various films at 60 ◦C. Determined
by fitting the mathematical model for short times diffusion-limited desorption from a polymer film
surface to the release profile of carvacrol from the films measured by TGA (the number in parenthesis
indicate the standard deviation obtained from at least three independent experiments).

Polymer Film No of Layers Carvacrol Effective Diffusivity ×1014, m2 s−1

(LDPE/carvacrol)/EVOH 9 1.11 a (0.19)
(LDPE/carvacrol)/EVOH 17 1.57 b (0.23)
(LDPE/carvacrol)/EVOH 33 2.22 c (0.37)
(LDPE/carvacrol)/EVOH 65 1.35 a,b (0.22)

(LDPE/[HNTs/carvacrol])/EVOH 9 2.45 e (0.08)
(LDPE/[HNTs/carvacrol])/EVOH 17 2.39 e,d (0.33)
(LDPE/[HNTs/carvacrol])/EVOH 33 2.54 e,d (0.39)
(LDPE/[HNTs/carvacrol])/EVOH 65 2.76 d (0.02)

LDPE/carvacrol 1 418 f (72)
LDPE/(HNTs/carvacrol) 1 285 g (24)

a,b,c,d,e,f,g—note that values with different superscripts are statistically different.
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3.4. Oxygen Transmission Rate

The oxygen transmission rate (OTR) values of the multilayered films and the reference
single-layers were measured and the results are summarized in Table 4. The OTR values for the
carvacrol-containing multilayered LDPE/EVOH films are at least two orders of magnitude lower in
comparison to those of LDPE/carvacrol and LDPE/(HNTs/carvacrol) films, demonstrating the role
of EVOH as a barrier layer. In general, all carvacrol-containing films exhibit higher OTR values than
their corresponding references. This effect may be attributed to the plasticizing effect of carvacrol on
the polymer matrix [26,53], In the multilayered films, diffusion of carvacrol from LDPE layers to the
EVOH layers, where it plasticized the EVOH matrix triggering increase in OTR.

Table 4. Oxygen transmission rate (OTR)(O2) [cc·mm/(m2·day)], of the films (the number in
parenthesis indicate the standard deviation obtained from at least three independent experiments).

Systems
No. of Layers

9 17 33 65

LDPE/EVOH 0.26 (0.03) 0.29 (0.02) 0.35 (0.02) 0.41 (0.02)
(LDPE/carvacrol)/EVOH 1.49 (0.04) 1.67 (0.04) 1.94 (0.04) 2.14 (0.06)

(LDPE/HNTs)/EVOH 0.26 (0.02) 0.28 (0.01) 0.30 (0.02) 0.33 (0.02)
(LDPE/[HNTs/carvacrol])/EVOH 1.36 (0.19) 2.31 (0.06) 2.52 (0.09) 3.24 (0.11)

LDPE/carvacrol 237.0 (6.5)
LDPE/(HNTs/carvacrol) 254.2 (7.0)

Neat LDPE 181.1 (5.1)

3.5. Antimicrobial Assays

To evaluate the biofunctionality of the carvacrol in the films in terms of its antimicrobial activity,
we studied the effect of the carvacrol-containing films on the growth of common bacterial and fungal
microorganisms. The Gram-negative Escherichia coli (E. coli) was chosen as a model bacterial species as
some of its strains are widely-spread foodborne pathogens. The fungus used was Alternaria alternate
(A. alternate), a phytopathogen with clinical and food spoilage relevance [54]. Figure 3 depicts
characteristic images of Petri dishes after the exposure of the two model microorganisms to the different
films. All carvacrol-containing films were found to exhibit full inhibition of E. coli growth. Figure 3a
shows a colony-free dish after 16-h incubation with the 9-layer (LDPE/[HNTs/carvacrol])/EVOH film,
while for films without carvacrol the development of E. coli colonies was unhindered (see Figure 3b).
All carvacrol-containing films also display a strong antifungal activity, as presented in Figure 3 and
Table 5. The films completely arrest hyphal growth and sporulation of A. alternata as can be observed
in Figure 3c. Whereas, for all carvacrol-free films no effect on fungal development is observed (see
Table 5 and Figure 3d).

So far, all carvacrol-containing films have demonstrated excellent in vitro antimicrobial activity
in micro-atmosphere diffusion assay against E. coli and A. alternata on synthetic LB and PDA agar,
respectively. However, EOs often exhibit inferior antimicrobial performance in real foods comparing
to antimicrobial assays in vitro. The latter is ascribed to greater availability of nutrients in real foods
comparing to synthetic growth media, which allows microorganisms to repair damage faster, and
to possible interactions of EOs with various food components (e.g., fats, proteins and sugars) and
other extrinsic factors (such as temperature, pH etc.) [55]. Thus, assessing antimicrobial activity of
the films in real food systems is important for assessing their potential application of these films
as antimicrobial packaging. Herein, the antifungal efficacy of the films was investigated using
cherry tomatoes as a relevant model and A. alternata and Rhizopus spp. as model microorganisms for
postharvest decay causing molds. Figure 4a,c show the outstanding antifungal activity of a 9-layer
(LDPE/[HNTs/carvacrol])/EVOH film; a complete fungal growth inhibition is evident by the lack
of mycelial growth and sporulation on cherry tomatoes. Table 5 summarize the in vivo efficacy of the
studied films and the results demonstrate that carvacrol-containing films exhibit a complete fungal
growth inhibition, while the reference films (no carvacrol) showed insignificant effect (see Figure 4b,d).
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Figure 3. Antimicrobial and antifungal effects of the carvacrol-containing multilayered films exhibited
in the micro-atmosphere diffusion in vitro assays, i.e., without direct contact between the studied
films and the microbial cultures. (a) full inhibition of E. coli growth after incubation with a 9-layer
(LDPE/[HNTs/carvacrol])/EVOH film; (b) unhindered E. coli growth after incubation with a 9-layer
LDPE/EVOH film; (c) full inhibition of A. alternata development after incubation with a 9-layer
(LDPE/[HNTs/carvacrol])/EVOH film; and (d) unhindered A. alternata development after incubation
with a 9-layer LDPE/EVOH film. The E. coli were incubated with the films for 16 h at 37 ◦C and
the A. alternata for 5 days at 25 ◦C in the dark. The results presented in (a,c) are characteristic for all
carvacrol-containing films. The results presented in (b,d) are characteristic for all carvacrol-free films.
All photographs were taken after the films were removed.

Table 5. Growth reduction of A. alternata and Rhizopus spp. exposed to multilayered films. Studies were
performed in vitro and using cherry tomatoes as a food model.

Polymer Composition No. of Layers
A. alternata

In Vitro Growth
Reduction (%) x

A. alternata
Growth on Cherry

Tomato y

Rhisopus spp.
Growth on Cherry

Tomato y

LDPE control 100% 1 0 ± 0 3/3 3/3
LDPE/EVOH control 9 1.1 ± 2.3 3/3 3/3
LDPE/EVOH control 17 2.9 ± 6.8 3/3 3/3
LDPE/EVOH control 33 7.2 ± 1.2 3/3 3/3
LDPE/EVOH control 65 7.9 ± 3.1 3/3 3/3

LDPE/carvacrol/EVOH 9 100 ± 0.0 0/3 0/3
LDPE/carvacrol/EVOH 17 100 ± 0.0 0/3 0/3
LDPE/carvacrol/EVOH 33 100 ± 0.0 0/3 0/3
LDPE/carvacrol/EVOH 65 100 ± 0.0 0/3 0/3

LDPE/[HNT/carvacrol]/EVOH 9 100 ± 0.0 0/3 0/3
LDPE/[HNT/carvacrol]/EVOH 17 100 ± 0.0 0/3 0/3
LDPE/[HNT/carvacrol]/EVOH 33 100 ± 0.0 0/3 0/3
LDPE/[HNT/carvacrol]/EVOH 65 100 ± 0.0 0/3 0/3

x Values are mean ± standard error of the mean. y Frequency of fungal growth on cherry tomato. All tests were
carried out with 3 replications per film.
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Figure 4. Antifungal effects of the carvacrol-containing films exhibited in the micro-atmosphere
bioassays, i.e. without direct contact between the studied films and the microbial cultures using cherry
tomatoes as the food model. (a) full inhibition of A. alternata development after incubation with a
9-layer (LDPE/[HNTs/carvacrol])/EVOH film; (b) A. alternata development after incubation with a
9-layer LDPE/EVOH film; (c) full inhibition of Rhizopus spp. development after incubation with a
9-layer (LDPE/[HNTs/carvacrol])/EVOH film; (d) Rhizopus spp. development after incubation with a
9-layer LDPE/EVOH film. The cherries were incubated with the films at 23 ◦C in the dark for 4 days.
The results presented in (a,c) are characteristic for all carvacrol-containing films. The results presented
in (b,d) are characteristic for all carvacrol-free films. All photographs were taken after the top and
circumference films were removed.

4. Conclusions

The present work shows that multilayered LDPE/EVOH films produced by forced assembly
coextrusion process exhibit high carvacrol content despite the harsh processing conditions (temperature
of 200 ◦C and long processing time). The post-processing carvacrol content was similar in all films
and was not affected by the number of layers or HNTs presence at the studied concentrations. This is
ascribed to the unique layered structure of the films and the barrier properties of EVOH, which
makes the entrapment of carvacrol within HNTs (prior to melt compounding) not necessary for
obtaining high-quality films with high carvacrol content. The multilayered carvacrol-containing films
exhibit OTR and carvacrol diffusivity values that are >2 orders of magnitude lower in comparison to
single-layered films (LDPE/carvacrol and LDPE/(HNTs/carvacrol)) produced by conventional cast
extrusion. The (LDPE/carvacrol)/EVOH and (LDPE/[HNTs/carvacrol])/EVOH films demonstrated
excellent antimicrobial efficacy against E. coli and A. alternata in in vitro micro-atmosphere assays and
against A. alternata and Rhizopus spp. in in vivo micro-atmosphere assays using cherry tomatoes as
food model. The results presented here suggest that sensitive essential oils, such as carvacrol, can
be incorporated into plastic polymers constructed of tailored multiple layers without losing their
antimicrobial efficacy. This is a novel technology provides the ability to customize packaging for
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various food products that are affected by bacteria, such as meat and fish, or by molds such as cheese,
bread and fresh produce. Hence, providing food producers, farmers, and cold chain logistics personnel
a versatile tool-box to overcome public health issues in situations of product abuse throughout the
supply chain.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/8/864/s1,
Figure S1: Characteristic images of the multilayered films prepared by forced-assembly layer-multiplying
co-extrusion a) 9-layered (LDPE/carvacrol)/EVOH; b) 65-layered (LDPE/carvacrol)/EVOH; c) 9-layered
(LDPE/[HNTs/carvacrol])/EVOH; and d) 65-layered (LDPE/[HNTs/carvacrol])/EVOH.
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6. Puškárová, A.; Bučková, M.; Kraková, L.; Pangallo, D.; Kozics, K. The antibacterial and antifungal activity of
six essential oils and their cyto/genotoxicity to human HEL 12469 cells. Sci. Rep. 2017, 7, 8211. [CrossRef]
[PubMed]

7. Calo, J.R.; Crandall, P.G.; O’Bryan, C.A.; Ricke, S.C. Essential oils as antimicrobials in food systems—A
review. Food Control 2015, 54, 111–119. [CrossRef]

8. Hyldgaard, M.; Mygind, T.; Meyer, R.L. Essential oils in food preservation: Mode of action, synergies, and
interactions with food matrix components. Front. Microbiol. 2012, 3, 12. [CrossRef] [PubMed]

9. Bassolé, I.H.N.; Juliani, H.R. Essential oils in combination and their antimicrobial properties. Molecules 2012,
17, 3989–4006. [CrossRef] [PubMed]

10. Ribeiro-Santos, R.; Andrade, M.; de Melo, N.R.; Sanches-Silva, A. Use of essential oils in active food
packaging: recent advances and future trends. Trends Food Sci. Technol. 2017, 61, 132–140. [CrossRef]

11. Ramos, M.; Jiménez, A.; Garrigós, M.C. Carvacrol-Based Films: Usage and Potential in In Antimicrobial Food
Packaging; Academic Press: San Diego, CA, USA, 2016; pp. 329–338.

12. Han, J.-W.; Ruiz-Garcia, L.; Qian, J.-P.; Yang, X.-T. Food Packaging: A Comprehensive Review and Future
Trends. Compr. Rev. Food Sci. Food Saf. 2018, 17, 860–877. [CrossRef]

13. Kumar, S.; Sarita; Nehra, M.; Dilbaghi, N.; Tankeshwar, K.; Kim, K.-H. Recent advances and remaining
challenges for polymeric nanocomposites in healthcare applications. Prog. Polym. Sci. 2018, 80, 1–38.
[CrossRef]

14. Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial Activity of Some Essential Oils—Present Status and
Future Perspectives. Medicines 2017, 4, 58. [CrossRef] [PubMed]

202



Polymers 2018, 10, 864

15. Suppakul, P.; Miltz, J.; Sonneveld, K.; Bigger, S.W. Characterization of antimicrobial films containing basil
extracts. Packag. Technol. Sci. 2006, 19, 259–268. [CrossRef]

16. Ramos, M.; Jiménez, A.; Peltzer, M.; Garrigós, M.C. Characterization and antimicrobial activity studies
of polypropylene films with carvacrol and thymol for active packaging. J. Food Eng. 2012, 109, 513–519.
[CrossRef]

17. Sung, S.-Y.; Sin, L.T.; Tee, T.-T.; Bee, S.-T.; Rahmat, A.R.; Rahman, W.A.; Tan, A.-C.; Vikhraman, M.
Antimicrobial agents for food packaging applications. Trends Food Sci. Technol. 2013, 33, 110–123. [CrossRef]

18. Malhotra, B.; Keshwani, A.; Kharkwal, H. Antimicrobial food packaging: Potential and pitfalls.
Front. Microbiol. 2015, 6, 611. [CrossRef] [PubMed]

19. Valdés, A.; Mellinas, A.C.; Ramos, M.; Burgos, N.; Jiménez, A.; Garrigós, M.C. Use of herbs, spices and their
bioactive compounds in active food packaging. RSC Adv. 2015, 5, 40324–40335. [CrossRef]

20. Campos-Requena, V.H.; Rivas, B.L.; Pérez, M.A.; Figueroa, C.R.; Figueroa, N.E.; Sanfuentes, E.A.
Thermoplastic starch/clay nanocomposites loaded with essential oil constituents as packaging for
strawberries−In vivo antimicrobial synergy over Botrytis cinerea. Postharvest Biol. Technol. 2017, 129, 29–36.
[CrossRef]

21. Santos, A.C.; Ferreira, C.; Veiga, F.; Ribeiro, A.J.; Panchal, A.; Lvov, Y.; Agarwal, A. Halloysite clay nanotubes
for life sciences applications: From drug encapsulation to bioscaffold. Adv. Colloid Interface Sci. 2018, 258,
58–70. [CrossRef] [PubMed]

22. Yuan, P.; Tan, D.; Annabi-Bergaya, F. Properties and applications of halloysite nanotubes: Recent research
advances and future prospects. Appl. Clay Sci. 2015, 112–113, 75–93. [CrossRef]

23. Shemesh, R.; Krepker, M.; Natan, M.; Danin-Poleg, Y.; Banin, E.; Kashi, Y.; Nitzan, N.; Vaxman, A.; Segal, E.
Novel LDPE/halloysite nanotube films with sustained carvacrol release for broad-spectrum antimicrobial
activity. Rsc Adv 2015, 5, 87108–87117. [CrossRef]

24. Krepker, M.; Shemesh, R.; Danin Poleg, Y.; Kashi, Y.; Vaxman, A.; Segal, E. Active food packaging films with
synergistic antimicrobial activity. Food Control 2017, 76, 117–126. [CrossRef]

25. Shemesh, R.; Krepker, M.; Nitzan, N.; Vaxman, A.; Segal, E. Active packaging containing encapsulated
carvacrol for control of postharvest decay. Postharvest Biol. Technol. 2016, 118, 175–182. [CrossRef]

26. Krepker, M.; Prinz-Setter, O.; Shemesh, R.; Vaxman, A.; Alperstein, D.; Segal, E. Antimicrobial carvacrol-
containing polypropylene films: Composition, structure and function. Polymers 2018, 10, 79. [CrossRef]

27. Biddeci, G.; Cavallaro, G.; Di Blasi, F.; Lazzara, G.; Massaro, M.; Milioto, S.; Parisi, F.; Riela, S.; Spinelli, G.
Halloysite nanotubes loaded with peppermint essential oil as filler for functional biopolymer film.
Carbohydr. Polym. 2016, 152, 548–557. [CrossRef] [PubMed]

28. Gorrasi, G. Dispersion of halloysite loaded with natural antimicrobials into pectins: Characterization and
controlled release analysis. Carbohydr. Polym. 2015, 127, 47–53. [CrossRef] [PubMed]

29. Lee, M.H.; Kim, S.Y.; Park, H.J. Effect of halloysite nanoclay on the physical, mechanical, and antioxidant
properties of chitosan films incorporated with clove essential oil. Food Hydrocoll. 2018, 84, 58–67. [CrossRef]

30. Hendessi, S.; Sevinis, E.B.; Unal, S.; Cebeci, F.C.; Menceloglu, Y.Z.; Unal, H. Antibacterial sustained-release
coatings from halloysite nanotubes/waterborne polyurethanes. Prog. Org. Coat. 2016, 101, 253–261.
[CrossRef]

31. Tenci, M.; Rossi, S.; Aguzzi, C.; Carazo, E.; Sandri, G.; Bonferoni, M.C.; Grisoli, P.; Viseras, C.; Caramella, C.M.;
Ferrari, F. Carvacrol/clay hybrids loaded into in situ gelling films. Int. J. Pharm. 2017, 531, 676–688.
[CrossRef] [PubMed]

32. Ponting, M.; Hiltner, A.; Baer, E. Polymer Nanostructures by Forced Assembly: Process, Structure, and
Properties. Macromol. Symp. 2010, 294, 19–32. [CrossRef]

33. Ponting, M.; Burt, T.M.; Korley, L.T.J.; Andrews, J.; Hiltner, A.; Baer, E. Gradient multilayer films by forced
assembly coextrusion. Ind. Eng. Chem. Res. 2010, 49, 12111–12118. [CrossRef]

34. Bhunia, K.; Sablani, S.S.; Tang, J.; Rasco, B. Migration of chemical compounds from packaging polymers
during microwave, conventional heat treatment, and storage. Compr. Rev. Food Sci. Food Saf. 2013, 12,
523–545. [CrossRef]

35. Yam, K.L. The Wiley Encyclopedia of Packaging Technology; Yam, K.L., Ed.; John Wiley & Sons, Inc.: Hoboken,
NJ, USA, 2009.

203



Polymers 2018, 10, 864

36. Catalá, R.; Muriel-Galet, V.; Cerisuelo, J.P.; Domínguez, I.; Carballo, G.L.; Hernández-Muñoz, P.; Gavara, R.
Antimicrobial Active Packaging Systems Based on EVOH Copolymers. In Antimicrobial Food Packaging;
Academic Press: San Diego, CA, USA, 2016; pp. 297–303.

37. Cerisuelo, J.P.; Gavara, R.; Hernández-Muñoz, P. Natural antimicrobial-Containing EVOH coatings on PP
and PET films: Functional and active property characterization. Packag. Technol. Sci. 2014, 27, 901–920.
[CrossRef]

38. Muriel-Galet, V.; Cerisuelo, J.P.; López-Carballo, G.; Aucejo, S.; Gavara, R.; Hernández-Muñoz, P. Evaluation
of EVOH-coated PP films with oregano essential oil and citral to improve the shelf-life of packaged salad.
Food Control 2013, 30, 137–143. [CrossRef]

39. Cerisuelo, J.P.; Bermúdez, J.M.; Aucejo, S.; Catalá, R.; Gavara, R.; Hernández-Muñoz, P. Describing and
modeling the release of an antimicrobial agent from an active PP/EVOH/PP package for salmon. J. Food Eng.
2013, 116, 352–361. [CrossRef]

40. Koivisto, A.J.; Bluhme, A.B.; Kling, K.I.; Fonseca, A.S.; Redant, E.; Andrade, F.; Hougaard, K.S.; Krepker, M.;
Prinz, O.S.; Segal, E.; et al. Occupational exposure during handling and loading of halloysite nanotubes–A
case study of counting nanofibers. NanoImpact 2018, 10, 153–160. [CrossRef]

41. Crank, J. The Mathematics of Diffusion, 2nd ed.; Oxford University Press: Oxford, UK, 1975.
42. Cran, M.J.; Rupika, L.A.S.; Sonneveld, K.; Miltz, J.; Bigger, S.W. Release of Naturally Derived Antimicrobial

Agents from LDPE Films. J. Food Sci. 2010, 75, E126–E133. [CrossRef] [PubMed]
43. Suppakul, P.; Sonneveld, K.; Bigger, S.W.; Miltz, J. Loss of AM additives from antimicrobial films during

storage. J. Food Eng. 2011, 105, 270–276. [CrossRef]
44. Lim, L.-T.; Tung, M.A. Vapor Pressure of Allyl Isothiocyanate and Its Transport in PVDC/PVC Copolymer

Packaging Film. J. Food Sci. 1997, 62, 1061–1062. [CrossRef]
45. Miltz, J. Migration of low molecular weight species from packaging materials: Theoretical and practical

considerations. In Food Product-Package Compatibility; Technomic Publishing Company: Lancaster, PA, USA,
1987; pp. 30–43.

46. Cardiet, G.; Fuzeau, B.; Barreau, C.; Fleurat-Lessard, F. Contact and fumigant toxicity of some essential
oil constituents against a grain insect pest Sitophilus oryzae and two fungi, Aspergillus westerdijkiae and
Fusarium graminearum. J. Pest Sci. 2012, 85, 351–358. [CrossRef]

47. Du, M.; Guo, B.; Cai, X.; Jia, Z.; Liu, M.; Jia, D. Morphology and properties of halloysite nanotubes reinforced
polypropylene nanocomposites. e-Polymers 2008, 8, 130. [CrossRef]

48. Cabedo, L.; Giménez, E.; Lagaron, J.M.; Gavara, R.; Saura, J.J. Development of EVOH-kaolinite
nanocomposites. Polymer 2004, 45, 5233–5238. [CrossRef]

49. Han, J.H. Antimicrobial packaging systems. In Innovations in Food Packaging; Elsevier: New York, NY, USA,
2005; pp. 80–107.

50. Ouali, L.; Léon, G.; Normand, V.; Johnsen, H.; Dyrli, A.; Schmid, R.; Benczedi, D. Mechanism of Romascone®

release from hydrolyzed vinyl acetate nanoparticles: Thermogravimetric method. Polym. Adv. Technol. 2006,
17, 45–52. [CrossRef]

51. Cerisuelo, J.P.; Alonso, J.; Aucejo, S.; Gavara, R.; Hernández-Muñoz, P. Modifications induced by the addition
of a nanoclay in the functional and active properties of an EVOH film containing carvacrol for food packaging.
J. Membr. Sci. 2012, 423–424, 247–256. [CrossRef]

52. Cerisuelo, J.P.; Muriel-Galet, V.; Bermúdez, J.M.; Aucejo, S.; Catalá, R.; Gavara, R.; Hernández-Muñoz, P.
Mathematical model to describe the release of an antimicrobial agent from an active package constituted by
carvacrol in a hydrophilic EVOH coating on a PP film. J. Food Eng. 2012, 110, 26–37. [CrossRef]

53. Persico, P.; Ambrogi, V.; Carfagna, C.; Cerruti, P.; Ferrocino, I.; Mauriello, G. Nanocomposite polymer films
containing carvacrol for antimicrobial active packaging. Polym. Eng. Sci. 2009, 49, 1447–1455. [CrossRef]

54. Pitt, J.I.; Hocking, A.D. Fungi and food spoilage. In Fungi and Food Spoilage; Springer: Berlin, Germany, 2009;
pp. 1–519.

55. Burt, S. Essential oils: Their antibacterial properties and potential applications in wound—A review.
Microbiol. Int. J. Food 2004, 94, 223–254. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

204



polymers

Review

Antibacterial Nanocomposites Based on Thermosetting
Polymers Derived from Vegetable Oils and Metal Oxide
Nanoparticles

Ana Maria Diez-Pascual

Department of Analytical Chemistry, Physical Chemistry and Chemical Engineering, Faculty of Sciences,
Alcalá University, 28871 Madrid, Spain; am.diez@uah.es; Tel.: +34-918-856-430

Received: 30 September 2019; Accepted: 31 October 2019; Published: 1 November 2019

Abstract: Thermosetting polymers derived from vegetable oils (VOs) exhibit a wide range of
outstanding properties that make them suitable for coatings, paints, adhesives, food packaging,
and other industrial appliances. In addition, some of them show remarkable antimicrobial activity.
Nonetheless, the antibacterial properties of these materials can be significantly improved via
incorporation of very small amounts of metal oxide nanoparticles (MO-NPs) such as TiO2, ZnO,
CuO, or Fe3O4. The antimicrobial efficiency of these NPs correlates with their structural properties
like size, shape, and mainly on their concentration and degree of functionalization. Owing to their
nanoscale dimensions, high specific surface area and tailorable surface chemistry, MO-NPs can
discriminate bacterial cells from mammalian ones, offering long-term antibacterial action. MO-NPs
provoke bacterial toxicity through generation of reactive oxygen species (ROS) that can target physical
structures, metabolic paths, as well as DNA synthesis, thereby leading to cell decease. Furthermore,
other modes of action—including lipid peroxidation, cell membrane lysis, redox reactions at the
NP–cell interface, bacterial phagocytosis, etc.—have been reported. In this work, a brief description
of current literature on the antimicrobial effect of VO-based thermosetting polymers incorporating
MO-NPs is provided. Specifically, the preparation of the nanocomposites, their morphology,
and antibacterial properties are comparatively discussed. A critical analysis of the current state-of-art
on these nanomaterials improves our understanding to overcome antibiotic resistance and offers
alternatives to struggle bacterial infections in public places.

Keywords: metal oxide nanoparticles; vegetable oils; thermosetting polymers; antibacterial properties;
nanocomposites; reactive oxygen species

1. Introduction

Over the past few decades, the manufacture and applications of synthetic polymeric materials
exhibited an extraordinary boost. Nonetheless, concerns regarding diminution of fossil resources
and the sharp rise in petroleum cost, health-related issues together with stringent environmental
government protection policies have led to an incessantly increasing attention to the development of
sustainable, safe, and environmentally friendly plastics from renewable resources. Despite the current
growth of renewable polymers, their contribution to the profitable market is still very low mainly
due to their expensiveness and inferior performance compared with synthetic polymers based on
petroleum feedstock [1]. The key challenge for the biorenewable industry is to produce materials
with properties that match or even go beyond those of petroleum-based ones. The most widely used
renewable resources are plant oils, polysaccharides, and proteins [2].

Polymers 2019, 11, 1790; doi:10.3390/polym11111790 www.mdpi.com/journal/polymers205
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1.1. Thermosetting Polymers Obtained from Vegetable Oils

Plant or vegetable oils (VOs) can be used as raw materials for polymers due to their abundance in
nature, moderate cost, biodegradability, and very low toxicity [3]. Furthermore, their polar character
bestows improved antibacterial properties to the resulting polymeric systems. The main elements
of VOs are triglycerides, which are the result of the esterification of glycerol with three fatty acids
(Scheme 1). Fatty acids represent 95% of the whole weight of triglycerides and their composition
changes depending on the plant, harvest, season, growing conditions, and purification methods [4].
The fatty acids have different levels of saturation and unsaturation [5], being the unsaturated part the
one that can be functionalized to yield the liquid resin to be used for the polymer synthesis. Many
reactive points of the triglycerides—like double bonds, allylic carbons, and ester groups—can be used
to introduce polymerizable groups. The chain length of fatty acids in triglycerides occurring in nature
typically varies between 16 and 20 carbon atoms. Table 1 collects the most frequent fatty acids present
in vegetable oils. Most of them exhibit a straight chain with an even number of carbons and double
bonds in a cis configuration.

Scheme 1. General structure of a triglyceride from a plant oil (R1, R2, and R3 represent fatty acid
chains).

Table 1. Formulas and structures of the most common fatty acids in vegetable oils

Fatty Acid Formula Structure

Palmitic C16H32O2  

Palmitoleic C16H30O2  

Stearic C18H36O2  

Oleic C18H34O2  

Linoleic C18H32O2

 
 

Linolenic C18H30O2  

α-Eleostearic C18H30O2  

Table 2 summarizes the proportions of the different fatty acids in the most frequent VOs.
The chemical and physical properties of VOs are strongly influenced by the level of unsaturation,
which can be calculated by measuring the iodine value (IV), which indicates the amount of iodine (mg)
that reacts with the C=C double bonds in 100 g of the VOs; the higher the IV value, the more number
of C=C per triglyceride of the VOs. Thus, VOs can be divided into drying oils (IV > 130), semi-drying
oils (100 < IV < 130), and non-drying oils (IV < 100). The IV values of the most widespread VOs are
also collected in Table 2.
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Table 2. Properties and fatty acid compositions of the most frequent vegetable oils.

Vegetable Oil Double
Bonds a

Iodine Value b

(mg/100g)

Fatty Acids (%)

Palmitic Stearic Oleic Linoleic Linolenic

Palm 1.7 44–58 42.8 4.2 40.5 10.1 -
Olive 2.8 75–94 13.7 2.5 71.1 10.0 0.6

Groundnut 3.4 80–106 11.4 2.4 48.3 31.9 -
Rapeseed 3.8 94–120 4.0 2.0 56.0 26.0 10
Sesame 3.9 103–116 9.0 6.0 41.0 43.0 1.0

Cottonseed 3.9 90–119 21.6 2.6 18.6 54.4 0.7
Corn 4.5 102–130 10.9 2.0 25.4 59.6 1.2

Soybean 4.6 117–143 11.0 4.0 23.4 53.3 7.8
Sunflower 4.7 110–143 5.2 2.7 37.2 53.8 1.0

Castor c 4.8 83–88 1.3 1.2 4.0 5.2 0.3
Linseed 6.6 168–204 5.5 3.5 19.1 15.3 56
a Average number of double bonds per triglyceride. b The amount of iodine (mg) that reacts with the double bonds
in 100 g of vegetable oil. c Contains 89% of unsaturated ricinoleic acid

Linseed, soybean, sunflower, palm, olive, cottonseed, castor, and rapseed oils are the most
frequently used for the synthesis of biopolymers [6,7], and can be used in a number of applications
including lubricants, coatings, soaps, cosmetic products, biodiesel, and so forth. Different derivatives
of VOs have been used as polymerizable monomers in radiation-curable systems to yield flexible but
tough resins such as epoxy, urethane, and polyester [8]. Combinations of epoxidized soybean oil and
traditional epoxy resins or their copolymers with styrene and divinylbenzene as well as polyurethane
resins derived from castor oil have been used to fabricate composite materials with outstanding
mechanical and barrier performance [9]. Furthermore, epoxidized vegetable oils (EVOs) such as
soybean and palm have been used in UV-curable coating systems [7,8]. Despite the use of VOs in
paints and coatings is quite old, emphasis is currently being made on these materials to attain novel
properties, superior performance together with environmentally friendliness at reasonable costs [10].

Different VOs have been used for the preparation of cationic polyurethane (PU) coatings with
antimicrobial activity to be applied in the biomedical or food packaging industries. For instance,
Xia et al. [11] developed PU coatings based on five amino polyols derived from soybean oil and studied
the influence of their structure and functionalities on the antimicrobial, mechanical, and thermal
properties. Those comprising N-methyldiethanolamine (MDEA)- and N-ethyldiethanolamine (EDEA),
with the shortest side chains, exhibited the best antibacterial action. The same authors [12] modified the
crosslinking density of the materials using soybean polyols with different number of hydroxyl moieties
as starting materials. Reduction of the crosslink density by lessening the hydroxyl number of the
soybean polyol promoted the physical interaction with the target bacteria via increasing the molecular
chain mobility, thus resulted in superior antibacterial properties. In another study, Liang et al. [13]
employed castor oiland MDEA to prepared antimicrobial PUs, and improved action was also observed
via reduction of the polyol functionality.

On the other hand, polymers derived from VOs display reduced mechanical and barrier properties,
which restrict their realistic applications [1]. Thus, their brittleness, elevated gas and vapor permeability,
and low heat distortion temperature have limited their commercial uses. To solve these issues,
different strategies have been reported, including mixing with other polymers [14] or incorporating
nanofillers [15–18]. The addition of nanofillers to thermosetting polymers based on VOs results in
bionanocomposites with enhanced performance [15,16]. Bio-based PUs show poor antimicrobial
activity, which can be significantly improved via incorporation of regularly dispersed metal or
metal-oxide nanoparticles [19].

1.2. Antimicrobial Effect of Metal-Oxide Nanoparticles

Metallic elements combine with oxygen to form metal oxides (MOs), which have been
demonstrated to interact with bacteria by means of electrostatic interactions that modify the prokaryotic
cell wall and damage the DNA via reactive oxygen species (ROS) generation [20]. MOs have attracted
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a lot of attention as a nanomaterial that can be synthesized into a specific size and shape. Bearing
these in mind, metal oxide nanoparticles (MO-NPs), in particular those based on ZnO, TiO2, CuO,
and MgO, are being used as antimicrobial agents [20]. The mechanism of MO-NPs as antibacterial
agents is influenced not only by the chemical composition, but also by the shape, size, solubility, degree
of agglomeration, and surface charge of the NPs [21]. In particular, the morphology and size of NPs
has been demonstrated to be crucial in the antimicrobial efficacy: the smallest spherical NPs were the
most effective in destroying the bacteria, since are more prone to go through the bacterial cell walls
due to their increased surface area to volume ratio [22]. On the other hand, low NP solubility has been
demonstrated to bring out a reduced cytotoxic response [22]. The NP solubility also influences its
tendency to agglomerate, which controls the NP–cell interactions. Thus, highly agglomerated NPs are
not able to enter a cell or generate a considerable amount of ROS [23]. This can be due to the decrease
in the surface area. Nevertheless, when NPs are well dispersed, they increase the interactions with the
cells and the ROS fabrication. In addition, the NP surface charge influences the bactericide action. NPs
with positive zeta potentials allow for electrostatic interactions with bacteria comprising negatively
charged surfaces. This promotes NP penetration into the cell membrane. High zeta potentials support
a strong interaction, provoking membrane disruption, bacteria flocculation, and viability lessening.
From all the above facts, it can be concluded that the antimicrobial effects of MO-NPs can be tailored
by controlling their surface charge, size, and surface morphology.

1.2.1. Antimicrobial Effect of Zinc Oxide

Zinc is a fundamental nutrient that plays a key role in growth of mammals. At the nanoscale,
ZnO nanostructures have involved a lot of interest within the scientific community due to their
inexpensiveness, ease of use, possibility of functionalization and biocompatibility. This nanomaterial
is a semiconductor with a wide bandgap (3.37 eV), hence widely used for UV-Vis optical devices [24].
Furthermore, its bandgap can be modified by mixing with MgO and CdO, which is interesting
for optoelectronic applications. It possesses large specific surface area, radiation resistance, good
mechanical properties [25] (i.e., a Young’s modulus close to 100 GPa and hardness of about 5 GPa),
low coefficient of thermal expansion and high thermal conductivity (around 1 W cm−1 K−1) [26].
At ambient temperature and pressure, ZnO crystallizes in the wurtzite structure. It is a hexagonal
lattice including two interconnecting sublattices of Zn2+ and O2−, in which each Zn2+ is surrounded by
a tetrahedra of O2− and vice-versa [24]. This structure results in polar symmetry along the hexagonal
axis, being accountable for the piezoelectricity and spontaneous polarization that has been observed
in ZnO.

The main benefits of using these MO-NPs as antimicrobial agents are that they enclose mineral
elements vital for humans and show strong action when provided in small quantities. The antimicrobial
action of ZnO NPs has been endorsed to different mechanisms [27,28], as schematized in Figure 1:
a) bringing on oxidative stress due to formation of reactive oxygen species (ROS). Upon light exposure,
electron–hole pairs are formed on the ZnO surface; the holes split water molecules and cause ROS
formation, explicitly •OH, H2O2, and •O2−, which can subsequently interact with proteins, DNA, and
lipids of the bacteria, thereby inducing cell death; b) cell membrane disruption due to accumulation of
the NPs at the bacterial membrane followed by NP internalization within the cell and destruction of
organelles; c) release of Zn2+ ions that join to the bacteria membrane; d) lipid peroxidation can occur
on the bacterial membrane, weakening membrane integrity, and promoting cell lysis.

The attachment of the ZnO-NPs to the bacterial membrane is a crucial step in the three
aforementioned mechanisms. The way the NPs anchor to the membrane is not fully clear yet,
though it seems that arises from electrostatic forces. Subsequent to the attachment, “pitting” takes
place at the membrane due to ROS generation, which lethally harms the cells [29].
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Figure 1. Mechanisms of antimicrobial activity of ZnO nanoparticles. Adapted from [27], copyright
2012, with permission from Elsevier.

ROS generation has been reported to increase with increasing ZnO surface area while decreasing
level of crystallinity and particle size [30]. Even though ZnO has been used as an bactericide agent
against both Gram-positive (B. subtilis, S. aureus) and Gram-negative bacteria (P. aeruginosa, E. coli),
it displays higher activity towards Gram-positive ones, ascribed to different reasons, the most important
being the difference in the membrane thickness [17,31]. Gram-positive bacteria contain a cell wall
composed of peptidoglycans, teichoic, and lipoteichoic acids that it is simpler to be penetrated in
comparison to the complex wall of Gram-negative ones, with an outer membrane of lipopolysaccharides
and a peptidoglycan layer.

1.2.2. Antimicrobial Effect of Titanium Oxide

TiO2 nanostructures are n-type semiconductors with exceptional properties for optics, photonics
and electronic applications [32]. They are non-toxic, low reactive, rather inexpensive and
environmentally friendly, and possess outstanding mechanical properties, low coefficient of thermal
expansion, high thermal conductivity, and strong UV absorption.

In nature, three main polymorphs of TiO2 can be found: anatase (tetragonal), brookite
(orthorhombic), and rutile (tetragonal), the former being the most commonly employed in photocatalytic
applications [33]. Furthermore, it is the most toxic form, thus used to obtain antimicrobial properties [34],
being employed in medical devices, household cleaning products, air-conditioning surfaces, water
treatment facilities, and so forth. Anatase is the least thermodynamically stable polymorph as a bulk
phase, although it generally predominates when the grain size is below 100 nm. Nanostructured
anatase-TiO2 can be synthesized by a large number of techniques including liquid-phase sol–gel,
microemulsion, hydro- and solvothermal, aerogel, sonochemical or surfactant-templated methods [35].

TiO2 NPs have been used as bactericide agents for both Gram-positive and Gram-negative
bacteria [35], and their properties are photodependent. Similarly to ZnO, they can produce different
types of ROS, including hydroxyl radicals •OH, superoxide radicals •O2− and singlet oxygen (1O2) [36],
as well as other species like H2O2 or O2 that can disrupt the bacteria cell membrane. In particular,
hydroxyl radicals seem to play the most important role on the antibacterial action of these NPs. Due
to peroxidation, these free radicals affect the lipopolysaccharide, peptidoglycan, and phospholipid
bilayers [37]. Owed to their photo-dependent properties and large effective surface area, TiO2 NPs are
frequently applied in surface coatings. Furthermore, the smaller the NPs, the more prone to enter the
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bacteria cell due to the increased surface area to volume ratio. In contrast, highly agglomerated NPs
are not able to penetrate the cells or make a significant amount of ROS. Agglomeration is influenced by
a number of factors, including the hydrophobicity of the material, the interactions with the dispersed
medium (i.e., pH, protein content), and the surface charge [38].

1.2.3. Antimicrobial Effect of Copper Oxide

CuO is a p-type semiconductor with a narrow band gap of 1.2–1.9 eV that has attracted special
attention due to its valuable physical properties including high temperature superconductivity, electron
correlation effects, and spin dynamics [39]. It is quite economical, easily mixed with polar liquids (i.e.,
water) and polymers, and stable in terms of both chemical and physical properties. The crystal structure
of CuO belongs to the monoclinic space group C2/c; each Cu2+ is bonded in a square co-planar geometry
to four equivalent O2- [40]. Elemental copper and its oxides have been renowned as antimicrobial
agents by the US Environmental Protection agency (EPA). This makes them suitable for numerous
applications in paints, fabrics, agriculture, and in hospitals both as powder and as coating.

CuO antibacterial action has been ascribed to a rapid lessening in cell membrane integrity and
production of ROS, namely H2O2, hydroxyl radicals •OH, superoxide radicals •O2− and singlet oxygen
(1O2), being the hydroxyl radical the most common. Thus, CuO-NPs generate ROS through several
mechanisms, likely including Fenton-like and Haber–Weiss reactions at the nanoparticle surface or in
solution via release of Cu2+ dissolved from the nanoparticle surface [41]. Other proposed mechanisms
include DNA damaging via formation of a DNA/Cu2+/H2O2 complex or Cu2+-bound•OH as the
damaging species [42]. 1O2 can also be formed in the presence of CuO-NPs under oxidative stress
conditions, and it decomposes into •OH. Furthermore, in bacterial cells, Cu2+ ions are reduced by
sulphydryl to Cu+, and the reduced ions are responsible for causing oxidative stress via Cu+-driven
ROS. Nonetheless, the exact pathway of antimicrobial action of CuO is not clear in the literature [40].

1.2.4. Antimicrobial Effect of Iron Oxide

Fe3O4 occurs in nature as the mineral magnetite. It is a ferrimagnetic oxide, with a
Curie temperature of 858 K, with semiconducting properties, with conductivities ranging from
102–103 Ω−1cm [43]. Fe3O4 nanomaterials have attracted incredible interest since they are biocompatible
and show exceptional electric, thermal, mechanical, and magnetic properties. Nanostructures with
a variety of morphologies have been synthesized and applied in fields like lithium-ion batteries,
wastewater treatment, magnetic resonance imaging contrast agents, therapeutics for cancer treatment,
and radiation oncology. The crystal structure of magnetite corresponds to the cubic inverse spinel
pattern in which the oxygen ions form a cubic face centered packing, and the iron ions locate at
interstitial tetrahedral and octahedral sites [44].

The antimicrobial activity of magnetite NPs is believed to be the result of their interaction with
bacterial membranes and their penetration into the bacterial cell, causing membrane damage and
inactivation of bacteria. H2O2, which is produced from the metabolic activity of the bacteria, can react
with the species present in magnetite: different oxido-reduction reactions take place involving both
Fe3+ and Fe2+, (Fenton-like and Haber–Weiss reactions), leading to the formation of ROS, in particular
•OH and •HO2 free radicals. The ROS produced at the microorganism surface depolarizes the bacterial
membranes, causing oxidative stress and cell membrane damage [45].

2. Preparation of Vegetable Oil-Based Thermosetting Polymers Incorporating Metal Oxide
Nanoparticles

2.1. Synthesis of Acrylated Epoxidized Linseed Oil (AELO)/TiO2 Nanocomposites

Firstly, the epoxidized linseed oil (ELO) was synthesized from the vegetable oil in a four-necked
glass flask incorporating a mechanical stirrer, a thermometer, and a reflux condenser. The VO and
formic acid were mixed and subsequently H2O2 was added dropwise. Then, the reaction continued for
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4 h; when the product was cooled down, it was filtered and washed repetitively with distilled water,
and finally dried in an oven overnight.

Acrylated epoxidized linseed oil (AELO) was prepared from ELO using acrylic acid as ring
opening agent, triethylamine (TEA) as a catalyst and hydroquinone as a free radical inhibitor. In short,
a mixture of ELO and acrylic acid was heated in the presence of TEA for about one day until an acid
value of ~8 mg KOH/g was attained. Unreacted acrylic acid and TEA were eliminated by extraction.
The esterification extent was determined as 88% measuring the acid values at the start and finish of the
reaction. The schematic representation of the synthesis of AELO is presented in Scheme 2 [46].

Scheme 2. Representation of the synthesis of AELO resin. Reprinted from [46], copyright 2015, with
permission from the Royal Society of Chemistry.

AELO resin was then crosslinked with trimethylolpropane trimethacrylate monomer using
benzophenone as photoinitiator, 2-dimethylaminoethanolas activator, and TiO2 nanoparticles as fillers,
and subjected to UV irradiation to obtain the cured nanocomposites, with nanoparticle loadings of 1.0,
2.5, 5.0, and 7.5 wt %.

2.2. Synthesis of Crosslinked Castor Oil (CO)/Chitosan-Modified ZnO Nanoparticles (CS-ZnO NPs)

Firstly, CS-modified ZnO NPs were synthesized by dissolving a small amount of ZnO nanopowder
in an acetic acid solution. Then, the same amount of CS was added and the mixture was ultrasonicated,
followed by drop-wise addition of NaOH until a pH of 10 was reached. The resulting product was
heated, filtered, washed with distilled water, and dried in an oven.

The nanocomposites were then fabricated by solution mixing and casting process. Briefly, CO
and the desired amounts of CS-ZnO NPs to obtain loadings of 1.0, 2.5, 5.0, and 7.5 wt %, were stirred,
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and then hexamethylene diisocyanate (HDI) and glutaraldehyde (GLA) were added as crosslinking
agents to react with the CO in the presence of stannous octoate as catalyst. The mixture was heated
and then poured onto Teflon plates. Curing was performed under vacuum in an oven. The schematic
representation of the synthesis of CO/CS-ZnO NPs nanocomposites is shown in Scheme 3 [18].

 

Scheme 3. Representation of the synthesis of CO/CS-ZnO NPs nanocomposites. (a) CS-ZnO NPs;
(b) CO, HDI, GLA, and the crosslinked matrix; (c) illustration of the film casting process. Reprinted
from [18], copyright 2015, with permission from the American Chemical Society.

2.3. Synthesis of Epoxidized Soybean Oil (ESO)/ZnO Nanocomposites

Initially, the VO and formic acid were mixed in a four-necked vessel, and H2O2 was added
dropwise to start the epoxidation. The reaction continued for a few hours, and then the product,
the epoxidized soybean oil (ESO) was cooled down, washed and dried overnight in an oven. ESO
was mixed under stirring with different amounts of ZnO nanoparticles to yield nanocomposites
containing 1.0, 3.0, 5.0, and 7.0 wt % loading in the presence of 4-dimethylaminopyridine as catalyst.
The nanocomposites were degassed, decanted into silicone moulds, and cured in a vacuum oven [17].

2.4. Synthesis of Geranium-Derived Oil (Ge)/ZnO Nanocomposites

Nanocomposites were synthesized via plasma polymerization under vacuum in a cylindrical
glass tube equipped with two external Cu rings that acted as electrodes connected to a generator.
The glow discharge was created by a radio frequency generator. Firstly, the pressure was reduced
and subsequently the monomer gas was brought into the tube until the pressure attained a stable
value. The tube had an external ceramic fiber heater, where zinc acetylacetonate hydrate powder,
the Zn precursor, was placed in a ceramic boat and heated. The vapor of the precursor entered the
manufacture zone, ZnO nanoparticles were formed in the gas phase and then embedded into the
geranium oil (Ge) matrix during the in situ polymerization. Two nanocomposites were prepared,
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with input radio frequency powers of 10 W and 50 W, which resulted in NP loadings of 0.79% and
1.57%, respectively [47].

2.5. Synthesis of Sunflower Oil Derived Hyperbranched Polyurethane (HBPU)/Fe3O4 Nanocomposites

The sunflower oil derived hyperbranched polyurethane (HBPU) was prepared in a two step
process [48]: firstly, toluene diisocyanate, butanediol and polycaprolactone were mixed under an inert
atmosphere. Secondly, pentaerythritol (a branching tetra-functional) was added with the monoglyceride
of sunflower oil, and the reaction continued for a few hours. Separately, Fe3O4 NPs were prepared by a
coprecipitation method: FeCl2 and FeCl3 were stirred in water under a nitrogen atmosphere followed
by addition of NH4 solution until a basic pH was attained.

Nanocomposites with different amounts of Fe3O4 (0, 5, 10, and 15 wt %) were prepared by solution
casting. The NPs were dispersed in N,N-dimethyl acetamide by ultrasonication and added to the
VO-derived polyurethane in the second stage of the polymerization reaction. The mixtures were stirred
and then cooled down, followed by casting on inert substrates and curing.

A very similar approach was used to prepared nanocomposites based on the same matrix filled
with Fe3O4 nanoparticles coated with multiwalled carbon nanotubes (MWCNTs), which were prepared
in a single stage reaction (Scheme 4) [49].

 

Scheme 4. Representation of preparation of Fe3O4–MWCNT hybrids and the corresponding sunflower
oil derived polyurethane nanocomposites. Reprinted from [49], copyright 2014, with permission from
the Royal Society of Chemistry.
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Initially, FeCl2•4H2O and FeCl3 were dispersed in water under an inert atmosphere. Separately,
the required amount of MWCNTs was also dispersed in water followed by ultrasonication.
The dispersed MWCNTs were then added to the first dispersion and the mixture was stirred again.
Finally, aqueous NH4 solution was added dropwise to the mixture until a basic pH was attained.

2.6. Synthesis of Linseed Oil (LO) Derived Polyol/CuO Nanocomposites

The linseed oil (LO) polyol was synthesized by mixing the LO, acetic acid, and H2O2 under
mechanical stirring. Then, the temperature was raised for a few hours, during which epoxidation,
and hydration reactions took place. The resulting polyol was successively washed with sodium
bicarbonate aqueous solution, distilled water, and sodium chloride aqueous solution, and finally dried.
The nanocomposites were prepared in situ via a ‘solventless one-pot’ chemical reaction. The polyol
was then mixed with phthalic anhydride under stirring, followed by addition of different amounts
of copper acetate. The reaction mixture was heated and refluxed. Three nanocomposites with CuO
contents of 0.04, 0.05, and 0.06 mol were prepared [50].

3. Morphology of Vegetable Oil-Based Thermoset Polymers with Metal Oxide Nanoparticles

The morphology of the nanocomposites plays a key role in determining their antibacterial activity,
as will be discussed in a following section. Hence, it is interesting to analyze the size, shape, etc., of the
developed nanocomposites.

3.1. Linseed Oil-Based Nanocomposites

The surface of AELO/TiO2 nanocomposites was investigated by scanning electron microscopy
(SEM), and a typical illustration of the sample with 7.5 wt % loading is shown in Figure 2. The image
shows a great number of spherical nanoparticles (bright spots) with an average diameter of 40 nm
arbitrarily dispersed within the epoxidized VO, and also a few small clusters comprising several
NPs. The interactions between the OH groups on the TiO2 surface and the polar groups of the AELO
avoid NP agglomeration, and no particle surface treatments or interfacial modifiers are required for
the manufacturing of these biomaterials, making them cheaper and more environmentally friendly.
Figure 2 also shows the energy dispersive X-ray (EDX) spectrum of the composite, which corroborates
that the sample contains Ti, C, N, and O atoms.

Figure 2. SEM micrograph (left) and EDX (right) of AELO/TiO2 (7.5 wt %) nanocomposite. Reprinted
from [46], copyright 2015, with permission from the Royal Society of Chemistry.

Transmission electron microscopy (TEM) micrographs of LO derived polyol/CuO nanocomposites
reveal the presence of spherical nanosized NPs with diameters ranging between 50 and 60 nm Figure 3.
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With increasing NP loading, the nanocomposites become denser, hence with higher refractive index
and viscosity.

 

Figure 3. TEM micrographs of an epoxidized LO/CuO nanocomposite. Reprinted from [50], copyright
2013, with permission from Elsevier.

3.2. Castor Oil-Based Nanocomposites

SEM images of ZnO NPs (Figure 4a) revealed their quasi-spherical shape, with diameters ranging
from 40 to 180 nm. Furthermore, due to the big surface area and high surface energy of the NPs,
some agglomeration took place, and many small clusters can be observed. Upon functionalization
with chitosan, their surface turned out to be more porous, and their average size raised to 180 nm
(Figure 4b). Additionally, the agglomeration decreased, since the interaction between chitosan and the
NPs reduced the attractive forces between nanoparticles [18].

 

 

Figure 4. SEM images of: (a) as synthesized ZnO nanoparticles; (b) chitosan-modified ZnO
nanoparticles; (c) cured castor oil/chitosan-modified ZnO nanocomposite (7.5 wt %). Reprinted
from [18], copyright 2015, with permission from the American Chemical Society.

On the other hand, the nanocomposites were transparent and flexible, as shown in Figure 4c.
The CS-ZnO NPs can be observed as bright spheres homogeneously and randomly dispersed within
the CO matrix. The H-bonding interactions between the urethane moieties of the cured CO and the OH
moieties of the CS-NPs avoid aggregation and improve the matrix-NP compatibility. The porosity of
the nanocomposites was found to increase with increasing NP loading, from 10% for neat CO to almost
100% at 7.5 wt % NP content. This augment in porosity is valuable for wound healing applications,
since would enable the absorption of higher volumes of wound exudates and promote the distribution
of nutrients to the cells.

3.3. Soybean Oil-Based Nanocomposites

The epoxidized SO showed a sponge-like morphology (Figure 5a), with many round pores of
about 300 nm size [17]. However, in the nanocomposites filled with ZnO NPs (Figure 5b), the pore
dimension was about half that of the matrix, while the surface roughness increased. The spherical NPs,
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with an average size of 80 nm, which increased slightly with increasing loading, become visible as
light spots in the images, and are very well distributed. The interactions between the polar groups of
the SO and the OH moieties of the ZnO NPs avert aggregation without the necessity of particle surface
treatments or compatibilizers.

 

Figure 5. SEM images of ESO (a) and ESO/ZnO (5.0 wt %) nanocomposite (b). Reprinted from [17],
copyright 2014, with permission from the American Chemical Society.

3.4. Geranium Oil-Based Nanocomposites

SEM images were attained to assess the size and morphology of the synthesized ZnO NPs in
the polymer matrix [47]. Ball-like NPs randomly and homogenously distributed were found in all
the composites. Nonetheless, the NP size moderately increased with increasing power deposition,
from about 60 nm at 10 W to around 80 nm at 50 W, indicating that a higher amount of NPs can be
incorporated into the polymer matrix at higher deposition powers.

The surface morphology of Ge and the nanocomposites was also examined via atomic force
microscopy (AFM). Due to the soft Ge surface, the tapping mode was used. The surface of neat Ge was
flat, soft, and uniform (Figure 6a), with a mean particle roughness of 0.25 nm. The average roughness
increased with the incorporation of ZnO (Figure 6b), and the nanocomposites with NP loadings of
0.79% and 1.57%, which correspond to frequency powers during the plasma polymerization of 10 and
50 W, showed average roughnesses of 33.7 and 37.2 nm, respectively. The nanocomposites have a more
porous surface with a random distribution of the NPs, which are present in the form of protusions.

 

Figure 6. AFM images of neat Ge (a) and the corresponding nanocomposite with 1.57% ZnO (Zn/Ge)
(b). Reprinted from [47], copyright 2019, with permission from Springer Nature.

3.5. Sunflower Oil-Based Nanocomposites

According to SEM and TEM images, a very homogeneous dispersion of the Fe3O4 NPs and
the Fe3O4–MWCNT hybrids within the VO matrix was achieved during the in situ polymerization.
The MWCNTs were relatively small and short (~10 nm diameter, length < 5 μm, Figure 7d,e). Fe3O4

NPs with diameters ranging from 9 to 12 nm decorated the wall of the MWCNTs (Figure 7f,g),
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which was attained via debundling of the MWCNTs upon sonication and mechanical shearing. Besides,
the presence of dangling bonds on the MWCNT aid the NP nucleation on the nanotubes surface
(Figure 7b,h,j). The Π–Π interactions between the aromatic rings of toluene diisocyanate and those of
the MWCNTs and the interaction between the –C=O and –N–H of the polyol resin with the OH groups
of the NPs led to strong interfacial adhesion between them, Figure 7c,d [49].

 

Figure 7. SEM images of Fe3O4–MWCNT nanohybrids (a), NNC (b), FNC (c), and MNC (d); TEM
images of MWCNT (e), Fe3O4–MWCNT nanohybrid (f and g), NNC (h–j); FNC (k) and MNC
(l). Nomenclature: carboxyl functionalized MWCNT-based nanocomposites (MNC); Fe3O4-based
nanocomposites (FNC) and Fe3O4–MWCNT-based nanocomposites (NNC). Reprinted from [49],
copyright 2014, with permission from the Royal Society of Chemistry.

4. Antimicrobial Activity of Vegetable Oil-Based Thermoset Polymers with Metal Oxide
Nanoparticles

4.1. Antimicrobial Effect of Zinc Oxide-Reinforced Nanocomposites

The antibacterial activity of neat Ge and the corresponding nanocomposites with ZnO
nanoparticles was investigated against two well-known pathogens in hospitals and implantable
devices: Gram-negative E. coli and Gram-positive S. aureus bacteria, using the live/dead staining
method [47]. Viability was estimated as the ratio of viable bacteria to the total number of bacteria
attached to the sample surface, and the results are shown in Figure 8 [47]. About 80% of S. aureus were
alive on the control, whilst the viability on the neat Ge prepared via plasma polymerization with radio
frequency powers of 10 and 50 W were 53% and 50%, and those of the corresponding nanocomposites
with ZnO were 31% and 42%, respectively (Figure 8a). Likewise, 81% of E. coli were viable on the
control surface, whereas the viability on the neat oil were 60% and 76%, and for the composites were
33% and 44%, respectively.
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The antibacterial action of VO-based polymers is related to their surface chemistry and nanoscale
topography. The functional groups of the VO (ie. hydroxyl, carboxylic, methyl) are reported to disturb
the microbial growth and avoid a good anchoring of microbial cells [51]. However, pristine VO
showed low antibacterial activity versus both Gram-positive and Gram-negative bacteria. A plausible
explanation could be that plasma treatment would have worsened the antimicrobial activity of the
neat oil due to the crosslinking of many molecules, making them incapable of interacting with the cell
membranes [52].

 

Figure 8. S. aureus (a) and E. coli (b) viability against neat geranium oil (Ge) and geranium oil/ZnO
nanocomposites (Zn/Ge) prepared via plasma polymerization with radio frequency powers of 10 W
(Ge 10 and Zn/Ge 10) and 50 W (Ge 50 and Zn/Ge 50). Adapted from [47], copyright 2019, with permission
from Springer Nature.

In contrast, the Ge-based ZnO nanocomposites revealed enhanced bactericidal performance,
corroborating that ZnO NPs were straightforwardly implicated in the inhibition of the pathogens.
The antimicrobial mechanisms of MO-NPs, as described earlier, differ from those of the pristine
polymers. Despite both being capable of anchoring to the outer microorganism surface—thus
modifying the permeability of cell walls—NPs, due to their extremely small size, are also able to
enter the cell, thus gathering in the cytoplasm, disrupting cellular activities and provoking membrane
disruption. Besides, upon interaction with the bacteria cells, ZnO NPs can produce ROS, as detailed
above; which can deteriorate the proteins, peptidoglycan, ribosomes, and DNA of the bacteria, causing
inhibition of enzymatic activities and amino acid production, thus leading to cell lysis. This accounts
for the improved performance observed for the nanocomposites compared to the neat Ge. In addition,
it is possible the existence of synergistic effects of both composite components on inhibiting bacteria
viability, as reported for nanocomposites reinforced with graphene and Ag NPs [53] or ZnO and Ag
NPs [54], which were more efficient versus pathogens than the individual components alone.

On the other hand, the bactericide action of Zn/Ge 10 W was greater compared to Zn/Ge 50 W,
probably related to the different NP size, since the smaller power during the plasma polymerization
led to smaller particles, as discussed in Section 3.4, which are more likely to penetrate the bacteria
cell. Furthermore, the lower resistance of S. aureus against ZnO NPs compared to E. coli is consistent
with previous reports [55], ascribed to the outer membrane layer external to the peptidoglycan cell
wall in the Gram-negative bacteria that can provide better resistance to ZnO penetration. Nonetheless,
there is no agreement in the literature on this point, since ZnO NPs are synthesized with different
dimensions, morphologies, surface modifications, surface defects, etc., that strongly condition their
antibacterial action.

CO/CS-ZnO nanocomposites were tested against Gram-positive S. aureus and M. luteus and
Gram-negative E. coli with and without UV illumination (Figure 9) [18]. Experiments were performed
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following the ISO 22196:2007 standard. Samples were sterilized in an autoclave and then submerged
in a nutrient broth of ~2.0×106 colony forming units (CFU)/mL. After incubation at 37 ºC for 24 h,
the number of CFU per sample was calculated manually. The antibacterial activity was estimated as:
log(viable cell count in the control/viable cell count in the composite), where the control was a flask
containing bacteria and no sample. It has been stipulated that efficient antibacterial activity should be
higher than 2.

 

Figure 9. Antibacterial activity of CO/CS-ZnO nanocomposites versus (a) E. coli, (b) S. aureus, and (c)
M. luteus. Solid and dashed bars correspond to experiments performed without and with UV light
irradiation, respectively. Reprinted from [18], copyright 2015, with permission from the American
Chemical Society.

Cured CO shows some antimicrobial action versus the three bacteria tested, being the activity
stronger against Gram-positive ones both with and without UV light. A number of works have
confirmed that fatty acids can restrain the bacterial growth [56], and even their mechanism is not well
understood up to date, it appears to be connected with the electron transport disruption and oxidative
phosphorylation at the cell membrane. Moreover, their bactericide action could arise from enzymatic
activity inhibition and nutrient uptake or lysis of bacterial cells. More importantly, the antimicrobial
activity increases as the CS-ZnO loading rises under both conditions tested. Nonetheless, while E. coli
activity was restrained for NP contents ≥ 5.0 wt % under UV irradiation, S. aureus and M. luteus were
inhibited by all the nanocomposites except for that with 1.0 wt % loading. This is consistent with the
results previously discussed for Ge/Zn nanocomposites [47], corroborating that the antibacterial action
is strongly influenced by the structural and chemical composition of the bacterial cell. Interestingly,
CO/ZnO composites also show antibacterial activity without UV light, being only slightly toxic to
E. coli while more effective against S. aureus and M. luteus (Figure 9b,c). Despite the generation of
ROS is supposed to be the key reason for the antibacterial activity of ZnO NPs in the presence of UV
light, the cause of their bactericidal effect without irradiation is still unknown; it is not likely related

219



Polymers 2019, 11, 1790

to ROS production albeit dependent on the ZnO attachment to bacterial cell walls, and increasing
concentrations of Zn2+ ions in the bacterial cytoplasm due to local dissolution of the attached ZnO.

Noticeably, the biocide action found for these composites is significantly higher than that
found for Ge/Zn nanocomposites prepared via plasma polymerization [47], indicating that both the
functionalization of the nanoparticles and the nanocomposite synthesis process can play a key role
in the biocide action. In particular, the biological activity of ZnO has been reported to be strongly
dependent on the surface functional groups. Thus, Betancourt-Galindo et al. [57] modified the ZnO
NPs by di-functional alcohol, and the resulting NPs showed improved performance, and were used in
medical devices. In addition, it should be highlighted the exceptional antimicrobial properties of CS [58].
This polysaccharide is successful against both Gram-negative and Gram-positive microorganisms,
while its efficiency is conditioned by factors such as its molecular weight, degree of deacetylation,
and concentration. It is supposed to be able to go through the bacterial cell wall by means of pervasion
and fabrication of a polymer membrane on the cell wall surface. Furthermore, its positively charged
amino groups are prone to interact with the negatively charged bacterial membranes, resulting in
protein leakage and affecting the phospholipid bilayer structure, thereby altering its permeability [59].
CS hybrid materials incorporating metal and MO-NPs have been prepared with outstanding properties
derived from synergistic effects [60–64]. It has been reported that CS or modified CS combined with Ag
leads to hydrogels with better antimicrobial activity [63]. Besides, mixtures of CS, polyvinylpyrrolidone
and nanosized TiO2 [61] or Ag2O [62] exhibit superb wound healing and antimicrobial characteristics.
ZnO–CS complexes with antimicrobial and antibiofilm properties have been also prepared by nano
spray drying and precipitation methods [64].

The antibacterial activity of ESO/ZnO nanocomposites was also tested against E. coli and S. aureus
with and without UV light (Figure 10) [17], following the same protocol as indicated earlier [18]. Neat
ESO exhibits a little antimicrobial effect, ~0.1 and 0.4 versus E. coli and S. aureus respectively, under both
conditions examined, the effect being smaller than that found for CO [18]. The differences are likely
related to their chemical structure, since CO comprises a large number of reactive hydroxyl groups
that improve the antibacterial activity. This is consistent with a previous study on ESO modified with
quaternary ammonium salts and hydroxyl groups onto the backbone [65], which was reacted with
different diisocyanate monomers to prepare polyurethane coatings that showed considerably enhanced
antibacterial activity (about 95% bacterial reduction). The positive charges of the quaternary ammonium
salts can interact with negatively charged surfaces of both Gram-positive and Gram-negative bacteria
via electrostatic forces, which promote NP penetration Thus, the antimicrobial activity of VOs is
confirmed to be strongly dependent on their surface functional groups, as mentioned earlier.

 

Figure 10. Antibacterial activity of ESO/ZnO nanocomposites against (a) E. coli and (b) S. aureus. Solid
and dashed bars as indicated in Figure 9. Reprinted from [17], copyright 2014, with permission from
the American Chemical Society.

On the other hand, as found for the other nanocomposites reinforced with ZnO NPs [18,47],
the antibacterial action increases upon rising NP loading both in the presence and the absence of UV
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light. This trend arises from the uniform nanoparticle dispersion within the VO matrix. Thus, the higher
the NP content, the higher the effective surface area available for interaction with the bacteria cell.
Again, a more efficient bactericide action is found versus Gram-positive bacteria, related to the
differences in structure and chemical composition of the cell walls. The thicker and multipart structure
of E. coli should minimize the harm from oxidation radicals. It should be noted that for both bacteria
tested, the antibacterial action of ESO/ZnO nanocomposites is weaker than that found for CO/CS-ZnO
ones [18], likely due to the functionalization of the NPs, as discussed earlier and the synergistic effect
of CS and ZnO. Improved bactericide action has also been reported upon functionalization of other
nanomaterials like graphene oxide [66] or boron nitride nanotubes [67] with biocompatible polymers
such as polyethylene glycol.

4.2. Antimicrobial Effect of Titanium Oxide-Reinforced Nanocomposites

Following the same protocol described above, the antibacterial action of AELO/ZnO
nanocomposites was also investigated versus S. aureus and E. coli under both UV light and dark
conditions (Figure 11) [46]. For both bacteria, AELO only exerts a minor antimicrobial action, about
0.15 and 0.3 respectively, the effect being alike under both conditions, and slight smaller than that found
for ESO [17] and CO-based [18] nanocomposites. This is in agreement with studies on the bactericidal
activity of VOs, which found a strong dependence on their content of phenolic compounds, together
with their unsaturation degree and chain length: the longer the chain, the stronger the bacterial action
is [68].

 

Figure 11. Antibacterial action of AELO/TiO2 nanocomposites versus S. aureus (left) and E. coli (right).
The dotted line shows the limit for effective antibacterial action. Reprinted from [46], copyright 2015,
with permission from the Royal Society of Chemistry.

As observed for nanocomposites reinforced with ZnO NPs, the antibacterial action rises as the
NP loading rises, both with and without UV light. It is expected that higher TiO2 loadings will lead
to more NPs in contact with the bacteria, and in consequence, produce more toxicity. Furthermore,
the state of NP dispersion also conditions the bactericide action: the more homogenous the NP
dispersion, the better the antibacterial property. Thus, the nanocomposite with 7.5 wt % TiO2 presents
similar action to that with 5.0 wt % due to the presence of small clusters as corroborated by SEM
(Figure 2). Again, stronger bactericide effect is found against Gram-positive bacteria, as also reported
for TiO2/poly(lactic-co-glycolic acid) PLGA composites [69]. The antibacterial effect could be attributed
to inactivation of cellular enzyme and DNA by the TiO2 NPs causing small pores in the bacterial cell
wall that result in increased permeability and cell death. Furthermore, oxidative damage provoked by
ROS produced via redox reactions between adsorbed species (i.e., water, oxygen) and electrons and
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holes generated on irradiation of TiO2 with UV light have also occurred. Reaction of the holes in the
valence band with H2O or hydroxide ions on the surface results in the formation of •OH radicals, whilst
electrons in the conduction band react with O= to yield superoxide ions •O2−. Both hydroxyl and
superoxide ions can react with the phospholipid components of the bacteria cell membrane, thereby
causing the deterioration of the membrane and finally cell lyses and bacteria inactivation [70].

Experimental data confirm that TiO2-reinforced composites possess antibacterial activity under
dark conditions, pointing towards other mechanism of bacterial inactivation besides the photocatalytic
process. These could include NP-bacteria surface physicochemical interactions that injure the cells;
redox reactions at the NP–cell interface concerning reduction of Ti(IV) to Ti(III) that provoke oxidative
degradation of the cell membrane; internalization of the NPs in the cell and bacteria damage from
the interior; bacterial phagocytosis by the NPs resulting in cell death [71]. Although the precise
mechanism is not known up to date, the bacteria-TiO2 contact appears to be critical for attaining strong
bactericide effect.

4.3. Antimicrobial Effect of Copper Oxide-Reinforced Nanocomposites

To determine the bactericide effect of LO/CuO nanocomposites, E. coli and S. aureus bacteria
were cultured for 24 h at 37 ◦C. At certain times aliquots were taken and growth was followed
turbidometrically at 595 nm with a spectrophotometer [50]. Results are shown in Figure 12.

The growth curves indicated three regions: initial phase, active lag phase and stationary phase.
The absorbance for the control (only bacteria) revealed that E. coli and S. aureus attained the stationary
phase after 14 and 12 h, respectively. A similar trend is found for the nanocomposites, although the lag
phase was extended by an average of 6 h in the case of E. coli, while for S. aureus it remained almost the
same. More importantly, in the case of E. coli, about 17, 24, and 62% growth was inhibited compared to
the control for nanocomposites with 0.04, 0.05, and 0.06% CuO, respectively, showing and increase in
bactericide action with increasing NP loading. In contrast, for S. aureus, the growth inhibition was in
the range of 60–55% for the three nanocomposites.

 

Figure 12. Absorbance versus time showing the effect of LO/CuO nanocomposites on the growth of E.
coli (a) and S. aureus (b). – control; – 0.04 % CuO; – 0.05 % CuO; – and –0.06 % CuO; Adapted from [50],
copyright 2013, with permission from Elsevier.

The antibacterial action of LO derived polyol-CuO nanocomposites seems to arise from the
disruption of membrane integrity [72]. Electrostatic interactions can initially take place between
positive residue in the composites and negative charges onto the bacteria surface, provoking the
adhesion of the nanocomposites to the surface. Then, the polymeric chains could phagocytize the
bacteria, and simultaneously the CuO would bind to the lipid and peptidoglycan layers, causing the
cell death. Thus, as the NP content increased, the bactericide action improved, though in the case
of S. aureus the improvement with increasing loading was slightly significant, likely because a high
efficiency was already attained for the lowest NP content. Furthermore, this behavior could be the
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result of their tendency to form clusters like bunches of grapes, which impedes the whole penetration
of the nanocomposites to the core of the cluster [50]. In addition, ROS formation can take place by
released Cu2+; in the presence of either superoxide or other reducing agents such as ascorbic acid,
Cu2+ can be reduced to Cu+ catalyzing the formation of •OH radicals from H2O2 via the Haber–Weiss
reactions [41]. •OH is the most powerful oxidizing radical reacting with almost every biomolecule.
It can start oxidative damage by abstracting the hydrogen both from an amino-bearing carbon to form
a carbon centered protein radical and from an unsaturated fatty acid to form a lipid radical. Moreover,
it is expected that in addition to the effect of CuO, the hydrophobic nature of LO and its fatty acid
chains also boost the bactericide action.

4.4. Antimicrobial Effect of Iron Oxide-Reinforced Nanocomposites

The antibacterial action of sunflower oil-derived HBPU/Fe3O4 nanocomposites was tested against
S. aureus and K. pneumonia bacteria via the agar well diffusion method [73]. The microorganisms
were incubated for 24 h at 37 ◦C. Upon incubation, the inhibition zone for the different samples was
calculated, using ampicillin as control, and results are shown in Figure 13 [48].

 

Figure 13. Inhibition zone showing the antibacterial activity against of S. aureus (a) and K. pneumoniae (b),
respectively, of Fe3O4 (1), sunflower oil derived-polyurethane (2), the corresponding nanocomposite
with 15 wt % loading (3), and the control (4). Adapted from [48], copyright 2013, with permission from
IOP publishing.

The neat polyurethane derived from the VO did not have antibacterial activity while Fe3O4 NPs
alone showed inhibition zones of 13 and 11 mm versus Gram-positive S. aureus and Gram-negative
K. pneumoniae, respectively. Surprisingly, the nanocomposite with 15 wt % NP displayed a zone of
inhibition of 15 and 13 mm for the indicated bacteria. This corresponds to normalized widths of
the antimicrobial “halo” (nwhalo) of 0.43 and 0.42, respectively, calculated from the diameter of the
inhibition zone (diz) and the disk diameter (d) as: [(diz – d)/2]/d [74]. These results indicate that the
NPs provided bactericide action to the VO-based polymer, and this activity increased with the rise
in NP loading, as reported for other nanocomposites based on VOs discussed earlier. Nonetheless,
the bactericide action found for this nanocomposite seems smaller compared to those based on
semiconducting MO-NPs: ZnO [17,18,47], TiO2 [46], or CuO [50], which could be related to the fact
that in the semiconductors electron–hole pairs are formed, and the holes can split water molecules and
cause ROS formation. In the case of magnetite NPs, the mechanism of bactericide action should be
different (i.e., via Fenton-like and Haber–Weiss reactions, as discussed earlier), and albeit ROS could
also be generated (mainly H2O2 when Fe2+ responded to oxygen that interacts with the outer bilayer
of bacteria, thus entering the cell membrane and causing bacterial disruption), these would be less
harmful or would be produced in a less efficient way. Furthermore, combined mechanism can also
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take place. Thus, the ferrous irons can subsequently react with the produced H2O2 through Fenton
reaction, thus leading to hydroxyl radicals that damage the bacteria cell wall.

In contrast, a higher bactericide action was found for similar nanocomposites reinforced with
Fe3O4–MWCNT nanohybrids (NNC in Figure 14 [49]), which showed an inhibition zone of 22 mm
against K. pneumoniae, and close to 20 mm for S. aureus (nwhalo values of 0.39 and 0.4, respectively), likely
arising from the synergistic effect of the NPs and the MWCNTs on the biocide effect. The antibacterial
activity of MWCNTs has been ascribed to several mechanisms [75]: disruption of the membrane
integrity by strong electrostatic forces between bacterial outer surface and MWCNTs, leading to
oxidation of the membrane; ROS generation that induces destruction of the bacterial plasmid DNA;
impurity components (i.e., metallic nanoparticles, catalysts, suspension) that are introduced into the
MWCNT structure during the synthesis process; bactericidal oxidative stress. Furthermore, the toxicity
of MWCNTs is highly influenced by several factors such as diameter, length, residual catalysts,
electronic structure, surface functional groups, and surface chemistry [76]. In particular, the tube length
is critical for the interactions with the cell membrane: the shorter the tube, the more chances there are
for interaction between open ends of the nanotubes and the bacteria, leading to extra cell membrane
damage, thus the bactericidal performance is stronger. The tube diameter also plays a key role in
the bacterial inactivation process. Smaller diameters can damage the cell membrane via cell-surface
interactions, while larger diameters (~15–30 nm) mostly interact with bacteria by their side walls [77].

 

Figure 14. Inhibition zone showing the antibacterial activity against K. pneumonia and S. aureus for the
neat polyurethane derived from the oil (HBPU), NNC, FNC, and MNC. The nomenclature is indicated
in Figure 7. Reprinted from [49], copyright 2014, with permission from the Royal Society of Chemistry.

In the study by Das et al. [49], the MWCNTs were relatively small and short (~10 nm diameter,
length < 5 μm, Figure 7d,e), which could account for their improved antibacterial activity. Furthermore,
due to the MWCNT shape, they have less bactericidal action toward rod-shaped bacteria (K. pneumonia)
when compared to spherical ones (S. aureus). Overall, the nanohybrids showed significantly improved
performance compared to the nanocomposites reinforced only with Fe3O4 or MWCNTs.

The antibacterial activities of VO/MO-NPs nanocomposites are summarized in Table 3.
Systematically, stronger bactericide effect is found against Gram-positive spherical bacteria compared
to Gram-negative rod-shaped ones, ascribed to the structural and chemical compositional differences
of their cell walls. For similar NP loadings, stronger antibacterial activity is obtained for smaller
NPs, which are more prone to penetrate into the bacteria cell. Nonetheless, the two most important
parameters determining the bactericide action appear to be the NP concentration and its level of
surface functionalization. Systematically, the higher the NP loading, the more intense the NP-bacteria
interactions are, hence the stronger the bactericide effect is. However, in some cases a stabilization of
the antibacterial activity is envisaged for NP loadings >7.5 wt%, since NP agglomeration can occur,
thus reducing the NP specific surface area, which results in lower NP-bacterial interfacial contact area.
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NP surface functionalization, in particular with positively charged groups, improves the antibacterial
efficiency, since cationic groups are susceptible to interact with the negatively charged bacterial
membranes via electrostatic forces, resulting in protein leakage and damaging the phospholipid bilayer
structure. Besides, synergistic effects typically take place between the MO-NPs and their surface
functional moieties on improving antibacterial activity. Regarding the NP shape, slight influence is
predicted, although most of the studies were carried out with spherical or quasi-spherical NPs, hence
it is difficult to reach a clear conclusion on this issue. The composition of the VO matrix also influences
the antibacterial activity of the nanocomposites: the higher its phenolic content, unsaturation degree,
and chain length, the stronger the bacterial action is. Thus, composites based on CO, that comprises
89% of unsaturated ricinoleic acid (Table 2), display the highest antibacterial effectiveness. In contrast,
those based on sunflower or geranium oil, with lower level of unsaturation, exert less bactericide action.
This is consistent with the fact that neat CO showed bactericide action towards both Gram-positive
and Gram-negative bacteria, while neat Ge or the HBPU derived from sunflower oil hardly showed
bactericide action. Finally, the nanocomposite synthesis process can also play a key role in the biocide
action. Thus, plasma polymerization methods can worsen the antimicrobial activity due to the high
level of crosslinking between the molecules, which makes their interaction with the cell membranes
more difficult.

Table 3. Antibacterial activity of VO/MO-NPs nanocomposites.

Nanocomposite Type
(Processing)

Antibacterial
Activity (AU)

Bacteria Strain
Average NP

Size (nm)
NP Shape

NP Concentration
(wt %)

REF

Zn/Ge 10 (PP) 31 a S. aureus 60 Ball-like 0.79 47
Zn/Ge 10 (PP) 33 a E. coli 60 Ball-like 0.79 47
Zn/Ge 50 (PP) 42 a S. aureus 80 Ball-like 1.57 47
Zn/Ge 50 (PP) 44 a E. coli 80 Ball-like 1.57 47

ESO/ZnO (SM + C) 0.30 E. coli 65 Spherical 1.00 17
ESO/ZnO (SM + C) 0.55 S. aureus 65 Spherical 1.00 17
ESO/ZnO (SM + C) 0.60 E. coli 73 Spherical 3.00 17
ESO/ZnO (SM + C) 0.98 S. aureus 73 Spherical 3.00 17
ESO/ZnO (SM + C) 1.12 E. coli 80 Spherical 5.00 17
ESO/ZnO (SM + C) 1.47 S. aureus 80 Spherical 5.00 17
ESO/ZnO (SM + C) 1.32 E. coli 92 Spherical 7.00 17
ESO/ZnO (SM + C) 1.68 S. aureus 92 Spherical 7.00 17
AELO/TiO2 (IP + C) 0.41 E. coli 40 Spherical 1.00 46
AELO/TiO2 (IP + C) 0.60 S. aureus 40 Spherical 1.00 46
AELO/TiO2 (IP + C) 1.12 E. coli 42 Spherical 2.50 46
AELO/TiO2 (IP + C) 1.62 S. aureus 42 Spherical 2.50 46
AELO/TiO2 (IP + C) 1.73 E. coli 46 Spherical 5.00 46
AELO/TiO2 (IP + C) 2.68 S. aureus 46 Spherical 5.00 46
AELO/TiO2 (IP + C) 1.92 E. coli 64 Spherical 7.50 46
AELO/TiO2 (IP + C) 2.81 S. aureus 64 Spherical 7.50 46

CO/CS-ZnO (SM + C) 0.75 E. coli 168 Quasi-spherical 1.00 18
CO/CS-ZnO (SM + C) 1.20 S. aureus 168 Quasi-spherical 1.00 18
CO/CS-ZnO (SM + C) 1.10 M. luteus 168 Quasi-spherical 1.00 18
CO/CS-ZnO (SM + C) 0.98 E. coli 177 Quasi-spherical 2.50 18
CO/CS-ZnO (SM + C) 1.80 S. aureus 177 Quasi-spherical 2.50 18
CO/CS-ZnO (SM + C) 1.71 M. luteus 177 Quasi-spherical 2.50 18
CO/CS-ZnO (SM + C) 1.32 E. coli 175 Quasi-spherical 5.00 18
CO/CS-ZnO (SM + C) 2.30 S. aureus 175 Quasi-spherical 5.00 18
CO/CS-ZnO (SM + C) 2.24 M. luteus 175 Quasi-spherical 5.00 18
CO/CS-ZnO (SM + C) 1.55 E. coli 180 Quasi-spherical 7.50 18
CO/CS-ZnO (SM + C) 3.05 S. aureus 180 Quasi-spherical 7.50 18
CO/CS-ZnO (SM + C) 2.98 M. luteus 180 Quasi-spherical 7.50 18

LO/CuO (SL) 17 b E. coli 50 Quasi-spherical 0.04 c 50
LO/CuO (SL) 55 b S. aureus 50 Quasi-spherical 0.04 c 50
LO/CuO (SL) 24 b E. coli 56 Quasi-spherical 0.05 c 50
LO/CuO (SL) 57b S. aureus 56 Quasi-spherical 0.05 c 50
LO/CuO (SL) 62 b E. coli 59 Quasi-spherical 0.06 c 50
LO/CuO (SL) 60 b S. aureus 59 Quasi-spherical 0.06 c 50

HBPU/Fe3O4 (SC + C) 0.43d S. aureus 9 Spherical 15.0 48
HBPU/Fe3O4 (SC + C) 0.42 d K. pneu-moniae 9 Spherical 15.0 48

HBPU/Fe3O4-CNT (SC + C) 0.40 d S. aureus 11 Spherical 15.0 49
HBPU/Fe3O4-CNT (SC + C) 0.39 d K. pneu-moniae 11 Spherical 15.0 49

a Percentage of cell viability; b Percentage of cell growth inhibition; c Concentration in mol; d Normalized width of
the antimicrobial “halo”; PP: plasma polymerization; SM: solution mixing; IP: in situ polymerization; SC: solution
casting; C: curing; SL: solventless one-pot reaction.
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5. Conclusions

The incorporation of MO-NPs into VO-based thermosetting polymers is a versatile path to take
advantage of their outstanding antimicrobial properties, leading to new bactericide nanocomposite
materials with a wider range of applications. The antibacterial properties depend on a number of
parameters, including the NP size, shape, level of functionalization and in particular, their concentration
in the nanocomposite. It has been shown that the biocide action systematically increases with increasing
NP loading, due to larger NP-bacteria interfacial contact area. Moreover, surface functionalization of
the NPs or hybridization with other nanomaterials significantly improves their efficiency, in particular
when this is carried out with substances that also exhibit antimicrobial activity (i.e., polymers like
chitosan or MWCNTs). The main mechanism of action is likely the generation of ROS, which can
disrupt cell membranes, damage DNA synthesis, and perturb metabolic paths, finally resulting in cell
death. Furthermore, these NPs also exhibit biocide action under dark conditions, corroborating the
existence of other modes of action like redox reactions at the NP–cell interface, bacterial phagocytosis,
lipid peroxidation, etc. Although several examples related with MO-NPs embedded into VO-derived
thermoset polymers have been reported, as discussed throughout this manuscript, additional research
is required to support the progress of novel nanocomposites to be used in hospital equipment,
in prostheses, or as antibacterial materials in public places. In this regard, novel synthesis approaches
based either on commercial matrices or on VOs/MO-NP coatings that could be straightforwardly
implemented at an industrial scale should be developed. Future research areas might include scaling
up processes, optimization of the NP dispersion, use of novel MO-NPs with antimicrobial properties,
different polymeric matrices derived from VOs and toxicity studies. Overall, more research and
investment are needed to attain fully sustainable materials with antimicrobial activity as effective
substitutes for the existing ones.

Acknowledgments: A.M. Diez-Pascual wishes to acknowledge the MINECO for a “Ramón y Cajal” Potsdoctoral
Fellowship cofinanced by the EU. Financial support from the University of Alcalá via project reference
CCG2018/EXP-011 is gratefully acknowledged. The aid of J.A. Luceño-Sanchez with the literature search
is also acknowledged.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Lligadas, G.; Ronda, J.C.; Galià, M.; Cádiz, V. Renewable polymeric materials from vegetable oils:
A perspective. Mater. Today 2013, 16, 337–343. [CrossRef]

2. Babu, R.P.; O’Connor, K.; Seeram, R. Current progress on bio-based polymers and their future trends. Prog.
Biomater. 2013, 2, 8. [CrossRef] [PubMed]

3. Raquez, J.-M.; Deléglise, M.; Lacrampe, M.-F.; Krawczak, P. Thermosetting (bio)materials derived from
renewable resources: A critical review. Prog. Polym. Sci. 2010, 35, 487–509. [CrossRef]

4. Gunstone, F. Fatty Acid & Lipid Chemistry; Blackie Academic & Professional: New York, NY, USA, 1996;
pp. 1–252. ISBN 978-1-4613-6852-6.

5. Belgacem, M.N.; Gandini, A. Monomers, Polymers and Composites from Renewable Resources; Elsevier:
Amsterdam, The Netherlands, 2008; pp. 39–66. ISBN 9780080453163.

6. Allen, R.R.; Formo, M.V.; Krishnamurthy, R.G.; McDermott, G.N.; Norris, F.A.; Sonntag, N.O.V. Bailey’s
Industrial Oil and Fat Products; Wiley: New York, NY, USA, 1982; ISBN 9780471839583.

7. Mosiewicki, M.A.; Aranguren, M.I. A short review on novel biocomposites based on plant oil precursors.
Eur. Polym. J. 2013, 49, 1243–1256. [CrossRef]

8. Meier, M.A.R.; Metzger, J.; Schubert, U.S. Plant oil renewable resources as green alternatives in polymer
science. Chem. Soc. Rev. 2007, 36, 1788–1802. [CrossRef] [PubMed]

9. Wool, R.P. Biobased Polymers and Composites; Elsevier Academic Press: Burlington, VT, USA, 2005;
ISBN 978-0-12-763952-9.

10. Alam, M.; Akram, D.; Sharmin, E.; Zafar, F.; Ahmad, S. Vegetable oil based eco-friendly coating materials:
A review article. Arab. J. Chem. 2014, 7, 469–479. [CrossRef]

226



Polymers 2019, 11, 1790

11. Xia, Y.; Zhang, Z.; Kessler, M.R.; Brehm-Stecher, B.; Larock, R.C. Antibacterial Soybean-Oil-Based Cationic
Polyurethane Coatings Prepared from Different Amino Polyols. Chem. Sus. Chem. 2012, 5, 2221–2227.
[CrossRef]

12. Garrison, T.F.; Zhang, Z.; Kim, H.; Mitra, D.; Xia, Y.; Pfister, D.P.; Brehm-Stecher, B.; Larock, R.C.; Kessler, M.R.
Thermo-Mechanical and Antibacterial Properties of Soybean Oil-Based Cationic Polyurethane Coatings:
Effects of Amine Ratio and Degree of Crosslinking. Macromol. Mater. Eng. 2014, 299, 1042–1051. [CrossRef]

13. Liang, H.; Liu, L.; Lu, J.; Chen, M.; Zhang, C. Castor oil-based cationic waterborne polyurethane dispersions:
Storage stability, thermo-physical properties and antibacterial properties. Ind. Crops. Prod. 2018, 117, 169–178.
[CrossRef]

14. Wang, R.; Schuman, T.P. Vegetable oil-derived epoxy monomers and polymer blends: A comparative study
with review. Express Polym. Lett. 2013, 7, 272–292. [CrossRef]

15. Zhu, L.; Wool, R.P. Nanoclay reinforced bio-based elastomers: Synthesis and characterization. Polymer 2006,
47, 8106–8115. [CrossRef]

16. Lu, Y.; Larock, R.C. Novel Biobased Nanocomposites from Soybean Oil and Functionalized Organoclay.
Biomacromolecules 2006, 7, 2692–2700. [CrossRef] [PubMed]

17. Díez-Pascual, A.M.; Díez-Vicente, A.L. Epoxidized Soybean Oil/ZnOBiocomposites for Soft Tissue
Applications: Preparation and Characterization. ACS Appl. Mater. Interfaces 2014, 6, 17277–17288. [CrossRef]
[PubMed]

18. Díez-Pascual, A.M.; Díez-Vicente, A.L. Wound Healing Bionanocomposites Based on Castor Oil Polymeric
Films Reinforced with Chitosan-Modified ZnO Nanoparticles. Biomacromolecules 2015, 16, 2631–2644.
[CrossRef] [PubMed]

19. Deka, H.; Karak, N.; Kalita, R.D.; Buragohain, A.K. Bio-based thermostable, biodegradable and biocompatible
hyperbranched polyurethane/Ag nanocomposites with antimicrobial activity. Polym. Degrad. Stab. 2010, 95,
1509–1517. [CrossRef]

20. Gold, K.; Slay, B.; Knackstedt, M.; Gaharwar, A.K. Antimicrobial Activity of Metal and Metal-Oxide Based
Nanoparticles. Adv. Therap. 2018, 1, 1700033. [CrossRef]

21. Seil, J.T.; Webster, T.J. Antimicrobial applications of nanotechnology: Methods and literature. Int. J. Nanomed.
2012, 2012, 2767–2781. [CrossRef]

22. Brunner, T.J.; Wick, P.; Manser, P.; Spohn, P.; Grass, R.N.; Limbach, L.K.; Bruinink, A.; Stark, W.J. In Vitro
Cytotoxicity of Oxide Nanoparticles: Comparison to Asbestos, Silica, and the Effect of Particle Solubility.
Environ. Sci. Technol. 2006, 40, 4374–4381. [CrossRef]

23. Díez-Pascual, A.M.; Xu, C.; Luque, R. Development and characterization of novel poly(ether ether
ketone)/ZnObionanocomposites. J. Mater. Chem. B 2014, 2, 3065–3078. [CrossRef]

24. Coleman, A.; Jagadish, C. Basic properties and applications of ZnO—Chapter 1. In Zinc Oxide Bulk,
Thin Films and Nanostructures; Jagadish, C., Pearton, S., Eds.; Elsevier: Oxford, UK, 2006; pp. 1–20.
ISBN 978-0-08-044722-3.

25. Díez-Pascual, A.M.; Díez-Vicente, A.L. Development of Nanocomposites Reinforced with
CarboxylatedPoly(ether ether ketone) Grafted to Zinc Oxide with Superior Antibacterial Properties. ACS
Appl. Mater. Interfaces 2014, 6, 3729–3741. [CrossRef]

26. Díez-Pascual, A.M.; Díez-Vicente, A.L. Poly(3-hydroxybutyrate)/ZnOBionanocomposites with Improved
Mechanical, Barrier and Antibacterial Properties. Int. J. Mol. Sci. 2014, 15, 10950–10973. [CrossRef] [PubMed]

27. Hajipour, M.J.; Fromm, K.M.; Akbar Ashkarran, A.; Jimenez de Aberasturi, D.; Larramendi, I.R.D.; Rojo, T.;
Serpooshan, V.; Parak, W.J.; Mahmoudi, M. Antibacterial properties of nanoparticles. Trends Biotechnol. 2012,
30, 499–511. [CrossRef] [PubMed]

28. Díez-Pascual, A.M.; Díez-Vicente, A.L. ZnO-Reinforced Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
Bionanocomposites with Antimicrobial Function for Food Packaging. ACS Appl. Mater. Interfaces 2014, 6,
9822–9834. [CrossRef] [PubMed]

29. Zheng, K.; Setyawati, M.I.; Leong, D.T.; Xie, J. Antimicrobial Gold Nanoclusters. ACS Nano 2017, 11,
6904–6910. [CrossRef]

30. Padmavathy, N.; Vijayaraghavan, R. Enhanced bioactivity of ZnO nanoparticles-an antimicrobial study. Sci.
Technol. Adv. Mater. 2008, 9, 035004. [CrossRef]

31. Díez-Pascual, A.M.; Díez-Vicente, A.L. High-Performance Aminated Poly(phenylene sulfide)/ZnO
Nanocomposites for Medical Applications. ACS Appl. Mater. Interfaces 2014, 6, 10132–10145. [CrossRef]

227



Polymers 2019, 11, 1790

32. Díez-Pascual, A.M.; Díez-Vicente, A.L. Effect of TiO2 nanoparticles on the performance of polyphenylsulfone
biomaterial for orthopaedic implants. J. Mater. Chem. B 2014, 2, 7502–7514. [CrossRef]

33. Pelaez, M.; Nolan, N.T.; Pillai, S.C.; Seery, M.K.; Falaras, P.; Kontos, A.G.; Dunlop, P.S.M.; Hamilton, J.W.J.;
Byrne, J.A.; O’Shea, K.; et al. A review on the visible light active titanium dioxide photocatalysts for
environmental applications. Appl. Catal. B 2012, 125, 331–349. [CrossRef]

34. Fadeel, B.; Garcia-Bennett, A.E. Better safe than sorry: Understanding the toxicological properties of inorganic
nanoparticles manufactured for biomedical applications. Adv. Drug Deliv. Rev. 2010, 62, 362–374. [CrossRef]

35. Díez-Pascual, A.M.; Díez-Vicente, A.L. Nano-TiO2 Reinforced PEEK/PEI Blends as Biomaterials for
Load-Bearing Implant Applications. ACS Appl. Mater. Interfaces 2015, 7, 5561–5573. [CrossRef]

36. Galib, M.B.; Mashru, M.; Jagtap, C.; Patgiri, B.J.; Prajapati, P.K. Therapeutic potentials of metals in ancient
India: A review through Charaka Samhita. J. Ayurveda Inter. Med. 2011, 2, 55–63. [CrossRef] [PubMed]

37. Allahverdiyev, A.M.; Kon, K.V.; Abamor, E.S.; Bagirova, M.; Rafailovich, M. Coping with antibiotic resistance:
Combining nanoparticles with antibiotics and other antimicrobial agents. Expert Rev. Anti InfecyTher. 2011, 9,
1035–1052. [CrossRef] [PubMed]

38. Magdolenova, Z.; Collins, A.; Kumar, A.; Dhawan, A.; Stone, V.; Dusinska, M. Mechanisms of genotoxicity.
A review of in vitro and in vivo studies with engineered nanoparticles. Nanotoxicology 2014, 8, 233–278.
[CrossRef] [PubMed]

39. Richardson, H.W. Copper Compounds. In Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH:
Weinheim, Germany, 2000; ISBN 9783527303854.

40. Moreno, J.L.V.; Padama, A.A.B.; Kasai, H. A density functional theory-based study on the dissociation of NO
on a CuO(110) surface. Cryst. Eng. Comm. 2014, 16, 2260–2265. [CrossRef]

41. Angelé-Martínez, C.; Nguyen, K.V.T.; Ameer, F.S.; Anker, J.N.; Brumaghim, J.L. Reactive oxygen species
generation by copper(II) oxide nanoparticles determined by DNA damage assays and EPR spectroscopy.
Nanotoxicology 2017, 11, 278–288. [CrossRef]

42. Yamamoto, K.; Kawanishi, S. Hydroxyl free radical is not the main active species in site-specific DNA damage
induced by copper (II) ion and hydrogen peroxide. J. Biol. Chem. 1989, 264, 15435–15440.

43. Blaney, L. Magnetite (Fe3O4): Properties, Synthesis, and Applications. Lehigh Rev. 2007, 15, 5.
44. Xiaodi, L.; Zhiguo, Z.; Yufeng, T.; Bingyu, L. Review on the Synthesis and Applications of Fe3O4

Nanomaterials. J. Nanomater. 2013, 2013, 902538. [CrossRef]
45. Arakha, M.; Pal, S.; Samantarrai, D.; Panigrahi, T.K.; Mallick, B.C.; Pramanik, K.; Mallick, B.; Jha, S.

Antimicrobial activity of iron oxide nanoparticle upon modulation of nanoparticle-bacteria interface. Sci.
Rep. 2015, 5, 14813. [CrossRef]

46. Díez-Pascual, A.M.; Díez-Vicente, A.L. Development of linseed oil–TiO2 green nanocomposites as
antimicrobial coatings. J. Mater. Chem. B 2015, 3, 4458–4471. [CrossRef]

47. Al-Jumaili, A.; Mulvey, P.; Kumar, A.; Prasad, K.; Bazaka, K.; Warner, J.; Jacob, M.V. Eco-friendly
nanocomposites derived from geranium oil and zinc oxide in one step approach. Sci. Rep. 2019, 9,
5973. [CrossRef] [PubMed]

48. Das, B.; Mandal, M.; Upadhyay, A.; Chattopadhyay, P.; Karak, N. Bio-based hyperbranched polyurethane/
Fe3O4nanocomposites: Smart antibacterial biomaterials for biomedical devices and implants. Biomed. Mater.
2013, 8, 035003. [CrossRef] [PubMed]

49. Das, B.; Chattopadhyay, P.; Upadhyay, A.; Gupta, K.; Mandal, M.; Karak, N. Biophysico-chemical interfacial
attributes of Fe3O4 decorated MWCNT nanohybrid/bio-based hyperbranched polyurethane nanocomposite:
An antibacterial wound healing material with controlled drug release potential. N. J. Chem. 2014, 38,
4300–4311. [CrossRef]

50. Sharmin, E.; Zafar, F.; Akram, D.; Ahmad, S. Plant oil polyol nanocomposite for antibacterial polyurethane
coating. Prog. Org. Coat. 2013, 76, 541–547. [CrossRef]

51. Bazaka, K.; Jacob, M.; Truong, V.K.; Crawford, R.J.; Ivanova, E.P. The Effect of Polyterpenol Thin Film Surfaces
on Bacterial Viability and Adhesion. Polymers 2011, 3, 388–404. [CrossRef]

52. Bazaka, K.; Bazaka, O.; Levchenko, I.; Xu, S.; Ivanova, E.P.; Keidar, M.; Ostrikov, K. Plasma-potentiated small
molecules—Possible alternative to antibiotics? Nano Futures 2017, 1, 025002. [CrossRef]

53. Prasad, K.; Lekshmi, G.S.; Ostrikov, K.; Lussini, V.; Blinco, J.; Mohandas, M.; Vasilev, K.; Bottle, S.; Bazaka, K.;
Ostrikov, K. Synergic bactericidal effects of reduced graphene oxide and silver nanoparticles against
Gram-positive and Gram-negative bacteria. Sci. Rep. 2017, 7, 1591. [CrossRef]

228



Polymers 2019, 11, 1790

54. Sinha, R.; Karan, R.; Sinha, A.; Khare, S.K. Interaction and nanotoxic effect of ZnO and Ag nanoparticles on
mesophilic and halophilic bacterial cells. Bioresour. Technol. 2011, 102, 1516–1520. [CrossRef]

55. Arakha, M.; Saleem, M.; Mallick, B.C.; Jha, S. The effects of interfacial potential on antimicrobial propensity
of ZnO nanoparticle. Sci. Rep. 2015, 5, 9578. [CrossRef]

56. Desbois, A.; Smith, V. Antibacterial free fatty acids: Activities, mechanisms of action and biotechnological
potential. Appl. Microbiol. Biotechnol. 2010, 85, 1629–1642. [CrossRef]

57. Betancourt-Galindo, R.; Berlanga Duarte, M.L.; Puente Urbina, B.A.; Rodríguez-Fernández, O.S.;
Sánchez-Valdés, S. Surface Modification of ZnO Nanoparticles. Mater. Sci Forum 2010, 644, 61–64. [CrossRef]

58. Rabea, E.I.; Badawy, M.E.; Stevens, C.V.; Smagghe, G.; Steurbaut, W. Chitosan as Antimicrobial Agent:
Applications and Mode of Action. Biomacromolecules 2003, 4, 1457–1465. [CrossRef] [PubMed]

59. Chung, Y.; Chen, C. Antibacterial characteristics and activity of acid-soluble chitosan. Bioresour. Technol.
2008, 99, 2806–2814. [CrossRef] [PubMed]

60. Archana, D.; Dutta, J.; Dutta, P.K. Evaluation of chitosan nano dressing for wound healing: Characterization,
in vitro and in vivo studies. Int. J. Biol. Macromol. 2013, 57, 193–203. [CrossRef] [PubMed]

61. Archana, D.; Singh, B.K.; Dutta, J.; Dutta, P.K. In vivo evaluation of chitosan–PVP–titanium dioxide
nanocomposite as wound dressing material. Carbohyd. Polym. 2013, 95, 530–539. [CrossRef] [PubMed]

62. Archana, D.; Singh, B.K.; Dutta, J.; Dutta, P.K. Chitosan-PVP-nano silver oxide wound dressing: In vitro and
in vivo evaluation. Int. J. Biol. Macromol. 2015, 73, 49–57. [CrossRef]

63. Amin, K.A.M.; Panhuis, M.I.H. Reinforced Materials Based on Chitosan, TiO2 and Ag Composites. Polymers
2012, 4, 590–599. [CrossRef]

64. Dhillon, G.; Kaur, S.; Brar, S. Facile fabrication and characterization of chitosan-based zinc oxide nanoparticles
and evaluation of their antimicrobial and antibiofilm activity. Int. Nano Lett. 2014, 4, 1–11. [CrossRef]

65. Bakhshi, H.; Yeganeh, H.; Mehdipour-Ataei, S.; Shokrgozar, M.; Yari, A.; Seyyed, N. Synthesis and
characterization of antibacterial polyurethane coatings from quaternary ammonium functionalized soybean
oil based polyols. Mater. Sci. Eng. C 2013, 33, 153–164. [CrossRef]

66. Díez-Pascual, A.M.; Díez-Vicente, A.L. Poly(propylene fumarate)/Polyethylene Glycol-Modified Graphene
Oxide Nanocomposites for Tissue Engineering. ACS Appl. Mater. Interfaces 2016, 8, 17902–17914. [CrossRef]

67. Díez-Pascual, A.M.; Díez-Vicente, A.L. PEGylated boron nitride nanotube-reinforced poly(propylene
fumarate) nanocomposite biomaterials. RSC Adv. 2016, 6, 79507–79519. [CrossRef]

68. Muñoz-Bonilla, A.; Cerrada, M.L.; Fernandez-Garcia, M. Introduction to Polymeric Antimicrobial Materials.
Chapter 1. In Polymeric Materials with Antimicrobial Activity: From Synthesis to Applications; RSC Publishing:
Oxford, UK, 2014; p. 311. ISBN 978-1-84973-807-1.

69. Wu, J.; Li, C.; Tsai, C.; Chou, C.; Chen, D.; Wang, G. Synthesis of antibacterial TiO2/PLGA composite biofilms.
Nanomed. Nanotechnol. 2014, 10, e1097–e1107. [CrossRef] [PubMed]

70. Cho, M.; Chung, H.; Choi, W.; Yoon, J. Linear correlation between inactivation of E. coli and OH radical
concentration in TiO2 photocatalytic disinfection. Water Res. 2004, 38, 1069–1077. [CrossRef] [PubMed]

71. Nadtochenko, V.; Denisov, N.; Sarkisov, O.; Gumy, D.; Pulgarin, C.; Kiwi, J. Laser kinetic spectroscopy of the
interfacial charge transfer between membrane cell walls of E. coli and TiO2. J. Photoch. Photobio. A 2006, 181,
401–407. [CrossRef]
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