
Food Packaging 
Based on 
Nanomaterials
Amparo López-Rubio, Maria Jose Fabra and Marta Martínez-Sanz

www.mdpi.com/journal/nanomaterials

Edited by

Printed Edition of the Special Issue Published in Nanomaterials



Food Packaging Based 
on Nanomaterials





Food Packaging Based 
on Nanomaterials

Special Issue Editors

Amparo López-Rubio
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Preface to ”Food Packaging Based on Nanomaterials”

The use of nanotechnologies in the food-packaging area has opened up a number of

possibilities derived from the inherent characteristics of nanoadditives, which can either improve

relevant properties of neat polymers (such as barrier or mechanical properties) or introduce new

functionalities (for active and bioactive packaging applications or even for sensing). This is an exciting

and rapidly growing field of study, and very interesting developments are unfolding. Although the

aim of these novel materials is to improve packaged food quality and safety, the toxicological effects

derived from their potential migration from the polymer structures is also under consideration.

Amparo López-Rubio, Maria Jose Fabra, Marta Martı́nez-Sanz

Special Issue Editors

ix





nanomaterials

Review

Recent Developments in Food Packaging Based
on Nanomaterials

Yukun Huang 1, Lei Mei 2, Xianggui Chen 1 and Qin Wang 1,2,*

1 School of Food and Bioengineering, Xihua University, Chengdu, Sichuan 610039, China;
huangyukun@mail.xhu.edu.cn (Y.H.); chen_xianggui@mail.xhu.edu.cn (X.C.)

2 Department of Nutrition and Food Science, College of Agriculture and Natural Resources,
University of Maryland, College Park, MD 20740, USA; leimei@umd.edu

* Correspondence: wangqin@umd.edu; Tel.: +1-301-405-8421

Received: 31 August 2018; Accepted: 8 October 2018; Published: 13 October 2018

Abstract: The increasing demand for high food quality and safety, and concerns of environment
sustainable development have been encouraging researchers in the food industry to exploit the robust
and green biodegradable nanocomposites, which provide new opportunities and challenges for the
development of nanomaterials in the food industry. This review paper aims at summarizing the
recent three years of research findings on the new development of nanomaterials for food packaging.
Two categories of nanomaterials (i.e., inorganic and organic) are included. The synthetic methods,
physical and chemical properties, biological activity, and applications in food systems and safety
assessments of each nanomaterial are presented. This review also highlights the possible mechanisms
of antimicrobial activity against bacteria of certain active nanomaterials and their health concerns.
It concludes with an outlook of the nanomaterials functionalized in food packaging.

Keywords: nanomaterials; food packaging; inorganic nanoparticles; organic biopolymer composites;
synthesis; activity; application; safety assessment; mechanisms

1. Introduction

Nanoscience and nanotechnology have become exciting fields of research and development
since its introduction by Richard Feynman in 1959 [1]. At the heart of research in these fields are
the synthesis, characterization, modeling and applications of new materials with nanometer-scale
dimensions, at least one of the three external dimensions ranging from approximately 1 nm to
100 nm, which are called “nanomaterials”. There are numerous nanomaterials that have been reported
in many prior studies, generally divided into the so-called zero-dimensional (e.g., nanoparticles
(NPs): quantum dots, nanoclusters and fullerenes), one-dimensional (e.g., nanotubes and nanorods),
two-dimensional (e.g., thin films), and three-dimensional (e.g., nanocomposites and nanofibers)
nanomaterials [2]. These materials have exhibited unusual mesoscopic properties, including high
surface area, fine particle size, high reactivity, high strength and ductility, which are the reasons
that nanomaterials are frequently applied in a diversified range of industrial fields [3,4]. As the
researches of multi-disciplinary areas move along, nanomaterials are advancing with wide applications
to electronic, optical and magnetic devices, biology, medicine, energy, defense and so on. In addition,
their developments in food and agriculture industries are nearly similar to their modernization in
medicine delivery and pharmaceutical areas [5,6].

In recent years, owing to the unique properties of nanomaterials other than their bulk counterparts
mainly covering physical, chemical and biological properties, studies on the synthesis, characterization,
applications and assessments of these materials have promoted the scientific advancement to grow and
alter the entire agrifood area [7,8]. Specifically, many reports have focused on the potential applications
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of nanomaterials as participants to assure food quality, improve packaging and produce food products
with altered function and nutrition [1,4,5,9,10].

Packaging is a key component of each stage in the food industry; however, its permeable nature
is the major defect in conventional food packaging materials. There are no packaging materials
fully resisting water-vapors and atmospheric gases [2]. Moreover, participants along with the food
supply chain seek novel, cost-effective, eco-friendly and resourceful food packaging systems to
protect and monitor the quality of packaged foods, which is made possible with committed food
safety, quality and traceability. As a result, there are several critical factors driving the innovation of
food packaging materials to be continuously excavated. On the one hand, food packaging facilitates
storage, handling, transport and protection of food from environmental pollution and other influences,
and meets the increasing demands of the market, especially related to consumer preference for
nutritious and high-quality food products [11]. Some bionanocomposites materials are designed
to improve the functional characteristics of general food packaging, such as barrier performance,
mechanical strength and thermal stability, and other nanomaterials can incorporate bacteriostatic
agents, antioxidants, plant extracts and enzymes to lengthen shelf-life of food products [12]. On the
other hand, to date, the majority of materials used in packaging industries are non-biodegradable
petroleum-based plastic polymer materials (approximately 8% of the global gas production and
fossil feedstock is used to yield synthetic polymers), which in turn, denote a serious problem on the
universal environment [13]. The advancement of renewable or green packaging has potentials to
reduce the negative environmental impacts caused by the synthetic packaging by using biodegradable
or edible materials, plant extracts, and nanocomposite materials [11]. The following two types of
materials [14–19] are in focus: (1) inorganic and metal nanoparticles (nano-clay, montmorillonite
nanoparticles, halloysite nanotubes, AgNPs, ZnO-NPs and CuO-NPs, et al.); (2) plant extracts (milk
thistle extract, green tea extract, etc.) mixtures incorporated in biopolymers (chitosan, cellulose,
starch, etc.).

Furthermore, the enormous potential of nanotechnology has received attention from researchers
in multi-disciplinary areas to develop promising and desirable materials in food packaging systems.
On the whole, the applications of nanocomposite materials for food packaging reported in the recent
three years are divided into three main functions, i.e., improved, smart and active food packaging [2].
Firstly, improved packaging is that the utilization of nanoparticles in the bionanocomposite materials
improves their mechanical and barrier properties, including elasticity, gas barrier characteristics
(barrier against oxygen, carbon dioxide, and flavor compounds diffusion) and stability under different
temperature and moisture conditions [12]. Secondly, smart (intelligent) packaging performs in terms
of information feedback and marketing on real-time quality of packaged food products and also
performs as a guard against fraud and fake products and an indicator of the situation of exposure to
certain adverse factors such as insufficient temperatures or high oxygen levels [20,21]. Thirdly, active
packaging offers protection and preservation grounded on mechanisms activated by inherent and/or
acquired factors (antimicrobial activity, biodegradable activity), and achieves the reduction in loss of
food products due to extension of their shelf-life [22]. Though there have been considerable studies
on novel nanomaterials applications in food packaging reported every day, most materials are still
in the stage of feasibility and demonstration studies, and employments in food packaging field are
yet to receive approval concerning their safety issues, which could be caused by the migrations of
nanomaterials from packaging to food matrix [23]. Moreover, the absorption, distribution, metabolism
and excretion as well as toxicological assessment of nanoparticles in food intake of humans are
important research focuses [24]. Thus, as can been seen, the use of nanomaterials in the food industry
opens up multiple possibilities originating from the inherent features of nano-additives, which are
either an improvement of the original polymer properties (e.g., barrier or mechanical properties) or
introduction of new functionalities (e.g., active and bioactive packaging or sensing and monitoring).
This is an emerging and evolutionary area involving multidisciplinary studies.
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This review references more than 170 articles published in the recent three years and summaries
the up-to-date developments of nanomaterials applied in the food packaging field, presenting a
comprehensive review of various nanostructures and related technologies used to construct functional
food packaging systems. The contents of this article mainly concentrate on synthesis methods,
physical and chemical properties and biological activity, applications in food systems and safety
assessments of different types of nanomaterials. This review also highlights the possible mechanism
of some characteristics, such as antimicrobial activity against bacteria and improved reduction and
stabilization properties of certain active nanomaterials. In the last part, an outlook of the nanomaterials
functionalized in food packaging is included.

2. Inorganic and Metal Oxide Nanomaterials Applied in Food Packaging

Generally, nanomaterials applied in food packaging can be classified into two categories: inorganic
and organic materials. For the former materials, metals and metal oxides and clay nanoparticles
incorporated into bionanocomposite films and nanofibers can be considered [25,26]. Besides common
bacteriostatic silver nanoparticles, some of the inorganic agents, like oxidized nanoparticles including
CuO, ZnO, TiO2, MgO and Fe3O4, have attracted great interest due to their resistance to the rough
processing conditions and enhancement of strong inhibition against foodborne pathogens. As for the
other materials like various clays, they could offer resistance to gases and water vapor, and improve
the mechanical strength of biopolymers [2,27]. The second group is organic materials including,
but not limited to, phenols, halogenated compounds, quaternary ammonium salts, plastic polymers,
plus natural polysaccharide or protein materials such as chitosan, chitin, zein and whey protein isolates,
which have lately been highly regarded [28,29].

2.1. Silver-Based Nanoparticles

So far, in all kinds of nanoparticles developed and characterized, silver-based nanoparticles (NPs)
have taken an important place due to their inherent feature of antimicrobial activity even in solid-state
samples, and have therefore been used as bacteriostatic agents from ancient times. Silver-salts materials
also have an inhibition effect on the growth of diverse pathogens affecting human health, such as those
in films, catheters, burns, cuts and wounds to protect them from infection [7]. Silver-based particles
in nanoscale include silver nanoparticles (AgNPs), silver nanocluster (AgNC) and silver-based alloy
materials [30,31].

2.1.1. Synthesis Methods

AgNPs is one of the most studied and applied antimicrobial agents because of its broad-spectrum
antimicrobial activity against microorganisms. The traditional solvothermal synthesis methods of
AgNPs-functionalized packaging materials which usually require physical and chemical preparations
of synthesizing and immobilizing, however, seem to be very expensive and hazardous and not
environmentally friendly. This method has been gradually discarded for the tedious and complicated
procedure. Interestingly, AgNPs prepared through biological synthesis exhibit high solubility, yield and
stability. Additionally, it is simpler, faster, more environmentally friendly and dependable, and is
recognized as a green approach to produce AgNPs with well-defined morphology and size under
optimal conditions in favor of application in food packaging [32]. Chu et al. prepared antimicrobial
active poly (lactic acid) (PLA)-based films with alloy of AgNPs and zinc oxide nanoparticles (ZnO-NPs)
through a solvent volatilizing method [33]. Tao et al. developed a convenient and efficient biosynthesis
method to synthesize AgNPs-silk/poly (vinyl alcohol) (PVA) bionanocomposite film by blending
AgNPs with PVA [34]. Shao et al. reported a new green chemistry synthetic method of sodium
alginate-AgNPs composite by using sodium alginate as a stabilizing agent and ascorbic acid as a
reducing agent [35]. Narayanan and Han presented an immobilization method of borate-stabilized
AgNPs as nanofillers in dual-crosslinked polymers comprised of PVA and sodium alginate at different
ratios [36]. Patra et al. produced a phyto-mediated biosynthesis of AgNPs through utilizing the water
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extract of watermelon rind under light exposure at room temperature, obtaining prepared AgNPs with
an average size of 110 nm and surface plasmon resonance of 425 nm [37]. Azlin-Hasim et al. studied
the capacity of a layer-by-layer strategy to prepare low-density polyethylene (LDPE) active films with
silver nanoparticles coated for food packaging applications [38]. It is found that the green chemistry
synthesis for the silver-based nanoparticles is highly effective and displays high potentials.

2.1.2. Physical, Chemical Properties and Biological Activity

The physical and chemical properties of nanoparticles are important for their action, efficacy,
bio-distribution and safety. Accordingly, characterizations of nanomaterial are crucial to evaluate
functions of the developed particles [32]. Characterizations are performed using a group of analytical
techniques, including transmission electron microscopy (TEM), scanning electron microscopy (SEM),
UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffractometry (XRD),
X-ray photoelectron spectroscopy (XPS), dynamic light scattering (DLS), atomic force microscopy
(AFM), thermogravimetric analysis (TGA) and differential scanning calorimetric (DSC), to investigate
their physical and chemical properties. Those properties include size and size distribution, surface
chemistry, particle morphology, coating/capping, particle composition, agglomeration, dissolution
rate, thermo-mechanical behavior, rheological property and particle reactivity in solution. It is equally
important that the biological activities of nanomaterials are to be examined for ensuring their claimed
antimicrobial property and safety concerns. Tao et al. found that PVA film coated by AgNPs-silk
showed superior stability, mechanical performance and good antimicrobial activity inhibiting both
Gram-positive and Gram-negative bacteria [34]. Arfat et al. developed the bionanocomposite
films based on fish skin gelatin and bimetallic Ag-Cu nanoparticles (Ag-Cu NPs). The films were
characterized to have improved mechanical property and low transparency, thermal stability,
yellowness and high antibacterial activity against both Gram-positive and Gram-negative bacteria [39].
Jafari et al. studied the effect of chitin nanofiber on the morphological and physical properties of
chitosan/silver nanoparticle bionanocomposite films, and concluded that AgNPs had dramatically
improved the barrier and mechanical properties, but showed a negative impact on color properties [40].
Ramachandraiah et al. demonstrated a higher antioxidant activity of the biosynthesized AgNPs from
persimmon byproducts and incorporation in sodium alginate thin films [41].

2.1.3. Applications in Food Systems

Because of the aforementioned unique properties, AgNPs have been widely used in the health care
industry, house-hold utensils, food storage, environmental and biomedical applications. Herein, it is
interesting to emphasize the applications of AgNPs in food systems, including antibacterial, antifungal,
antioxidant, anti-inflammatory, antiviral, anti-angiogenic and anti-cancer. Heli et al. reported that
the exposure of corrosive vapor (ammonia) remarkably reduced the population density of AgNPs
embedded into bacterial cellulose, causing a large distance between the residual nanoparticles and a
decrease in the UV-Vis absorbance related to the plasmonic properties of AgNPs [42]. This material
exhibited color changes from amber to light amber upon corrosive vapor exposure, and from amber to
a grey or taupe color upon fish or meat spoilage exposure, which opened up an innovative approach
and capability in gas sensing to act as a smart packaging for monitoring fish or meat spoilage exposure.
Tavakoli et al. investigated the effect of nano-silver packaging in increasing the shelf-life of nuts in an
in vitro model, showing an important effect on extending the shelf-life of nuts with the highest shelf-life
of hazelnuts, almonds, pistachios and walnuts extended to 18, 19, 20 and 18 months, respectively [43].
Deus et al. evaluated the effect of an edible film coated with nano-silver on the quality of turkey meat
during modified atmosphere and vacuum-sealed packaging for 12 days of storage [44]. Ahmed et al.
created PLA composite films by loading bimetallic silver-copper nanoparticles and cinnamon essential
oil into polymer matrix through compression molding technique, which was utilized in the chicken
meat packaging, revealing a new direction of active food packaging to control the pathogenic and
spoilage bacteria related to fresh chicken meat [45].
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2.1.4. Safety Assessments

On account of gaps in understanding toxicology of nanomaterials, the development of their
applications is related to safety concerns. In case of food contact bio-nanocomposite materials, the first
steps of consumers’ exposures are the migrations of nanoparticles from packaging to food products.
Thus, in order to estimate the risk, we need to know the possibilities of nanoparticles released from
food contact materials [46]. Gallocchio et al. evaluated silver migration from a commercially available
food packaging containing AgNPs into chicken meatballs under plausible domestic storage conditions,
and tested the contribution of this packaging to restrict food spoilage bacteria proliferation [47].
The results showed that the migration was slow and no significant difference in the analyzed bacteria
levels between meatballs stored in AgNPs plastic bags and control bags. Tiimob et al. tested the release
of eggshell-silver tailored copolyester polymer blend film exposed to water and food samples by
atomic absorption spectroscopy (AAS) analysis, showing that AgNPs was not released in chicken
breast or distilled water until 168 and 72 h, respectively [48]. Su et al. estimated the effects of organic
additives (Irganox 1076, Irgafos 168, Chimassorb 944, Tinuvin 622, UV-531 and UV-P) on the release
of silver from nanosilver-polyethylene composite films to an acidic food simulant (3% acetic acid) by
detection using inductively coupled plasma mass spectrometry (ICP-MS) and found that additives
influenced silver release through two synchronous processes: (1) reactions between silver and organic
additives promoted release of silver from the composite film to an acidic food simulant; (2) inhibition
or promotion of silver release was influenced by silver oxidation [49]. High humidity and temperature
treatment of the prepared films were suggested to markedly enhance silver release by promoting
oxidation. Hosseini et al. measured the migration of silver from AgNPs polyethylene packaging
based on titanium dioxide (TiO2) into Penaeus semisulcatus by a titration comparison within the
other migrations, and found that titration had a superior sensitivity compared to the other migration
methods in determining the residues of nanoparticles (p < 0.05) [50]. Hannon et al. determined
the silver release from an experimental AgNPs spray coated on the surface of polyester and LDPE
packaging material into milk [51]. The test of coating process suggested the process modification has
the potential to reduce migration. Becaro et al. evaluated the genotoxic and cytotoxic effects of AgNPs
(size range between 2 and 8 nm) on root meristematic cells of Allium cepa (A. cepa) [52]. The related
studies often concentrate on the inhibition of growth of harmful bacteria. Interestingly, Mikiciuk et
al. reported that the concentration and type of AgNPs solutions had an important effect on probiotic
bacteria [53]. These bacteria were isolated from fermented milk products beneficial for the digestive
system, including Lactobacillus acidophilus LA-5, Bifidobacterium animalis subsp. lactis BB-12 and
Streptococcus thermophilus ST-Y31, which deserves great public attention.

2.2. Zinc Oxide Nanoparticles

Zinc oxide (ZnO) has attracted great interest worldwide because of its excellent properties,
particularly resulting from the realization of the development of nanomaterials. Considerable studies
of ZnO-NPs have been triggered on the production of nanoparticles using different synthesis methods
and on their future applications, attributed to their high luminescent efficiency with a large exciton
binding energy (60 meV) and a wide band gap (3.36 eV) [54]. ZnO-NPs usually act as antimicrobial
and UV-protective agents used in the food packaging area. The increasing focus on ZnO-NPs drives
the innovative development of synthesis methods of nanoparticles and their functions (Table 1).
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Table 1. Application of Zn/ZnO nanoparticles [54].

Field of Application Example

Biology and medicine
Bio-imaging

Drug and gene delivery
Antitumor and antimicrobial activity

Cosmetic industry UV filters in sunscreens
Mineral cosmetics

Manufacturing and materials
Antimicrobial food packaging

Protection from exposure to UV rays
Antimicrobial textiles

Energy and electronics
Chemical sensors based on zinc oxide

Low cost solar cells
Nano-generator power sensors based on ZnO nanowires

2.2.1. Synthesis Methods

Synthesis methods of zinc oxide have been developing rapidly. Because the synthesis approach
determines the properties of nanomaterial, the selection of synthetic methods is a crucial step in
the engineering of ZnO-NPs for a decided utilization. In recent decades, three main approaches
have been used for forming ZnO-NPs: physical, chemical and biological methods. Among them,
the casting method followed by solvent evaporation is the most common method used in preparation
of ZnO nanocomposites with different morphologies. Rokbani et al. reported a synthesis method
using a combination of ultrasound stimulations and autoclaving to prepare electrospun nanofibers
of mesoporous silica doped with ZnO-NPs [55]. Jafarzadeh et al. used the solvent casting method
to prepare nanocomposite films of nano-kaolin and ZnO nanorod (ZnO-nr) complex embedded
into semolina film matrices [56]. Youssef et al. prepared a novel bionanocomposites packaging
material using carboxymethyl cellulose (CMC), chitosan (CH) and ZnO-NPs by the casting method [18].
Salarbashi et al. developed a soluble soybean polysaccharide (SSPS) nanocomposite incorporating
ZnO-NPs using a solvent-casting method [57]. Shahmohammadi and Almasi obtained bacterial
cellulose-based monolayers and multilayer films with 5 wt% ZnO-NPs incorporated by using
ultrasound irradiation (40 kHz) during ZnO-BC nanocomposites preparation [58]. Akbariazam et al.
prepared a novel bionanocomposite of soluble soybean polysaccharide (SSPS) and nanorod-rich ZnO
by the casting method [59].

2.2.2. Physical and Chemical Properties and Biological Activity

Compared with traditional antimicrobial agents, metal oxide nanoparticles show higher stability
under extreme conditions with antimicrobial activity at low concentrations, and are considered to
be non-toxic for humans [54]. Among these metal oxide materials, ZnO-NP is a strong antimicrobial
agent [60]. ZnO-NPs exhibited diverse morphologies and showed robust inhibition against growth
of broad-spectrum bacterial species. Mizielinska et al. studied the effect of UV on the mechanical
properties and the antimicrobial activity against tested microorganisms of PLA/ZnO-NPs films [61].
They found that a decrease in Q-SUN irradiation to the antimicrobial activity of films with ZnO-NPs
against B. cereus, whereas Q-UV and UV-A irradiation showed no effect on the mechanical properties
of developed nanomaterial. Kotharangannagari and Krishnan studied the shape memory properties
of novel biodegradable nanocomposites made of starch, polypropylene glycol (PPG), lysine and
ZnO-NPs [62]. The results showed shape memory properties in the prepared nanocomposites by
treating the sample at 25 ◦C and then at 55 ◦C. Furthermore, the mechanical properties showed an
increase with increasing of ZnO-NPs content. Babaei-Ghazvini et al. investigated the UV-protective
property of the prepared biodegradable nanocomposite films incorporated by starch, kefiran and
ZnO-NPs, with a function of ZnO-NPs at different contents (1, 3, and 5 wt%) [63]. The tensile strength
and Young’s modulus of the specimens were measured and found that they were increased with Zn
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content up to 3 wt%, whereas elongation at break of the material was decreased. Besides, it is indicated
that an increase of Tm following with Zn content increased thermal properties. Mizielinska et al.
reported a test of change in adhesiveness of fish samples stored in fillets in active coating boxes [64].
The result showed a decrease of adhesiveness of the fish sample when stored in an active container.
Besides, it was found that packaging materials containing ZnO-NPs were more active against cells of
psychotropic and mesophilic bacteria than the coatings with polylysine after 144 h and 72 h of storage.
Calderon et al. developed a Zn-ZnO core-shell structure and explored the oxidation capability of
carbon supported Zn nanostructures used as oxygen scavenging materials activated by the relative
humidity in the environment [65].

2.2.3. Applications in Food Systems

ZnO-NPs are recognized as inexpensive with potential antimicrobial properties. So the
applications of ZnO-NPs packaging in food systems concentrate on its antibacterial effect, and they are
used to prolong the fresh food products’ shelf-life. Youssef et al. used an innovative carboxymethyl
cellulose/chitosan/ZnO bionanocomposite film to enhance the shelf-life of Egyptian soft white
cheese [18]. Mizielinska et al. compared the impacts of material containing polylysine or ZnO-NPs on
the texture of Cod fillets, and found a lowest water loss when the sample was packed with ZnO-NPs,
and an increase in the adhesiveness of the fish samples stored in boxes without active coatings,
indicating that ZnO-NPs prevented the adhesiveness of food products [64]. Li et al. estimated the
influences of ZnO-NPs incorporation into PLA films on the quality of fresh-cut apples [66]. It was
found that the most weight loss was observed in nano-blend packaging films compared to the PLA
film at the end of storage; however, packaging nanomaterial provided a better maintenance of firmness,
color, sensory quality and total phenolic content. It also exhibited a strong inhibition against the growth
of microorganisms. Beak et al. proposed that the synthesized olive flounder bone gelatin/ZnO-NPs
film showed antimicrobial activity against L. monocytogenes contamination on spinach but with no effect
on its quality, mainly including color and vitamin C content [67]. Suo et al. found that ZnO-NPs-coated
packaging films increased the occurrence of microorganism injury, which was helpful to control pork
meat in cold storage [68]. Al-Shabib et al. prepared Nigella sativa seed extract-zinc nanostructures
(NS-ZnNPs) material and found that NS-ZnNPs showed inhibition effects on the biofilm formation of
four food pathogens including C. violaceum 12472, L. monocytogenes, E. coli, PAO1, at their sub-inhibitory
concentrations [69].

2.2.4. Safety Assessments

ZnO-NPs are utilized as active materials in food packaging, which might bring a potential risk for
consumers contacting with this material. This nanoparticle has been demonstrated in in vivo studies
that they can access organs through different pathways such as ingestion, inhalation, and parenteral
routes [54]. Ansar et al. suggested that hesperidin augmented antioxidant defense with antiphlogistic
reaction against neurotoxicity induced by ZnO-NPs, and the enzyme activity enhanced the antioxidant
potential to reduce oxidative stress [70]. Senapati et al. evaluated the immune-toxicity of ZnO-NPs
in different ages of BALB/c mice after sub-acute exposure, and found that the aged mice were more
susceptible to ZnO-NPs-induced immune-toxicity [71]. Meanwhile, information on the amount of
ZnO-NPs contained in food packaging and the impacts of their exposure on intestinal function are
still insufficient. Moreno-Olivas et al. found that the amount of zinc present in the food was about
100 times higher than the recommended dietary allowance [72]. The effects of ZnO-NP exposure to
the small intestine composed of Caco-2 and HT29-MTX cells was investigated in an in vitro model.
It was found that Fe transport and glucose transport following ZnO NPs exposure were 75% decreased
and 30% decreased, respectively. Also, the ZnO-NPs affected the microvilli of the intestinal cells.
Zhang et al. reported the fate of the packaging material of ZnO-NPs on the coating layer incorporated
into PLA-coated paper entering into paper recycling processes [73]. The results of mass balance
indicated that 86–91% ZnO-NPs ended up in the material stream, mostly incorporated into the
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polymer coating; however, 7–16% nanoparticles completed in the desired material stream. Furthermore,
the nano-coating showed positive impacts on the quality of recovered fiber. Chia and Leong made
a surface modification to decrease the toxicity of ZnO-NPs by silica coating and found a significant
decrease on the dissolution of ZnO-NPs [74]. They suggested that the coating offered a possible
solution to enhance the biocompatibility of ZnO-NPs, which could broaden the applications such as
antibacterial agent in food packaging.

2.3. Copper-Based Nanoparticles

Copper-based nanoparticles mainly include copper nanoparticles (CuNPs) and copper oxide
nanoparticles (CuO-NPs). Most studies focusing on CuO NPs suggest that this material is one of the
most-extensively studied metal oxide nanoparticles. The antimicrobial activity is its important feature,
thus this material can be used to reduce the growth of bacteria, viruses and fungi. The nano-sized
CuO-NPs were allowed to interact with the cell membrane due to their enormous surface area, and then
showed an increased antimicrobial effect [26]. CuO-NPs have been applied intensively in chemical
engineering and food and biomedical areas, and used as gas sensors, catalysts, water disinfectants,
polymer reinforcing agents, and as a material of food packaging, semiconductors, magnetic storage
media, solar cells field, emission devices and so on [75]. Consequently, antibacterial activity of
CuO-NPs has been widely utilized in the fields of food packaging materials, polymer nanocomposites
and water purification.

2.3.1. Synthesis Methods

CuO-NPs have potentials for forming antimicrobial nanohybrids. Almasi et al. claimed
that whether the polymer substrate has already exhibited antimicrobial activity or not,
the incorporated CuO-NPs could further increase the activity of the two components contained
in the nanocomposite [26]. They have fabricated a novel nanocomposite incorporation into CuO-NPs,
bacterial cellulose nanofibers and chitosan nanofibers by a chemical precipitation method. Gu et al.
introduced a green, facile and low cost biosynthesis of monoclinic CuO-NPs based on an ultrasound
method by using the extracts of Cystoseira trinodis as an eco-friendly material [76]. Eivazihollagh et
al. reported a facile method to synthesize spherical CuNPs in situ templated by a gelled cellulose
II matrix under the alkaline aqueous conditions [77]. No more than 20 min, the nanocomposite
material was harvested in a one-pot reaction. Castro Mayorga et al. prepared an active biodegradable
nanocomposites of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) melt mixed with CuO-NPs
in bilayer structures [78]. This bilayer-structural material was made of an active electrospun fibers mat
embedded by PHBV18 (18% valerate) and CuO-NPs, and coating onto a bottom layer of concentration
molded PHBV3 (3% mol valerate). Gautam and Mishra [79] synthesized Cu-NPs material compositing
edible bilayer pocket prepared by heat and NaBH4 treated methods to form a heat-sealable casein
protein layer laminated with sodium alginate-pectin.

2.3.2. Physical and Chemical Properties and Biological Activity

The properties of the CuO-NPs depend on the synthesis method and they are very important for
their applications in various areas, such as food packaging research, which rely on their biological
activity. Although the specific mechanism of the antimicrobial effect of CuO nanoparticles is little
known, their antimicrobial actions on bacterial cells have been proposed [75]. Beigmohammadi et al.
determined the antimicrobial LDPE packaging films incorporating AgNPs, CuO-NPs and ZnO-NPs in
testing of coliform amounts of ultra-filtrated cheese [80]. The results showed the number of surviving
coliform bacteria declined to 4.21 log CFU/g after storing for 4 weeks at 4 ± 0.5 ◦C for all three
treatments. Almasi et al. found that the antimicrobial activity of CuO-NPs against both Gram-negative
and Gram-positive bacteria was inhibited after attachment to bacterial cellulose nanofibers; however,
a synergistic action presented between chitosan nanofibers and CuO-NPs on the antimicrobial activity
was reinforced [26]. Shankar et al. evaluated the water vapor permeability, barrier property, UV and
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thermal stability, and antimicrobial activity of the nanocomposite films [81]. The types of polymers
used decided the surface morphology of films. The results showed that the addition of CuO-NPs
increased the above-mentioned properties, and the films showed antimicrobial activity against Listeria
monocytogenes and E. coli.

2.3.3. Applications in Food Systems

Nanomaterials with various characteristics generated from many polymers constructing
copper-based nanocomposites can be used in a variety of applications. The antimicrobial activity of
copper-based nanocomposites reveals applications in engineering food packaging, textile industry,
medical devices and water decontamination. Some applications in food packaging over the recent
three years are presented in Table 2. However, the actual applications in real food samples were little.
Gautam and Mishra synthesized copper-based nanocomposite incorporating a pectin layer to enhance
its antimicrobial activities [79]. It was applied in packaging coconut oil and then the oxidative stability
of oil was investigated during storage. The results showed that its thermal stability was enhanced
due to the nanocomposite addition, and antimicrobial activity of heat-treated nanocomposite film was
increased compared to the NaBH4-treated NPs film against the growth of E. coli. Li et al. prepared
chitosan/soy protein isolates nanocomposite film reinforced by Cu nanoclusters, and this material
showed the improved elongation at break and tensile strength, and higher water contact angle and
degradation temperature and decreased water vapor permeation [82]. Lomate et al. developed an
LDPE/Cu nanocomposite film in food packaging to extend the shelf-life of peda, which is an Indian
sweet dairy product [83].

Table 2. Main applications of copper-polymer nanocomposites [84].

Polymer Matrix Microorganism Food Packaging Application

Cellulose S. cerevisiae Fruit juices

Hydroxypropyl methylcellulose

S. epidermis,
Streptococcus A.,

E. faecalis,
B. cereus,

P. aeruginosa,
Salmonella,

Staphylococcus aureus

Meat

Polylactic acid Pseudomonas spp. Not mentioned

Agar L. monocytogenes,
E. coli Not mentioned

High density polyethylene E. coli DHSα Not mentioned

2.3.4. Safety Assessments

Although copper-based nanocomposites have been applied for diverse purposes, CuO-NPs and
copper ions can be released from the packaging materials into the food systems. Little is known on
the toxicity of copper-based nanocomposites and more attentions have been concentrated on CuO
NPs [84].

2.4. TiO2 Nanoparticles

Titanium dioxide nanoparticles (TiO2-NPs), as among the most explored materials, are considered
as valuable metal oxide nanomaterials with thermostability and inertia. The material also has the ability
to modify the properties of biodegradable films. Besides, this material has many advantages such as
being cheap, nontoxic, and photo-stable. It has been emerging as a superior photo-catalyst material
for energy and environmental fields, such as air and water purification, antimicrobial, self-cleaning
surfaces and water splitting [85]. TiO2-NPs and their applications in the food packaging area have
attracted extensive attentions attributed to their antimicrobial activity.
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2.4.1. Synthesis Methods

TiO2-NPs tend to aggregate, which would possibly influence the function of film properties.
Changing the surface properties of TiO2-NPs is an alternative method to solve this problem. In a
recent study, several ionic surfactants have been used to non-covalently attach to the surface of
TiO2-NPs, and more innovational nanocomposites have been synthesized to enhance the TiO2-NPs
dispersion behavior [86]. He et al. fabricated biodegradable fish skin gelatin-TiO2 nanocomposite
films by a solvent evaporation method [87]. Li et al. proposed a facile and green method to
synthesize super-hydrophobic paper by using a layer-by-layer deposition of TiO2-NPs/sodium alginate
multilayers onto a paper surface and then with colloidal carnauba wax adsorbed [88]. Lopez de
Dicastillo et al. obtained TiO2 nanotubes by a deposition process of atomic layer covering the
electrospun polyvinyl alcohol (PVA) nanofibers at different temperatures to obtain antibacterial
nanostructures with a relative high selective area [89]. Nesic et al. prepared eco-environmental
pectin-TiO2 nanocomposite aerogels by a sol-gel process and followed by drying under the supercritical
conditions [90]. Firstly, pectin was dissolved in water and proper amount of TiO2 colloid was added;
then crosslinking reaction was induced in the presence of zinc ions and tert-butanol [90]. Finally,
the gels were subjected to solvent exchange and supercritical CO2 drying.

2.4.2. Physical and Chemical Properties and Biological Activity

Considerable studies indicated that addition of TiO2-NPs had promoted the suitability of
developed films applied in food packaging. The functional properties of these nanomaterials can
be tailored by synthesizing composites that combine the properties of the individual component
to achieve synergistic effects. Xing et al. investigated the impact of TiO2-NPs on the physical and
antimicrobial capabilities of polyethylene (PE)-based films. They found that the antimicrobial activity
of the films was attributed to the biocidal action of TiO2-NPs against bacteria [91]. Roilo et al. prepared
bilayer membranes for food packaging applications by depositing TiO2-NPs on PLA substrates,
cellulose nanofibers and nanocomposite coatings, and found that the addition of TiO2-NPs reduced
the penetrant diffusivity but did not affect gas barrier performances, as well as slightly decreased the
optical transparency [92]. Oleyaei et al. developed TiO2-NPs (0.5, 1 and 2 wt%) incorporated into
potato starch films [93]. It was found that TiO2-NPs enhanced the optical transparency, and slightly
increased the tensile strength and contact angle, and significantly declined the water vapor permeability
properties, and decreased the elongation at break of the film. Goudarzi et al. produced the eco-friendly
starch and TiO2-NPs bio-composites at different TiO2-NPs contents (1, 3, and 5 wt%), and investigated
the mechanical, physical, water-vapor permeability (WVP), thermal properties and as well as UV
transmittance of the synthesized nanomaterial [94]. They found that hydrophobicity increased,
and elongation at break and tensile energy to break increased, while tensile strength, WVP and Young’s
modulus reduced with increasing TiO2 content. Abdel Rehim et al. prepared the photo-catalytic paper
sheets by adding different ratios of TiO2-NPs/sodium alginate nanocomposite [95]. It was found that
biopolymer of sodium alginate reduced the negative effect of the photo-catalyst on paper fibers and
increased the adhesion of TiO2-NPs to them.

2.4.3. Applications in Food Systems

TiO2-NPs are antimicrobial agents. When they are irradiated with UV light, many reactive
oxygen species are produced that have the ability to kill microorganisms. Moreover, as nano-additives,
TiO2 can improve the mechanical properties of polymer nanocomposites [92]. Mihaly-Cozmuta
et al. synthesized three active papers based on cellulose, mainly containing TiO2, Ag-TiO2 and
Ag-TiO2-zeolite nanocomposites (P-TiO2, P-Ag-TiO2, P-Ag-TiO2-Z), which aimed at being applied
in bread packaging [96]. The efficiency in the bread storage was compared in terms of nutritional
parameters (proteins, total fat and carbohydrates), acidity, and change of molds and yeasts. Li et al.
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prepared a novel nano-TiO2-LDPE (NT-LDPE) packaging. They investigated the effects of NT-LDPE
material packaging on the antioxidant activity and quality of strawberries [97].

2.4.4. Safety Assessments

Nanoparticles exhibited an increased surface-to-mass ratio enhancing the reactivity. Moreover,
nanoparticles displayed an increased tendency to penetrate the cell membranes and consequently
having the potential to transfer through the biological barriers. So far, the health effects of TiO2-NPs
have been explored basically on their uptake by inhalation. It was concluded by the International
Agency for Research on Cancer (IARC) that decided based epidemiological studies to assess whether
TiO2 dust causing human cancers was inadequate. Evidence for carcinogenicity in experimental
animals was sufficient, which was conducted on account of the induction of respiratory tract tumors in
rats after prolonged inhalation. Accordingly, TiO2-NPs is classified as a Group 2B carcinogen by the
IARC [98]. Based on the extensive food-related uses, an increasing attention has been drawn to the
risk assessment of TiO2-NPs applied in food packaging. Ozgur et al. evaluated the effect of different
amounts of TiO2-NPs (0.01, 0.1, 0.5, 1, 10 and 50 mg/L) in vitro at 4 ◦C for 3 h on sperm cell kinematics
with the velocities of Rainbow trout [99]. Additionally, oxidative stress markers (superoxide dismutase
(SOD) and total glutathione (TGSH)) of the sperm cells were tested after their exposure to TiO2-NPs.
The results revealed that a statistical significance (p < 0.05) presented in the velocities of sperm cells.
When concentration of TiO2-NPs reached at 10 mg/L, an increased activity of TGSH and SOD (p < 0.05)
levels were found. Salarbashi et al. prepared biodegradable SSPS nanocomposites consisting of varying
ratios of SSPS and TiO2-NPs, and found that TiO2-NPs existed in plasma membranes of epithelial cell
lines after a 10-day exposure to a number of free nanomaterials [100]. However, anti-cancerous and
pro-cancerous activities were not determined because this nanomaterial denoted their neutrality in
regards to cancer inhibition or promotion in gastrointestinal tracts. Jo et al. evaluated the interactions
between TiO2-NPs and biomolecules including albumin and glucose [101]. They investigated that
those biomolecules altered the physical and chemical properties as well as the consequence regarding
TiO2-NPs under physiological conditions. It was found that oral absorption of food grade TiO2-NPs
was slightly higher compared to general grade TiO2-NPs; however, these nanoparticles were excreted
through the feces. Besides, the biokinetics of food grade TiO2-NPs were extremely relied on their
interaction with biomolecules.

2.5. Other Metal Oxide and Nonmetal Oxide Nanomaterials

In addition to the metal oxides mentioned above, several other metal oxide and nonmetal oxide
nanomaterials also showed an increased potential using as packaging materials, such as MgO-NPs,
Fe3O4-NPs and iron-based nanoparticles, as well as SiO2-NPs [102–105].

MgO naturally exists as a renewable, colorless, crystalline mineral and is economically produced
on a large scale. The use of MgO has been recognized as generally safe even in the food applications by
the U.S. Food and Drug Administration (FDA). Swaroop and Shukla produced films by incorporating
MgO-NPs in PLA polymer through a solvent casting method, and found 2 wt% amount of MgO-NPs
in PLA films exhibited the most observed improvement in the oxygen barrier and tensile strength
properties, as well as a superior antibacterial efficacy; whereas, nearly a 25% negative effect was found
on water vapor barrier properties [102].

Ren et al. synthesized inorganic materials of magnetic ferroferric oxide nano-particles in-situ
coating on graphene oxide nanosheets (Fe3O4@GO) as fillers and then were used to fabricate a PVA
nanocomposite film [106]. This material showed a superior barrier capability regarded as a better
choice compared to the traditional aluminum films. Shariatinia and Fazli prepared a thickness
of 0.13–0.2 mm nanocomposite film made of starch, chitosan, cyclophosphamide, glycerin and
Fe3O4-NPs [103]. Khalaj et al. prepared nanocomposites of the nano-clay containing iron nanoparticles
(Fe-NPs)-polypropylene (PP) by a melt interaction. They investigated the morphological, mechanical,
gas barrier and thermal properties [107].
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The activities of SiO2-NPs are related to their average particle size, biocompatibility, high surface
area, stability, low toxicity, bad thermal conductivity and supreme insulation [108]. Mallakpour and
Nazari developed a facile and fast method to synthesize polymer-based nanocomposite films of PVA
and SiO2-NPs coating on bovine serum albumin (PVA/SiO2@BSA) using a casting method assisted
by sonication [108]. Guo et al. investigated the impacts of realistic doses in physiological terms of
SiO2-NP on gastrointestinal function and health, based on an in vitro model composed of HT29-MTX
and Caco-2 co-cultures representing goblet and absorptive cells, respectively [109]. The results showed
that the exposure of SiO2-NPs was harmful to the brush border membrane and that exposure to the
physiologically relevant doses of well-characterized SiO2-NP for acute (4 hours) and chronic (5 days)
time periods eventually led to adverse effects in cells.

2.6. Nano-Clay and Silicate Nanoparticles

At the present time, nano-clay has approximately 70% market value all over the world, meaning
that it is the most commercially applied nanomaterial. There are various kinds of clay minerals
according to their structures and chemistries as well as sources. Based on the layered structures,
these materials are categorized into four major classes, i.e., chlorite, montmorillonite (MMT)/smectite,
illite and kaolinite [110]. MMT is recognized as the most commonly used in the preparation of
nanocomposites among these clays. The widest acceptability in layered clay is obvious since it has
high surface reactivity and surface area [27]. As a result, many studies demonstrated that natural
biopolymer-layered silicate nanocomposites significantly improved properties in packaging. In spite
of this, there were fewer studies of orgnoclays as nanomaterials in food packaging compared to other
nano-encapsulation systems [111].

2.6.1. Synthesis Methods

Halloysite nanotubes (HNTs), as a kind of natural nanomaterials belonging to kaolinite, have a
hollow tubular-like structure within the inner and outer diameters of 15 nm and 50 nm, respectively.
Due to this tubular shape, HNTs have a capability of being loaded by various materials, which have
been developed as functional nanocapsules [112]. Biddeci et al. prepared a functional biopolymer film
by filling a pectin matrix modified with HNTs containing peppermint oil, where HNT surfaces were
functionalized with cucurbit uril molecules with the aim to enhance the affinity of the nanofiller
towards peppermint oil [16]. Pereira et al. prepared lycopene and MMT-NPs in whey protein
concentrate films using the casting/evaporation method [113]. Recently, several agricultural processing
wastes have been used to synthesize the nanocomposites as raw materials. Orsuwan and Sothornvit
developed a biopolymer film incorporated with banana starch nanoparticles (BSNs) and MMT-NPs,
where the BSNs was fabricated using miniemulsion cross-linking to make an enhanced agent [114].
Oliveira et al. used the pectin extracted from pomegranate peels to prepare films with the some
amounts of MMT-NPs as reinforcement nanomaterial [115]. Zahedi et al. investigated a novel casting
method to fabricate a carboxymethyl cellulose (CMC)-based nanocomposite films containing MMT
(5 wt%) and ZnO-NPs (1, 2, 3 and 4 wt%) and found addition of ZnO-NPs enhanced the UV-light
blocking (from 60% to 99%) of single-layer nano-clay [116].

2.6.2. Physical and Chemical Properties and Biological Activity

Nano-clays, especially MMT, act as crucial fillers in the biodegradation of nanomaterials
when incorporated with a polymer, because they are toxin-free, environmentally friendly and
safe to be used in food packaging. Besides, their activities to reduce permeability of gases
and improve mechanical properties have been confirmed for polymer nanomaterials. Kim et al.
investigated a potential application of multilayer packaging films for packing food containing
waterborne content, which were prepared by dry laminating commercially available PVA/vermiculite
nanocomposites [117]. They found a reversible regression of the barrier properties of oxygen presented
in the prepared films. Pereira et al. characterized the structural and mechanical properties of
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lycopene/MMT/whey protein concentrate films and found that MMT at the amount of 20 g/kg in the
polymeric matrix increased both thermal and mechanical properties [113]. Besides the red coloring
ability, lycopene showed no effects on detectable interference in the physical or structural properties.
Beigzadeh Ghelejlu et al. prepared nano-clay nanocomposite/chitosan active films incorporated with
three levels of Silybum marianum L. extract (SME) (0.5% v/v, 1% v/v and 1.5% v/v) and MMT (1,
3 and 5 wt% of chitosan) [19]. The results indicated that the addition of SME and MMT improved the
antioxidant properties of the films, but decreased the solubility and WVP and influenced the optical
and mechanical properties of films. Notably, plant essential oils have been encapsulated into nano-clay
or MMT-NPs to improve the antioxidant and antimicrobial activities of composite materials applied in
packaging system, including peppermint, thyme and cinnamon [16,17,118]. Khalaj et al. found that in
the prepared nanocomposite of Fe/MMT/PP-NPs, the intercalation and exfoliation of the clay were
affected reversely after the addition of PP-NPs to some extent [107]. Furthermore, certain homogeneity
of uniform distribution of MMT and PP-NPs was observed through TEM and SEM. The melting
temperatures increased with clay concentration; however, crystallization temperature and crystallinity
decreased with the clay concentration with NPs compensating the effect of clay. Nano-clays also have
prospects in active and intelligent food nano-packaging. Gutiérrez et al. developed a nano-clay of
MMT containing blueberry extract [111]. They revealed that according to a shift between flavylium and
quinoidal forms of anthocyanins in blueberries, the color was changed following the pH of the system.
Thus, addition of blueberry extract could modify the structure of MMT to form novel nano-clays with
more active properties.

2.6.3. Applications in Food Systems

Generally, clays are low-cost, naturally occurring and eco-friendly agents and used in various
applications. Clay minerals are used in the fields of agriculture, geology, engineering, construction
and process industries [27]. Peter et al. investigated the chemical and microbiological characteristics of
white bread during the storage in paper packaging modified with Ag/TiO2-SiO2-NPs [119]. The results
showed good water retention and prolonged shelf-life of bread for 2 days compared to the unmodified
packaging. Nalcabasmaz et al. developed nanocomposite materials containing 1% nano-clay and 5%
poly-beta-pinene (P beta P) [120]. They tested the material for packaging sliced salami. The packaged
food sample used nanofilms and multi-layered film under different conditions of vacuum, modified
atmosphere packaging of 50% CO2 and 50% N2 and air, and both stored at 4 ◦C for 90 days. It was found
that the moisture content and hardness showed no significant changes during storage. The sliced
salami stored under vacuum and high CO2 using the multilayer material displayed the longest
storage time of 75 days. Kim et al. developed insect-proof HNTs material, which were applied to
a LDPE-based film to control Plodia interpunctella (Indian mealmoth) from infesting the food [121].
Peighambardoust et al. prepared LDPE-based Films incorporating with organic clay nanoparticle
including cloisite 30B, cloisite 20A and cloisite 15A for packaging to decrease the growth of coliform
bacteria in ultra-filtrated cheese [122]. The developed films exhibited a decrease of coliform load to
2.05 log CFU/g at the optimum condition, which was corresponding to Japanese industrial standard
(JIS Z 2801:2000). Echeverria et al. evaluated the future application of active nanocomposite films based
on soy protein isolate-MMT loaded with clove essential oil to preserve the muscle fillets of Bluefin
tuna stored in refrigerator [123]. They further analyzed the possibility of clay in packaging diffusing to
the food system. Clay inclined to release the clove oil by extending its antimicrobial activity (especially
against Pseudomonas spp.) and enhancing antioxidant activity. There were no observed metals (Si
and Al) of clay diffused to the muscle of fish. Guimaraes et al. evaluated fresh-cut carrots (FCC)
coated by MMT-NPs subjected to packaging of passive modified atmosphere [124]. The use of starch
nanoparticles incorporated into coating film together with a modified atmosphere led to the enhanced
total antioxidant activity, volatiles, and organic acids maintaining of FCC. Junqueira-Goncalves et al.
evaluated the effect of addition of MMT-NPs to a lacto-biopolymer coating [125]. They found that
the material could improve its water vapor barrier and reduce weight loss, as well as oxygen uptake
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and the release of carbon dioxide, and improve fruit firmness and reduce mold and yeast load, at last
prolong the shelf-life of coated strawberries.

2.6.4. Safety Assessments

With nano-clay or MMT-NPs materials attracting more and more attentions worldwide, analyses
of risks of these nanomaterials to the lung health of exposed workers have been emerging. Besides,
present studies aiming to demonstrate the toxicological actions of nano-clay showed that the structure
had resulted in the promotion of cellular uptake and interactions [126]. Han et al. presented a
study on the degradation and release of nano-clay-loaded LDPE composite for food packaging [127].
It was found that the toxicity of released nano-clay particles from nano-clay particle-embedded LDPE
composites to A594 adenocarcinomic human alveolar basal epithelial cells was degraded. Wagner et al.
investigated the potential of Cloisite 30B and Cloisite Na+ and their thermally degraded byproducts
and then induced toxicity in the model of lung epithelial cells of human [126]. Analysis of byproduct
physical and chemical properties suggested changes happened in structures and functions. Echegoyen
et al. investigated the migration of nano-clay from food packaging materials to food samples [128].
The results showed that Al-NPs of different sizes and morphologies could migrate into food stimulants
with different food stimulants (acetic acid 3% and ethanol 10%), temperatures and times (70 ◦C for
2 h and 40 ◦C for 10 days) from two commercialized LDPE-based nanocomposite bags analyzed
by ICP-MS.

3. Organic Biopolymer-Based Nanomaterials Applied in Food Packaging

The concept of a bio-based economy is gradually receiving attentions from scientific, societal,
and economic aspects, and there is a great deal of driving force to develop strategies for this
purpose [129]. The inspiration of producing biopolymer-based materials is to utilize renewable
organic sources, including polysaccharides and proteins, aiming at replacing non-renewable fossil
sources. There are various organic nanomaterials applied in food packaging, mainly divided into
three categories: polymer-based plastics, polysaccharide-based and protein-based nanomaterials,
which provide biopolymer matrix for nanocomposite materials.

3.1. Polymer-Based Nanomaterials

Traditionally, most plastic packaging materials are made from petroleum-based polymers,
mainly containing the commodity polystyrene (PS) and polyethylene (PE), which are
recognized as not being environmentally friendly. With the development of new polymer
materials, the biodegradable polymer-based plastics can provide a viable alternative, such as
PVA [130–134], polylactic acid (PLA) [135–139], poly(3-hydroxybutyrate) (PHB) [140,141] and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [78,142] and their biopolymer blends.

3.1.1. PVA

PVA, basically made from polyvinyl acetate through hydrolysis, is easily degraded by biological
organisms in water. It has been extensively incorporated into other polymer-based compounds to
increase the mechanical properties attributed to its hydrophilic properties and compatible structure,
including mechanical performance, solvent resistance, biocompatibility and high hydrophilicity [143].
Yang et al. prepared chitosan/PVA hydrogels containing lignin nanoparticles (LNPs) (1 wt% and
3 wt%) by a freezing–thaw procedure [130]. The study of mechanical, microstructural and thermal
characterizations of the nanomaterial showed that the optimal amount of LNPs was at 1 wt%, whereas
the agglomerates at higher LNP content were formed and affected the properties [144]. Sarwar et al.
investigated the impact of Ag-NPs embedded into nanocellulose on the mechanical, physical and
thermal properties of PVA-based nanocomposite films [131]. They found that these films had a superior
antimicrobial activity against E. coli (DH5-alpha) and S. aureus (MRSA). Furthermore, the films showed
no cytotoxicity effect on HepG2 and the cell viability was above 90%.
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3.1.2. PLA

PLA has drawn more attention resulting from the good biodegradability and being a candidate
of substitution for traditional polymers. PLA is mainly produced by condensation polymerization
from lactic acid, derived from fermentation of corn, sugars, tapioca or sugarcane. Among the various
biopolymers investigated, PLA exhibits key properties, including biodegradability, renewability and
superior mechanical properties, crystallinity and process ability [102,145]. Aframehr et al. investigated
the impact of calcium carbonate (CaCO3) nanoparticles on the biodegradability and barrier properties
of PLA [137]. The results showed that the barrier properties were increased by loading CaCO3-NPs
increasing to 5 wt%. It was also found that the gas permeability of CO2, O2 and N2 were enhanced
by increasing temperature but decreased by increasing feeding pressure. Vasile et al. prepared the
Cu-doped ZnO powder embedded into PLA samples functionalized with Ag-NPs composites by a
melt blending process [136]. The results showed an increase of the crystalline degree of PLA when the
content of nanoparticle was increased from 0.5 wt% to 1.5 wt%.

3.1.3. PHBV

Polyhydroxyalkanoates (PHAs) have been gradually paid attention recently as biodegradable and
biocompatible thermoplastics in packaging applications. The most extensively studied polymer
from the PHAs is the poly(3-hydroxybutyrate), PHB, which is partially crystalline with a high
rigidity and melting temperature. To decrease the crystallinity, the copolymer obtained with the
insertion of 3-hydroxyvalerate (HV) units, named as PHBV, is usually employed with improved
handling properties of PHB films [78]. Zembouai et al. prepared blends of PLA and PHBV at
different PLA/PHBV weight ratios (0/100, 25/75, 50/50, 75/25, 100/0) through a melt compounding
process [146]. The formed blends were investigated on the mutual contributions to flammability
resistance, thermal stability, rheological behavior and mechanical properties. The results revealed
that increasing PLA content in PLA/PHBV blends led to improved properties, such as flammability
resistance and thermal stability. Shakil et al. developed the sepiolite/PHBV nanocomposite films by
using the APTES grafted sepiolite through the solution-casting method [142]. The results provided
evidence that the application of biodegradable nanocomposite films would lead to a more efficient
water barrier and thermal properties.

3.2. Polysaccharide-Based Nanomaterials

3.2.1. Starch-Based Nanomaterials

Aqlil et al. investigated a graphene oxide (GO)-filled starch/lignin polymer bionanocomposite [147].
They found that the amount of GO had a strong influence on the mechanical properties and could
reduce water vapor permeability and moisture uptake of the prepared film. Shahbazi et al. developed
starch film incorporated with multi-walled carbon nanotubes with or without hydroxylation and found
that the hydrophobic character of the film was greatly improved with incorporation of a nanotube [148].
Oleyaei et al. estimated the thermal, mechanical and barrier properties of TiO2 and montmorillonite
on potato starch nanocomposite films [93]. The results showed elongation at break, tensile strength,
melting point and glass transition temperature of the films were improved followed the addition of
MMT and TiO2. The visible, UVA, UVB and UVC lights transmittance and water vapor permeability
decreased with the increasing amounts of TiO2 and MMT.

3.2.2. Cellulose-Based Nanomaterials

Shankar and Rhim prepared nanocellulose material and tested the effects on the properties of
agar-based composite films [149]. The crystallinity index of nanocellulose (NC, 0.71) was decreased
compared to the micro-crystalline cellulose (MCC, 0.81). The results demonstrated that NC could
be used as an enhanced agent for the preparation of biodegradable composites films. Pal et al.
synthesized reduced graphene oxide and cellulose nanocrystal incorporated into PLA matrix through a
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modified Hummer’s method and an acid hydrolysis [150]. They found that the mechanical property of
scaffold was significantly improved. Both tensile strength (23% increase) and elongation at break were
increased, which indicated the nanocomposite was ductile compared to unmodified PLA. The distinct
anti-bacterial efficacy was observed to inhibit against both Gram-negative E. coli and Gram-positive
S. aureus bacterial strains. Liu et al. prepared starch-based nanocomposite films improved by cellulose
nanocrystals to control d-limonene permeability [151]. They found that cellulose nanocrystals amount
and aspect ratio were independently controlling d-limonene permeability through film-structure
regulation. Lavoine et al. simulated release and diffusion of active substances made of cellulose
nanofiber coating to food packaging material through calculating in a mathematical model derived
from Fickian diffusion. They found the model was validated for caffeine only [152].

3.2.3. Chitosan-Based Nanomaterials

Postnova et al. studied approaches in which monolithic hydrogels were prepared through
mineralization of polysaccharide by a method of green sol-gel chemistry, compared with a
method through the formation of polyelectrolyte complex [153]. It was found that both approaches
were available for the preparation of films with nanoparticles and chitosan bionanocomposites.
Liang et al. prepared edible chitosan films incorporated with epigallocatechin gallate nanocapsules
and characterized their antioxidant properties [154]. It was found that the addition of nanocapsules
to chitosan hydrochloride films improved their tensile strength, whereas the percent of elongation
at break and lightness was significantly decreased. Buslovich et al. developed in situ chitosan and
vanillin incorporated on packaging films, containing an aqueous/ethanol solution onto a PE surface
by an ultrasonic method [155]. The results showed that increased contact surface strongly inhibited
the fruit microbial spoilage.

3.3. Protein-Based Nanomaterials

3.3.1. Zein-Based Nanomaterials

Zein, a group of prolamins from corn, is a Generally Recognized as Safe (GRAS) food-grade
ingredient. With the hydrophobicity of three quarters of the amino acid residues in zein, zein-based
nanomaterials have low WVP compared to many other bio-based films. Moreover, zein-based
nanomaterials embedded with inorganic AgNC may have advantages such as low toxicity [30].
Aytac et al. synthesized thymol (THY)/gamma-Cyclodextrin(gamma-CD) inclusion complex (IC)
encapsulated electro-spun zein nano-fibrous webs (zein-THY/gamma-CD-IC-NF) as a food packaging
nanomaterial and found that zein-THY/gamma-CD-IC-NF (2:1) significantly inhibited the growth of
bacteria in meat samples [156]. Rouf et al. prepared nanocomposite with the addition of silicate NPs
(Laponite) to zein films casting from 70% ethanol solutions [157]. The changes in the surface energy
of the films were evaluated using contact angle measurements and showed an increase in surface
hydrophobicity. The Young’s modulus and tensile strength were increased with increasing nanoparticle
concentration. The glass transition temperature was increased and WVP was decreased with only a
small amount of Laponite. Oymaci and Altinkaya prepared whey protein isolate (WPI)-based films
embedded into zein nanoparticles (ZNPs) coated with sodium caseinate by a casting method [158].
They found that the addition of zein NPs dramatically improved the mechanical and water vapor
barrier properties of the WPI with no effect on the elongation of the films. It was also found that
both the fractional free volume and hydrophilicity of the WPI films decreased. Gilbert et al. prepared
a biopolymer-based composite film of hydroxypropyl methylcellulose and ZNPs [159]. The results
exhibited an increase in tensile strength, a decrease in elongation, and an initial increase followed by
gradual decrease in Young’s moduli with increasing ZNPs.
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3.3.2. Whey Protein Isolate-Based Nanomaterials

Qazanfarzadeh and Kadivar prepared WPI-based composite films with different proportions of oat
husk nanocellulose (ONC) obtained from acid sulfuric hydrolysis by a solution casting method [160].
They found that the crystallinity increased after acid hydrolysis. The films prepared with 5 wt%
ONC showed the highest tensile strength, Young’s modulus, solubility and the lowest elongation
at break and moisture content. However, WVP and film transparency were decreased with the
addition of ONC. Hassannia-Kolaee et al. prepared whey protein isolate/pullulan (WPI/PUL)
films having different contents of nano-SiO2 (NS) using a casting method [161]. The results revealed
tensile strength of nanocomposite films was enhanced but elongation at break was declined after
increasing NS content. Moisture content, water absorption and solubility in water were improved
followed as increasing content of NS and the water resistance and barrier properties of the films
were also improved. Water vapor permeability of films was decreased with the increasing NS
content. Zhang et al. developed a chitosan/WPI film incorporated with TiO2-NPs and found that
the nanoparticles improved the compatibility of WPI and chitosan [86]. Nanoparticle incorporation
increased the whiteness of chitosan/WPI film, but decreased the transparency. The elongation at break
and tensile strength of nanocomposite film were increased by 12.01% and 11.51%, respectively, whereas
WVP was decreased by 7.60%.

4. Mechanistic Studies of Nanomaterials in Food Packaging

Preventing microbial growth in foods is known as a critical function of packaging to meet the
challenge of preserving the quality of food products. Accordingly, antimicrobial materials in food
packaging are emerging as a promising technology to fulfill the demands. With the applications of
antimicrobial agents in food packaging materials, the growth of bacteria is inhibited and thus the
shelf-life of food products is prolonged considerably. Antimicrobial materials are grouped into two
classes: organic and inorganic materials. Chitosan-based nanoparticles and chitin-based nanoparticles
are typical examples of organic materials, which have lately been widely studied. In respect to the
organic antimicrobial materials, some noble metals such as Ag-NPs, Cu-NPs and Au-NPs, as well as
the oxidized nanomaterials including ZnO, TiO2 and MgO have attracted much interest because of
their resistance to the rough processing conditions and enhancement of strong biocidal impacts against
foodborne pathogens [25].

An illustration of reported biocidal mechanisms induced by these nanoparticles is shown in
Figure 1 [25]. There are several hypotheses with respect to antimicrobial mechanistic actions of
nanomaterials. There was a general consensus that nanomaterials are proved to be an ideal alternative
to traditional plastics and they have also served as a potential packaging material to prolong the
shelf-life of food products. Because the large surface-to-volume ratio provides more direct interaction
to bacterial surfaces, these nanomaterials showed excellent antibacterial properties. Particularly,
cationic nanoparticles were firmly attached to the membrane of bacteria with negatively charged outer
layers by electrostatic interactions. Disruption of the cell integrity resulted in the leakage of cell contents.
Nanoparticles had intrinsic antibacterial activities to refuse the microbes by mimicking natural course
of killing by phagocytic cells, i.e., by producing large quantity of reactive nitrogen species (RNS)
and reactive oxygen species (ROS). Besides, nanomaterials could also prevent or overcome biofilm
formation. Nanoparticles especially metallic nanoparticles exerted toxic effects by enhancing the
natural immunity or mimicking natural immune responses by generating a large quantity of RNS
or ROS. Others possibly exerted direct killing effects maybe by directly targeting cellular proteins,
DNA or lipids [162].
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Figure 1. Schematic representation of antimicrobial mechanisms of inorganic nanoparticles.
Reproduced with permission from [25]. Copyright Taylor & Francis Online, 2018.

Fardioui et al. reviewed the antimicrobial mechanisms of ZnO-NPs [54]. They found that
the explicit mechanisms were still under debate, but several models were suggested as follows:
(1) electrostatic interactions between cell walls and ZnO-NPs to destroy bacterial cell integrity;
(2) liberation of antimicrobial Zn2+ ions regarding accumulation of ZnO-NPs into bacteria cells;
(3) ROS formation. Shao et al. tested the electronegativity on S. aureus and E. coli surfaces after
AgNPs treatment, and found a possible change in bacterial surface properties [35]. Furthermore,
they observed that cell surfaces were strongly distorted after AgNPs treatment. Meanwhile, some
nanoparticles were distributed in the bacterial cell surface, which indicated their direct interaction
with bacteria and generation of electronic effects and enhancement of reactivity of AgNPs. El Zowalaty
et al. suggested that the chitosan reacted with proteins on microbial surfaces and caused the leakage of
intracellular contents [163]. It also chelated trace metal ions and disrupted the electron transport chain.
Furthermore, it interfered with the formation of mRNA and proteins once inside the cell [162].

5. Certain Aspects of Concerns

In the past decades, nanomaterials in food packaging applications have been developed to enhance
the barrier and mechanical properties of traditional and bio-based packaging materials, and/or to
provide novel active and smart functionalities. Active and smart packaging materials deliberately
incorporate active or smart components, which are intended to release or absorb substances into, onto,
or from the packaged food or the surrounding environment, or to provide the intended information of
their use conditions [164]. Developments of nanotechnologies are going to increasingly find utilizations
in the food packaging area. However, there are gaps in our knowledge on them that put up questions
to the scientific community, especially related to toxicity and ecotoxicity. Theoretically, nanoparticles
have the potential to migrate to the packed food, but migration assays and risk assessment are still not
conclusive [165]. Migrations into food could be considered as the process of mass transfer, in which
the low-molecular mass constituents initially existed in the packaging and then released to the packed
matrix. Therefore, it was considered as a diffusion process which could be described by Fick’s second
law. Thus, one of the most important steps during the development of novel food packaging materials
is the research of the migration to investigate the probabilities of any undesirable or harmful ingredients
migrating to the food products in overall and specific terms [165].

Jokar et al. summarized six main questions during the process of migration of NPs from
polymer-based food contact materials to consumers in Figure 2 [166].

18



Nanomaterials 2018, 8, 830

Figure 2. Overview of the six open questions about the migration of NPs from polymer-based
food-contact materials identified in Jokar et al.’s review (FCM = food-contact materials, ENO = engineered
nano-objects) [166].

Briefly, through the investigation, Jokar et al. found that many experimental studies had not given
a conclusive answer on the possibility of migration of NPs from food packaging materials to the food
products [166]. They assumed this could be partially attributed to the lack of suitable analytical methods
for the detection of low quantities and small sizes of NPs. They strongly suggested that studies which
concluded that no migration occurred add information about the detection limit of the measurements,
including both particle mass or number concentration and particle size. Analytical techniques such as
single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) have been gradually playing
a role in characterizing and quantifying NPs in the food simulants extracts [167,168]. Besides, it was
difficult to conclude the migrations of NPs through predictive models only considering migrations based
on diffusion. Generally, three sub-processes in NP migration could be distinguished: (1) diffusion of the
molecule into the polymer to food products because of a concentration gradient; (2) desorption of the
molecule from the polymer and subsequent adsorption by the food at the food-packaging interface; (3)
diffusion of the molecule in the food due to a concentration gradient [166]. The food stimulants and test
conditions would affect the migration and ingestion actions by electrostatic interactions and chemical or
mechanical decomposition and organic additives and treatment of food samples [49,169,170]. However,
there was a clear lack of data on potential release mechanisms of identified NPs. The question of risk
for the consumer associated with migrating NPs from food packaging probably was more complicated
than other questions, because there were many influences of physio-chemical characteristics of NPs
on gastrointestinal absorption, such as composition, morphology, charge, surface properties and
aggregation state and food components [169]. These clearly require more exploration in the future.

In addition to the technical aspects, no regulations on nanotechnology applications have been yet
established in a global context mainly because of lack of sufficient and reliable fundamental researches
in regard to the safety assessment and migration characters of nanomaterials from packaging to the
food system. The FDA considered that evaluations of safety, effectiveness, public health impact,
or regulatory status of nanotechnology products should consider any unique properties and behaviors
imparted by the application of nanotechnology [171]. The European Commission already edited
statutory contents in this direction with technical guidance mentioning nanomaterials, and also
recognized active and smart materials and papers to state that new technologies, which are based
on engineered materials in nanoparticle sizes that exhibited physical and chemical properties are
significantly different from those at a much larger scale. A risk assessment on a case-by-case basis
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until more is known about the novel technology is needed [172]. On this basis, and taking into account
the lack of knowledge about their potential toxicity (oral exposure to nanomaterials had received
less attention than the dermal or inhalation pathways [101]), the concept of functional barriers used
to prevent migration of contaminants, which were not evaluated by health authorities, could not
be applied in the specific case of biopolymer nanocomposites packaging. These statements notably
differentiated nano-structure substances from non-nano-structure substances which were authorized
for use as a functional barrier, providing that they fulfilled certain standards and the migrations
remained below a given limit of detection.

6. Conclusions

The innovation of nanomaterials in the food packaging science has brought many changes in food
preservation, storage, distribution and consumption. Thanks to preventing microbial growth in foods
by antimicrobial activity of nanomaterials, these changes have extended the shelf-life of foods to certain
degrees with better management of spoilage in food products. Furthermore, the nanotechnology
provides numerous choices for cost-effective, eco-friendly, degradable and renewable packaging
materials, which have been gaining more attention and acceptance to solve the ecological environment
pollutions and food shortage crises by ensuring food reaches the masses. It is pertinent to note that
there are some fundamental studies on toxicity and ecotoxicity, migration assays and risk assessment
of nanocomposite materials still needed. In this way, it could allow nanomaterials to work better in the
food packaging field.
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Abstract: In this work, hybrid gliadin electrospun fibers containing inclusion complexes of ferulic
acid (FA) with hydroxypropyl-beta-cyclodextrins (FA/HP-β-CD-IC) were prepared as a strategy to
increase the stability and solubility of the antioxidant FA. Inclusion complex formation between FA
and HP-β-CD was confirmed by Fourier transform infrared spectroscopy (FTIR), differential scanning
calorimeter (DSC), and X-ray diffraction (XRD). After adjusting the electrospinning conditions,
beaded-free fibers of gliadin incorporating FA/HP-β-CD-IC with average fiber diameters ranging
from 269.91 ± 73.53 to 271.68 ± 72.76 nm were obtained. Control gliadin fibers containing free
FA were also produced for comparison purposes. The incorporation of FA within the cyclodextrin
molecules resulted in increased thermal stability of the antioxidant compound. Moreover, formation
of the inclusion complexes also enhanced the FA photostability, as after exposing the electrospun
fibers to UV light during 60 min, photodegradation of the compound was reduced in more than
30%. Moreover, a slower degradation rate was also observed when compared to the fibers containing
the free FA. Results from the release into two food simulants (ethanol 10% and acetic acid 3%)
and PBS also demonstrated that the formation of the inclusion complexes successfully resulted in
improved solubility, as reflected from the faster and greater release of the compounds in the three
assayed media. Moreover, in both types of hybrid fibers, the antioxidant capacity of FA was kept,
thus confirming the suitability of electrospinning for the encapsulation of sensitive compounds,
giving raise to nanostructures with potential as active packaging structures or delivery systems of
use in pharmaceutical or biomedical applications.

Keywords: gliadin; ferulic acid; hydroxypropyl-beta-cyclodextrin; electrospinning

1. Introduction

Ferulic acid (FA, 4-hydroxy-3-methoxy cinnamic acid), a phenolic compound classified in the
group of the hydroxycinnamic acids, is present in commelinid plants such as rice, wheat, oats, and some
vegetables, fruits, and nuts [1]. FA exhibits a wide range of biological and biomedical effects including
antioxidant [2], anti-inflammatory [3], anti-diabetic [4], hepatoprotective [5] and anti-carcinogenic [6],
among others. In addition, FA has been approved as a food additive, hindering the peroxidation of
lipids due to its scavenging capability of superoxide anion radicals [7,8]. Despite its biological activity,
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direct incorporation of FA to foods is limited due to its low water solubility [9] and poor stability
under physical and thermal stresses, highlighting its susceptibility to light and oxygen exposure [10].
Interestingly, these limitations might be overcome by the formation of inclusion complexes with
cyclodextrins (CDs).

CDs are cyclic, natural, and nontoxic oligosaccharides produced by the enzymatic degradation of
starch [11]. Based on the number of α-1,4-linked glucopyranose units in their cyclic structure, different CDs
exist, being the most common ones α-CD, β-CD, and γ-CD having 6, 7, and 8 glucopyranose units,
respectively [12]. CDs have toroid-shaped molecular structures, a hydrophobic internal cavity and a
hydrophilic external surface that make them capable of forming noncovalent host−guest inclusion
complexes with a variety of molecules such as phenolic compounds [13]. Therefore, this unique capability
offers outstanding improvements in the properties of the guest molecules including protection from
degradation and oxidation, enhancing solubility, chemical stability and controlling the release rate [14,15].

Recently, electrospinning, a versatile and cost-effective technique has gained a great interest for
fiber fabrication in the range of micron, submicron, and nanoscales [16]. The electrospun fibers have
key advantages including high surface-to-volume ratios, small pore sizes and high porosity [17,18].
From an application standpoint, biopolymer-based electrospun fibers can be used for bioactive
encapsulation with potential use as delivery systems, controlled release agents or active packaging
structures, amongst others [19]. The combination of biopolymers as fiber matrices with organic and
inorganic particles (such as clay nanoparticles) for the release of functional molecules has been shown
to be an excellent strategy to produce bioactive packaging structures [20–23]. Amongst the natural
biopolymers to be used as electrospun matrices, proteins have been widely studied due to their renewable,
biodegradable, and biocompatible character [24]. Particularly prolamins, which are plant storage proteins
normally obtained as by-products of the starch or beta-glucan production processes, are interesting
raw materials for fabricating cost-effective electrospun structures [25], as they are considered more
“environmentally economical” when compared with proteins from animal sources [26]. Gliadins, storage
prolamins present in wheat kernels, consists of a central domain containing highly repetitive amino
acid sequences including proline and glutamine residues and hydrophobic terminal domains which
surround the central part. Therefore, gliadin has amphiphilic properties [27]. Gliadins are poorly soluble
in aqueous solutions except at extreme pH conditions [28]. It has been found that gliadin has bioadhesive
properties, being able to interact with the intestinal membrane through electrostatic interactions and
hydrogen bonding [29]. Therefore, gliadins are ideal candidates to fabricate electrospun fiber mats for
various applications.

Given the potential of CDs to increase the stability and solubility of hydrophobic bioactives
and the excellent properties of gliadin as encapsulation matrix, the aim of the present work was to
combine both structures to generate hybrid systems to be used as active coatings for the protection and
enhanced solubility of FA within food products. To this end, solid FA/hydroxypropyl-Beta-cyclodextrin
inclusion complexes (FA/HP-β-CD-ICs) were first formed, which were subsequently incorporated
within gliadin fibers through electrospinning. The inclusion complexes were characterized by X-ray
diffraction (XRD), differential scanning calorimeter (DSC), thermogravimetric analysis (TGA) and
Fourier transform infrared (FTIR) spectroscopy. Gliadin fibers containing free FA were produced as
control samples. The morphological characterization of the hybrid fibers was carried out by scanning
electron microscope (SEM). In addition, the presence and distribution of FA in HP-β-CD-ICs and fibers
were investigated by fluoresce microscopy. The thermal stability, photostability, release behavior and
antioxidant capacity of the developed fibers were also evaluated.

2. Materials and Methods

2.1. Materials

Wheat gluten was purchased from a local shop (Shiraz, Iran). Ferulic acid (Carbosynth, Newbury,
England), hydroxypropyl-β-cyclodextrin (Carbosynth, Newbury, England), 2,2-Diphenyl-1-picrylhydrazyl

31



Nanomaterials 2018, 8, 919

(DPPH, Sigma-Aldrich, St. Louis, Missouri, United States), phosphate buffer solution (PBS, pH = 7.3 ± 0.1,
DNAbiothec, Tehran, Iran), acetic acid (Scharlab, Barcelona, Spain) and ethanol (Panreac, Barcelona, Spain)
were purchased and used as received without any further purification. All other chemicals used were of
analytical grade unless otherwise specified.

2.2. Preparation of Solid FA/HP-β-CD-IC

The inclusion complexes between FA and HP-β-CD were prepared using the freeze-drying
method described by Kfoury, Auezova [30]. FA and HP-β-CD were mixed in aqueous solution in
a 1:1 M ratio at a concentration of 10 mM, mixing for 24 h at room temperature. Then, the solution
was filtered, frozen and lyophilized by a laboratory freeze dryer (ALPHA 2-4 LD plus, Martin Christ,
Osterode am Harz, Germany) at 85 ◦C and Pa for 48 h. The inclusion ratio (IR%) was calculated using
Equation (1):

IR%= (experimental FA content in the solid IC/theoretical FA content) × 100 (1)

2.3. Gliadin Extraction

The gliadin fraction of gluten was extracted using the method described by Hong, Trujillo [31]
with slight modifications. Briefly, samples of dried gluten powder (20 g) were gently stirred in an
ethanol/water mixture (70/30 v/v; gluten/solvent ratio of 1/12) for 4 h at 20 ◦C. The suspension was
centrifuged to collect the gliadin fraction at 10,000 g for 10 min. Finally, the ethanol was evaporated at
ambient conditions. The extraction yield of gliadin from wheat gluten powder was 37.5%. The protein
content as determined using the Kjeldahl method was 89.8% on a dry matter basis.

2.4. Preparation and Characterization of Gliadin Solutions for Electrospinning

Initially, 25% (w/v) gliadin solutions were prepared by stirring the protein powder in acetic acid
at ambient conditions until complete dissolution. Subsequently, FA or FA/HP-β-CD-IC were added
into the gliadin solutions (at concentrations of 5, 10 and 20% w/w, with respect to the biopolymer).

The solution properties that affect the electrospinning process, specifically the apparent viscosity,
surface tension, and electrical conductivity were evaluated. The surface tension of the solutions was
measured using the Wilhemy plate method in an EasyDyne K20 tensiometer (Krüss GmbH, Hamburg,
Germany) after calibration of the equipment with deionized water. The electrical conductivity of the
solutions was measured using a conductivity meter XS Con6 (Labbox, Barcelona, Spain). The apparent
viscosity of the gliadin solutions was determined by a rotational viscometer VISCO BASIC PLUS L
from Fungilab S.A. (Sant Feliu de Llobregat, Spain) at 10 rpm using the TL5 spindle. All measurements
were made at 25 ◦C. All Experiments were performed, at least, in triplicate.

2.5. Hybrid Gliadin-Based Fiber Formation Through Electrospinning

Gliadin fibers incorporating free FA (G-FA) and FA/HP-β-CD-IC (G-FA/HP-β-CD-IC)
were fabricated via electrospinning. The electrospinning process was conducted using an
electrohydrodynamic apparatus equipped with a variable high voltage 0–35 kV power supplier
(spinner-3X-Advance, ANSTCO, Tehran, Iran). Solutions were loaded into 10 mL disposable plastic
syringes and the electrospinning process was conducted at the voltage of 18 kV and a flow rate of
1 mL/h. Tip to collector distance was kept constant at 100 mm. The obtained fibers were collected on
aluminum foil attached to the surface of the collector and kept overnight under the hood to evaporate
any solvent residues. All experiments were performed at ambient conditions.

2.6. Ultraviolet-Visible Spectroscopy

The Ultraviolet-Visible (UV-Vis) spectra of FA, HP-β-CD and their corresponding inclusion
complexes were recorded on a UV-Vis spectrophotometer (UV-1280, Shimadzu Corporation,
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Kyoto, Japan). Each sample (0.3 mM) was dissolved -in methanol and the spectra were obtained
in the range from 220 to 400 nm.

2.7. Optical and Scanning Electron Microscopy (SEM)

The morphology of electrospun gliadin structures containing FA and FA/HP-β-CD-IC was
examined by a TESCAN-Vega 3 scanning electron microscope (SEM) (TESCAN, Brno, Czech Republic).
SEM was conducted at an accelerating voltage of 20 kV and at working distances of 9-16 mm after
sputter coating the electrospun webs with gold under vacuum (Q 150R-ES; Quorum Technologies,
Laughton, UK). Image analysis software (Digimizer, MedCalc Software, Ostend, Belgium) was used to
determine fiber diameters from the SEM micrographs in their original magnification. Average fiber
diameters (AFD) and fiber size distributions were obtained from a minimum of 100 measurements.
The presence and distribution of FA in HP-β-CD inclusion complex and fibers were investigated using
a digital microscopy system (Nikon Eclipse 90i, Barcelona, Spain) fitted with a 12 V, 100 W halogen
lamp and equipped with a digital imaging head which integrates an epifluorescence illuminator.
A digital camera head (Nikon DS-5Mc, Tokyo, Japan) with a 5-megapixel CCD cooled with a Peltier
mechanism was attached to the microscope.

2.8. Encapsulation Efficiency

Encapsulation efficiency (EE%) was calculated by measuring the non-entrapped FA according to
Yang, Feng [32] with some modifications. Briefly, Fibers (10–20 mg) was submerged in absolute ethanol
(8 mL) for 30 s. Then the mixture was centrifuged at 2500 rpm for 10 min and the absorbance of FA was
then determined by UV-Vis spectrophotometer (UV-1280, Shimadzu Corporation, Kyoto, Japan) based
on the calibration curve (R2 = 0.999) obtained for FA in absolute ethanol at a wavelength of 310 nm.
The EE% values were calculated using Equation (2):

EE% = ((total theoretical mass of FA-free mass of FA in the mixture)/total theoretical mass of FA) × 100 (2)

2.9. Fourier Transform Infrared (FTIR) Spectroscopy

The infrared spectra of pure FA, pure HP-β-CD, FA/HP-β-CD-IC, gliadin fiber, G-FA fiber,
and G-FA/HP-β-CD-IC fibers were investigated using a Fourier transform infrared (FTIR) spectrometer
(model FTIR-8400S, Shimadzu Corp., Kyoto, Japan). The scans were done in the mid-infrared region in
the range of 4000–400 cm−1 wavenumber at a spectral resolution of 2 cm−1.

2.10. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analyze (TGA)

Thermal properties of pure FA, pure HP-β-CD, FA/HP-β-CD-IC, gliadin fiber, G-FA fiber,
and G-FA/HP-β-CD-IC fibers were investigated by differential scanning calorimetry (DSC)
(PerkinElmer, Akron, OH, USA) and thermogravimetric analysis (TGA) (TA Instruments, New Castle,
DE, USA). The DSC analyses were conducted within a temperature range from 35 ◦C to 250 ◦C at a
heating rate of 10 ◦C/min under N2 gas flow at a flow rate of 50 mL/min. The TGA measurements
were carried out from 25 to 700 ◦C at 10 ◦C/min heating rate under N2 flow of 20 mL/min as a purge
gas for both the balance and the sample.

2.11. X-ray Diffraction (XRD)

The crystalline structure of FA, HP-β-CD, and FA/HP-β-CD-IC was investigated using an X-ray
diffractometer (model D8-ADVANCE, Bruker, Germany) with Cu Kα radiation. The samples were
examined over the angular range of 2θ 5◦–80◦.
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2.12. Antioxidant Activity

The antioxidant activity of free FA, G-FA, and G-FA/HP-β-CD-IC electrospun fibers was
determined using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay at various
FA concentrations [33]. The fiber mats having the equivalent amount of FA were immersed in 2 mL of
water and stirred. 2mL of 10−4 M DPPH solution in methanol were added to the previous solutions.
The absorbance of the solutions was measured by UV-Vis spectrophotometer (UV-1280, Shimadzu
Corporation, Kyoto, Japan) after 60 min. The antioxidant activity of samples was determined as:

Antioxidant activity (%) = [(Acontrol − Asample)/Acontrol] × 100 (3)

where Acontrol and Asample are the absorbances of DPPH solution without sample and DPPH solution
with the sample (Free FA or hybrid gliadin fibers), respectively.

2.13. Photostability

The photostability of FA incorporated within the fibers either in free form or as an inclusion complex
was evaluated. Briefly, solid fibers were cut into square-shaped samples and positioned 7 cm away from a
UV light source (75 W at 253.7 nm, Model NIQ 80/36 U, Heraeus, Boadilla del Monte, Madrid, Spain)
in a chamber at ambient conditions. At different time intervals (0, 15, 30 and 60 min), the remaining
amounts of FA were measured by UV-Vis spectroscopy at 310 nm after immersing samples into 70%
ethanol solution. For comparison purposes, the free FA solution was also investigated. Each sample was
analyzed at least in triplicate and the results were expressed as an average ± standard deviation.

2.14. In Vitro Release Assays

The in vitro release studies were carried out for selected fibers in two different media: 10%
ethanol as food simulant for aqueous food products and 3% acetic acid as acidic food products [34].
In addition, we also investigated the release in PBS aqueous buffer as a biological fluid simulant.
A method adapted from Atay, Fabra [35] was used for that means. Briefly, 10 mg of fibers were
incorporated into 10 mL of media at ambient conditions. At specified time intervals, the samples
were centrifuged at 2000 rpm for 2 min (Eppendorf centrifuge 5804r, Hamburg, Germany). Then,
1 mL aliquot of supernatant was withdrawn for analysis, replacing with fresh release medium and
re-suspending. Finally, the concentration of FA in release media was calculated by measuring the
absorbance of the supernatant at a wavelength of 310 nm using a UV-Vis spectrophotometer (UV-1280,
Shimadzu Corporation, Kyoto, Japan). Three independent replicates of each fiber were carried out and
the results were reported as average ± standard deviation.

2.15. Statistical Analyses

The obtained data was expressed as the mean ± standard deviation of triplicate determinations.
Statistical significance among treatments were evaluated with analysis of variance (one-way ANOVA
with Tukey’s post hoc test), using SPSS 25 (SPSS Inc., Chicago, IL, USA) statistical software.
Tukey’s multiple range tests were applied to determine the significance of differences between mean
values (p < 0.05).
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3. Results and Discussion

3.1. Preparation of FA/HP-β-CD-IC

In recent years, CDs have gained increased attention to develop different guest-host complexes in
order to improve solubility, stability, and bioavailability of a wide range of compounds [9]. A number of
techniques have been developed to prepare CD-IC including co-precipitation, kneading, spray-drying
and freeze-drying, among others [36]. The freeze-drying method is attracting more and more attention
due to its advantages such as protection against chemical decomposition, minimal effect on guest
compound activity due to processing at low temperatures as well as low moisture content amount at
final physical IC [9]. Hence, we prepared FA/HP-β-CD-IC by the freeze-drying method. The content
of FA in FA/HP-β-CD-IC was 11.06 ± 0.22% and the inclusion ratio of FA was 89.49 ± 0.66%.
The inclusion ratio was higher than that reported by previous works [9,37], which could be ascribed to
the different method of IC preparation.

3.2. Characterization of the Inclusion Complexes

XRD analysis has been said to be a useful technique to confirm the formation of inclusion
complexes. Apparently, once the guest molecules are within the CD cavities, the crystalline peaks of
guest molecules cannot be detectable [38]. Several intense and sharp diffraction peaks at 2 theta values
around 9◦, 10◦, 16◦, 17◦, 27◦ and 29◦ were observed for FA (Figure S1 from the Supplementary Material),
indicating its crystalline nature [9]. In contrast, HP-β-CD displayed an amorphous halo, confirming
its amorphous character. No characteristic peaks were observed in the case of FA/HP-β-CD-IC,
which could indicate the successful formation of the guest-host inclusion complexes as suggested by
previous studies.

Generally, when guest molecules form inclusion complexes with cyclodextrin molecules, they
might exhibit different characteristics than the pure compounds [39]. For instance, thermal transitions
including melting, boiling or sublimation temperatures have been observed to shift to a
different temperature or disappear [20,40]. Therefore, the DSC thermograms of FA, HP-β-CD and
FA/HP-β-CD-IC were obtained. As shown in Figure 1a, the DSC thermogram of pure FA displayed a
sharp endothermic peak at around 176 ◦C, which corresponds to its melting point, followed by a broad
peak at higher temperatures attributed to decomposition. In the case of HP-β-CD, an amorphous
molecule, there was a broad endothermic peak at about 84 ◦C, corresponding to the release of water [39].
After the formation of the inclusion complex, a different thermogram was observed. The absence
of the melting point of FA and shifting of the characteristic peak of HP-β-CD (from 84 ◦C to 67 ◦C),
both seemed to indicate that FA was successfully included into the cavity of HP-β-CD during the
formation of the inclusion complex (Figure 1b). It has been extensively reported that when inclusion
complexes with CDs are formed, the guest molecules lose their characteristic peaks in the DSC
thermograms [9,37].
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Figure 1. (a,b) differential scanning calorimeter (DSC) thermograms of pure ferulic acid (FA),
HP-β-CD and FA/HP-β-CD-IC and Gliadin, G-FA 20%, and G-FA/HP-β-CD-IC 20% electrospun
fibers, respectively. (c) Thermogravimetric analysis (TGA) and (d) Derivative thermogravimetric
(DTG) curves of pure FA, and FA/HP-β-CD-IC, Gliadin, G-FA 20%, and G-FA/HP-β-CD-IC 20%
electrospun fibers.

UV-Vis spectroscopy was also used for the characterization of the inclusion complexes. In this
study, the UV-Vis spectra were recorded for FA, HP-β-CD and their inclusion complexes (Figure S2 in
the Supplementary Material). HP-β-CD showed a very low UV absorbance without any characteristic
absorption peaks. FA exhibited three characteristic peaks at 217, 287 and 310 nm, corresponding to π-π*
transition of the phenyl ring, π-π* transition of the phenolic group and π-π* transition of the double
bond, respectively [9]. On the other hand, in the spectrum of FA/HP-β-CD-IC, these characteristic
peaks had slightly shifted (almost 2 nm to higher absorbance) suggesting the presence of non-covalent
interactions between FA and HP-β-CD [41].

According to Ram, Seitz [42], FA is known to have a blue emission fluorescence wavelength at
around 425 nm. Therefore, this characteristic was used to visually confirm that FA had been effectively
incorporated into the HP-β-CD. As observed in Figure 2, HP-β-CD did not have any fluorescence
emission while the inclusion complex with FA endowed its fluorescence properties due to the presence
of FA, thus further confirming the successful IC formation.
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Figure 2. Fluorescence microscopy images of electrospun structures: (a) pure gliadin; (b) pure
FA; (c) G-FA 5%; (d) G-FA 10%; (e) G-FA 20%; (f) pure HP-β-CD; (g) FA/HP-β-CD-IC;
(h) G-FA/HP-β-CD-IC 5%; (i) G-FA/HP-β-CD-IC 10%; (j) G-FA/HP-β-CD-IC 20%.

FTIR spectroscopy was used as an additional tool to confirm the formation of a host-guest inclusion
complexes. The FTIR spectra of pure FA, pure HP-β-CD, and FA/HP-β-CD-IC are depicted in Figure 3a.
The FTIR spectrum of FA has characteristic peaks in the region of 3435 cm−1 (O–H stretching vibration),
1689, 1663, and 1618 cm−1 (C=O stretching vibration), 1590, 1517, and 1431 cm−1 (aromatic skeleton
vibration). Absorption at 1466 cm−1 arises from single bond C–H deformations and aromatic ring
vibrations while absorption at 1276 cm−1 is attributed the C–O–C asymmetric stretching vibration.
The peak in the region of 1176 cm−1 is characteristic of the carbonyl group. Moreover, the bands
at 852 and 804 cm-1 are related to the two adjacent hydrogen atoms on the phenyl ring in the FA
structure [9,32]. The FTIR spectrum of HP-β-CD exhibited prominent absorption bands located at
3408 cm−1 (O-H stretching vibrations), 2924 cm−1 (C–H stretching vibrations), and 1127 and 1036
(C–H and C–O stretching vibrations) [9,43]. Several spectral changes were observed upon formation
of the FA/HP-β-CD-IC, especially in the region from 1000 to 1900 cm−1. Comparing the HP-β-CD
spectrum with that from the inclusion complex, new bands, probably arising from the incorporation of
FA in the structure were observed at 1676 cm−1 and 1100 cm−1 (see arrows in Figure 3a). In addition,
the characteristic peaks from the carbon stretching vibrations from the HP-β-CD shifted towards greater
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wavenumbers, probably due to conformational changes taking place as a consequence of incorporating
the FA molecules within the CD structure.

Figure 3. Fourier transform infrared (FTIR) spectra of (a) pure FA, HP-β-CD and FA/HP-β-CD-IC;
(b) Gliadin, G-FA 20%, and G-FA/HP-β-CD-IC 20% electrospun fibers.

3.3. Solution Properties, Fibers Morphology, and Distribution of FA Within the Fibers

In order to better understand how solution properties affected the morphology of gliadin in
the presence of FA, three different concentrations of FA and FA/HP-β-CD-IC (5, 10 and 20% w/v
with respect to biopolymer) were investigated. Table 1 compiles these solution properties: viscosity,
electrical conductivity, and surface tension. The viscosity of G-FA and G-FA/HP-β-CD-IC solutions at
all studied concentrations was higher than that of pure gliadin solutions possibly due to the interactions
between the gliadin biopolymer chains and FA. On the other hand, G-FA and G-FA/HP-β-CD-IC
solutions at all FA studied concentrations exhibited lower conductivity than that of the pure gliadin
solution. Moreover, no significant difference was observed for the surface tension of the different
solutions except for the solutions with the greatest FA concentration.
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The morphology of gliadin, G-FA and G-FA/HP-β-CD-IC electrospun fibers was investigated
using scanning electron microscopy (SEM). Representative SEM images of the fiber mats and average
fiber diameters (AFD) along with fiber distributions are given in Figure 4. In our previous work,
the conditions for electrospinning pure gliadin fibers were optimized and uniform and beaded-free
fibers having AFD 256.49 ± 78.49 nm were obtained [44]. Incorporation of free and complexed FA led
to the formation of slightly thicker fibers, explained by the greater viscosity of the electrospinning
solutions. Moreover, the AFD of gliadin-FA fibers was slightly higher than gliadin-FA/HP-β-CD-IC
fibers. These slight variations in average fiber diameter (AFD) for fibers were most likely due to
differences in solution properties such as viscosity and electrical conductivity after incorporating
the bioactive compound [45,46]. As explained above, G-FA and G-FA/HP-β-CD-IC solutions at
all studied concentrations had higher viscosity and lower conductivity than pure gliadin solutions.
Generally, solutions with higher viscosity and lower conductivity result in thicker fibers as less
stretching of the jet occurs during the electrospinning process [45,46]. In addition, the thickest fibers
(279.42 ± 80.85 nm) were obtained from G-FA/HP-β-CD-IC solutions with the greatest FA content
(20% w/w with respect to the polymer), which had lower conductivity and higher surface tension,
thus contributing to less stretching of the electrified jet as a result of less repulsion of charges on
the surface during electrospinning process [14,47]. But, in general, uniform and beaded free fibers
with almost similar AFD were successfully fabricated from G-FA and G-FA/HP-β-CD-IC solutions at
different FA concentrations.

Figure 4. Representative scanning electron microscope (SEM) images and average fiber diameter
(AFD) of electrospun structures: (a) G-FA 5%; (b) G-FA 10%; (c) G-FA 20%; (d) G-FA/HP-β-CD-IC 5%;
(e) G-FA/HP-β-CD-IC 10%; (f) G-FA/HP-β-CD-IC 20%.

Fluorescence microscopy was also used to study the distribution of FA along the fibers.
As observed in Figure 2 pure gliadin fibers did not have any intrinsic fluorescence, while the hybrid
fibers displayed a rather homogeneous color, suggesting that FA was effectively distributed along the
fibers. It was also observed that increasing the amount of bioactive compound led to enhanced blue

40



Nanomaterials 2018, 8, 919

color intensity, confirming higher loading efficiencies at higher bioactive concentrations. The intensity
of the blue color in the gliadin fibers containing the free FA was higher than in the fibers with the
inclusion complexes, explained by the greater bioactive concentration in the hybrid structures.

3.4. Encapsulation Efficiency

The encapsulation efficiency (EE%) of FA in G-FA and G-FA/HP-β-CD-IC electrospun fibers at
different concentrations were calculated by Equation 2. The data indicated that almost 100% FA was
effectively incorporated into the gliadin electrospun fibers. The EE% of 5%, 10% and 20% FA-loaded
fibers were 97.05 ± 0.66%, 95.09 ± 0.98% and 94.03 ± 4.88%, respectively. The EE% of 5%, 10% and
20% FA/HP-β-CD-IC-loaded fibers were 95.30 ± 1.66%, 96.93 ± 0.70% and 95.65 ± 1.38%, respectively.
These values are higher than those reported for the encapsulation of FA with other electrospun
biopolymers including amaranth protein isolate and pullulan [10] or using other encapsulation
techniques [4,48]. Therefore, the obtained results suggest that gliadin electrospun mats can be used as
an efficient encapsulant for bioactive food compounds such as FA. Given the excellent encapsulation
capability of the fibers, irrespective of the added FA, the materials with the greatest amount of free FA
and FA/HP-β-CD-IC (i.e., 20% with respect to the polymer) were selected for further characterization.

3.5. Infrared Analysis of the Electrospun Fibers

Figure 3b shows the infrared spectra of pure gliadin fibers and the hybrid electrospun fibers
containing either free FA or the inclusion complexes. The spectrum of pure gliadin fibers is
characterized by the bands at 1660 and 1540 cm−1 attributed to the C=O and C–N stretching vibration
(Amide I) and N–H bending vibration and C–N and C–C stretching vibration (Amide II), respectively.
Upon incorporation of free FA or the inclusion complexes, the amide I band from the fibers shifted
to 1658 and 1655 cm–1, respectively. Similarly, a shift in the amide II band from 1540 to 1531 cm–1

was also observed for both hybrid fibers containing the bioactive compound. These results revealed
that the incorporated FA and inclusion complexes were interacting with the amino groups from the
prolamin [49]. According to Torres-Giner, Gimenez [50], the frequencies of amide I, and II reflects the
size of the α-helix structure in the biopolymer; a shift toward lower wavenumbers suggests greater
structural stability, which is directly related to an increase hydrogen bonding interactions taking place
through the N–H groups from the protein. The band shifts observed in the FTIR spectra of G-FA and
G-FA/HP-β-CD-IC electrospun fibers indicated that there were interactions among gliadin and FA
or FA/HP-β-CD-IC, altering the secondary structure of the prolamin, especially when incorporating
FA into gliadin electrospun fibers. In addition, there were hydrophobic interactions between the
hydrophobic residue of the prolamin and phenyl ring of FA [51], which was absent in the case of
incorporating FA/HP-β-CD-IC into gliadin electrospun fibers as the aromatic ring of FA in the latter
case was involved in the formation of the inclusion complex.

3.6. Thermal Properties of the Electrospun Fibers

DSC was carried out to investigate the thermal properties of electrospun pure gliadin, G-FA,
and G-FA/HP-β-CD-IC fibers. The DSC thermogram of the pure gliadin fiber exhibited a single
endothermic at 80 ◦C, which has been normally termed as dehydration temperature (Td), corresponding
the loss of bound water from the material [52]. The DSC thermograms of FA and FA/HP-β-CD-IC
after incorporation into gliadin fibers were similar to gliadin fiber, showing a slight shift to around
74 ◦C and 73 ◦C, respectively; i.e., the high surface area of the generated materials facilitated water
evaporation. Moreover, in the case of FA, the obtained DSC thermogram did not show the melting
peak of pure FA, probably due to the previous dissolution of the bioactive for incorporation within the
gliadin structures, which resulted in the crystallinity loss of the compound.

The thermal stability of FA encapsulated in the gliadin fibers in free and inclusion complex
form was also investigated. The TGA studies of pure FA and gliadin fibers were also performed
for comparison purposes. Table S1 from the Supplementary Material summarizes the main results.
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In general, the weight loss in first region (less than 160 ◦C) is usually due to the water evaporation
and volatile compounds while the temperature at which the highest rate of weight loss occurs (i.e.,
the peak in the derivative thermogram (DTG)) is regarded as degradation temperature (Td) [53].
Regarding the weight loss related to water evaporation (first thermal transition in the TGA curves),
these could be related to the DSC curves, which explain that as very little water was weakly sorbed to
the pure ferulic acid compound, the initial stability of the antioxidant molecule was greater than
the other materials analyzed (refer to Figure 1). As shown in Figure 1c,d, while the first stage
of water evaporation was not observed for the pure antioxidant, degradation of FA occurred in
two different stages as previously observed in the literature [54], the first one corresponding to the
formation of 4-vinylguaiacol (with a Td around 250 ◦C) and the second one mainly related to the
formation of unsubstituted, 4-methyl-, and 4-ethylguaiacols at the expense of 4-vinylguaiacol [55].
After the formation of the inclusion complex with HP-β-CD, the main degradation step shifted to
higher temperatures (349 ◦C). The enhanced thermal stability of the guest molecules within inclusion
complexes has been reported for other CD-IC systems [56]. The weight loss of neat gliadin fibers
took place around 320 ◦C. Electrospun gliadin fibers incorporating free FA exhibited a two-step
degradation, at ~180 and ~310 ◦C, which might correspond to the Td of free FA and gliadin, respectively.
This decrease in the thermal stability of the antioxidant molecule upon incorporation in protein-based
matrices has been previously observed [10]. On the other hand, for G-FA/HP-β-CD-IC fibers, there
was only one main degradation step with a maximum around 309 ◦C, indicating that the formation of
inclusion complexes effectively stabilized the bioactive molecules, even though incorporation of the
inclusion complexes within the electrospun gliadin fibers seemed to be somehow detrimental in terms
of thermal stability (if compared with the excellent thermal stability of the isolated ICs).

3.7. Antioxidant Activity

The antioxidant activity of FA (powder) and after incorporation into gliadin electrospun fibers
in the free and IC forms was calculated via DPPH radical scavenging assay. The antioxidant activity
of FA, G-FA, and G-FA/HP-β-CD-IC fibers were 92.06 ± 1.06% 91.31 ± 0.56% and 88.79 ± 0.74%
to, respectively. The results revealed that incorporation of FA within the fibers (either in free form
or as an inclusion complex) did not significantly affect its antioxidant activity. FA preserved its
antioxidant activity after incorporation into gliadin fibers in the free form despite the interactions
that took place between FA and gliadin after electrospinning in accordance with previous studies
in which similar results were obtained for other phenolic acids and prolamins [56]. In addition,
the formation of the inclusion complex between FA and HP-β-CD had no effect on the antioxidant
activity of FA, which might due to the high solubility of FA/HP-β-CD-IC. Aytac, Ipek [33] also reported
no significant differences between the antioxidant activity of quercetin (another phenolic compound),
in free form and IC form incorporated into zein fibers. Moreover, the application of high voltage
during the electrospinning process had no negative effect on the antioxidant activity of FA since G-FA
and G-FA/HP-β-CD-IC fibers had similar antioxidant capacity than the free FA.

3.8. Photostability Analyses

In general, FA might undergo photodegradation upon UV irradiation, causing trans-cis
isomerization [57]. It has been reported that CDs might provide protection for their guest compounds
against UV irradiation [58,59]. Hence, the photostability of the hybrid fibers was investigated.
As shown in Figure 5, upon UV exposure, extensive degradation of free FA occurred, only remaining
about 9% of the compound after 60 min irradiation. In contrast, incorporation within the electrospun
gliadin fibers, effectively prevented its photodegradation. After 60 min of UV irradiation, the
percentage of remaining FA in G-FA fibers was 43% while for G-FA/HP-β-CD-IC fibers it was 76%. In
addition, the rate of FA degradation was slower for G-FA/HP-β-CD-IC fibers. It has been reported
that the photostability of FA can be improved by the formation of IC with CDs including α-CD [59]
and HP-β-CD [9]. In our study, the gliadin electrospun fibers provided a second shield, offering
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more FA stability blocking the passage of UV light towards the photosensitive compound. Therefore,
FA/HP-β-CD-IC incorporated into gliadin fibers improved the photostability of FA, making it less
sensitive to UV light.

Figure 5. Photodegradation profiles of pure FA, G-FA 20% and G-FA/HP-β-CD-IC 20%
electrospun fibers.

3.9. In Vitro Release Assays

The release of FA from gliadin-FA and gliadin-FA/HP-β-CD-IC electrospun fibers in two media,
10% ethanol (as an aqueous food simulant), and 3% acetic acid (as an acidic food simulant) was
studied. The obtained release profiles are depicted in Figure 6. The release of FA from G-FA and
G-FA/HP-β-CD-IC electrospun fibers showed a similar behavior in acidic medium. The release of FA
reached a steady state following an initial burst release that occurred during the first 10 min due to
complete dissolution of both fibers in this media, which might be attributed to the greater solubility
of gliadin in acetic conditions. In contrast, in the aqueous food simulant, G-FA/HP-β-CD-IC fibers
quickly dissolved while swelling of the G-FA fibers occurred. Again, a fast release at the initial stage
(75%) was observed for G-FA/HP-β-CD-IC fibers, while a much lower release was observed for the
G-FA fibers during the first 10 min (28%), subsequently exhibiting a longer sustained release profile.
The difference in the amount and rate of FA release from the fibers was probably due to the different
solubility of FA in the different media. It should be highlighted that in both food simulants the release
of FA from G-FA/HP-β-CD-IC fibers was greater due to the solubility enhancement in the form of an
inclusion complex. It has been reported that HP-β-CD would enhance the solubility of phenolic acids
including gallic acid [38]. Moreover, as explained in Section 3.5, there were hydrophobic interactions
between the hydrophobic residue of the prolamin and phenyl ring of FA that were absent in the case of
incorporating FA/HP-β-CD-IC into gliadin electrospun fibers as the aromatic ring of FA was involved
in the formation of the inclusion complex.
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Figure 6. Release behavior of FA from G-FA 20% and G-FA/HP-β-CD-IC 20% electrospun fibers in
different media: (a) acetic acid 3%; (b) ethanol 10%; and (c) PBS.

In addition, the release of FA in PBS aqueous buffer as one of the most widely studied blood
plasma simulant was also studied. The release FA from G-FA and G-FA/HP-β-CD-IC electrospun
fibers can be divided in two stages: an initial fast release and then a slow release. The release of FA
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from G-FA/HP-β-CD-IC electrospun fibers was higher than G-FA fibers during the initial fast release
stage. In other words, G-FA/HP-β-CD-IC electrospun fibers released almost 40% of theoretically
loaded FA into PBS medium within 10 min, whereas G-FA electrospun fibers released around 27% of
theoretically loaded FA over the same period. Moreover, the release of FA from G-FA/HP-β-CD-IC
fibers increased gradually, reaching to a plateau (steady state) after around 7 h. In contrast, a small
percentage of the theoretical FA loading was released from G-FA fibers during the same period of time.
This again confirms that HP-β-CD effectively improves the solubility of FA. Additionally, HP-β-CD
promoted the diffusion of water into fiber mat as a hydrating agent, increasing its porosity [60]. Thus,
it could be concluded that the incorporation of FA in the form of FA/HP-β-CD-IC could be used to
provide a quick solubility while requiring less amounts of FA due to the high solubility of FA in this
case. On the contrary, G-FA fiber mats might serve as matrices for more sustained release applications.

4. Conclusions

In this work, FA was successfully incorporated into gliadin fibers in form of FA/HP-β-CD-IC
via the electrospinning technique. First of all, the inclusion complex between FA and HP-β-CD was
prepared at a 1:1 molar ratio using a freeze-drying method. The formation of the inclusion complex
between FA and HP-β-CD was confirmed by FTIR, DSC, and XRD analyses. Then, FA/HP-β-CD-IC
was incorporated into gliadin fibers in order to fabricate hybrid electrospun fibers. Gliadin fibers
incorporating FA in free form were also electrospun for comparative purposes. The uniform and
beaded-free fibers and FA distribution along the fibers were observed using SEM and fluorescence
microscopy, respectively. The obtained electrospun fibers maintained their antioxidant activities in
spite of the high voltage applied during the electrospinning process. Moreover, the photostability
of FA was significantly improved when incorporating the bioactive in the form of FA/HP-β-CD-IC.
The inclusion complexes also favored the solubility of FA in different media. Hence, these fibers
could find certain applications in various areas including food, packaging, health, pharmaceutical,
among others.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/11/919/s1,
Figure S1: X-ray diffraction (XRD) diffraction patterns of pure FA, HP-β-CD and FA/HP-β-CD-IC, Figure S2:
UV-visible absorption spectra of pure FA, HP-β-CD and FA/HP-β-CD-IC, Table S1: Temperatures of maximum
degradation rate and corresponding weight losses of the different degradation stages and residual matter at 700
◦C from the various samples.
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Abstract: This work is a proof of concept for the design of active packaging materials based
on the anchorage of gated mesoporous silica particles with a pH triggering mechanism to a
packaging film surface. Mesoporous silica micro- and nanoparticles were loaded with rhodamine
B and functionalized with N-(3-trimethoxysilylpropyl)diethylenetriamine. This simple system
allows regulation of cargo delivery as a function of the pH of the environment. In parallel,
poly(ethylene-co-vinyl alcohol) films, EVOH 32 and EVOH 44, were ultraviolet (UV) irradiated
to convert hydroxyl moieties of the polymer chains into –COOH functional groups. The highest
COOH surface concentration was obtained for EVOH 32 after 15 min of UV irradiation. Anchoring
of the gated mesoporous particles to the films was carried out successfully at pH 3 and pH 5.
Mesoporous particles were distributed homogeneously throughout the film surface and in greater
concentration for the EVOH 32 films. Films with the anchored particles were exposed to two liquid
media simulating acidic food and neutral food. The films released the cargo at neutral pH but kept the
dye locked at acidic pH. The best results were obtained for EVOH 32 irradiated for 15 min, treated for
particle attachment at pH 3, and with mesoporous silica nanoparticles. This opens the possibility of
designing active materials loaded with antimicrobials, antioxidants, or aromatic compounds, which
are released when the pH of the product approaches neutrality, as occurs, for instance, with the
release of biogenic amines from fresh food products.

Keywords: MCM-41; gated mesoporous silica particles; EVOH films; anchorage on film surface;
active packaging; pH-mediated delivery

1. Introduction

Active packaging is a novel technology in which the packaging system is designed to actively
improve the stability and/or quality of the packaged product from processing to consumption.
This technology is being implemented in various industries, although, owing to the fast perishability
of food, pharmaceutical, and cosmetic products, these are the areas that receive the most attention [1,2].
The mechanism of action is basically related to the release or retention of substances whose presence or
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absence is important for the product’s stability or quality. By suitably combining design and mechanism
of action, various active packaging technologies were created, including oxygen scavengers, ethylene
scavengers, humidity controllers, aroma releasers, antioxidant or antimicrobial releasers, enzyme-based
systems, etc. Several interesting reviews were published on this subject [3,4].

There are basically two procedures for designing active packaging systems: manufacture of
an independent device that contains the active agent [5], or manufacture of active materials that
incorporate the agent in the package wall or on the wall surface [6]. Of these two general procedures, the
manufacture of active packaging materials is gaining attention over the development of independent
devices. In the latter, the presence of a device often labeled as toxic because it contains an inedible
component in contact with the product is not well accepted by consumers. Thus, the incorporation
of active agents on or in the polymeric films that constitute the package walls is the preferred option.
Owing to their at least partially amorphous morphology and the presence of free volume (voids)
in polymer matrices, polymeric films allow mass transport (permeation, migration, scalping, or
sorption), processes that are profitable for the design of active materials [6]. However, some precautions
have to be considered in these designs. Firstly, the incorporation of the active substance in the
package walls or the action of the substance should not modify the functional properties of the
packaging throughout its use. Secondly, the substance should not lose activity owing to interactions or
degradations caused by the film manufacturing procedure. Thirdly, the mechanism of action (release,
adsorption) should be maintained and controlled. Finally, and most importantly, the packaging system
should include a triggering mechanism to avoid premature action and partial exhaustion of the system
prior to the presence of the product to be protected. This last condition was achieved through various
procedures: humidity-activated systems [7,8], temperature-activated systems [9], or radiation-activated
systems [10]. Another approach focuses on including substances covalently anchored to the package
walls that exert their action via direct contact with the packaged product, that is, no agent is released or
captured. Such systems were successfully prepared, for instance, via oxidation of a conventional film
surface and anchorage of enzymes [11,12], antimicrobials [13] (such as lysozyme), or antioxidants [14].
Indeed, Goddard, Talbert and Hotchkiss [11] successfully functionalized a polyethylene surface
with lactase to design an active package that reduced the amount of lactose in milk. Muriel Galet,
Talbert, Hernandez Munoz, Gavara and Goddard [12] anchored lysozymes to the surface of ethylene
vinyl alcohol (EVOH) to generate a film with antimicrobial properties against Listeria monocytogenes.
Similarly, Saini, Sillard, Belgacem and Bras [13] anchored a bacteriocin to cellulose fibers with potential
application in active food packaging. Roman, Decker and Goddard [14] prepared an antioxidant active
film via functionalization of a polypropylene surface with polyphenols generated by the action of
laccase. Vasile, et al. [15] covalently bonded chitosan to plasma-treated polyethylene and obtained
a material with antimicrobial properties against Salmonella enteriditis, Escherichia coli, and Listeria
monocytogenes.

Considered from another point of view, new technologies based on nanomaterials or
nanocomposites received massive attention in the packaging field lately, especially in active packaging
research. The new properties and functions of nanoscale particles display new opportunities for
enhancing traditional product performance. A wide range of nanostructured materials were included
as fillers in packaging films to provide barrier properties or improved mechanical resistance, or to
control activity in smart packaging applications [16,17]. Moreover, nanostructures were also included
to provide antioxidant and antimicrobial properties. Biddeci, et al. [18] reported the design of a
pectin-based biopolymer film with both antioxidant and antimicrobial activities. The film was created
by filling the pectin matrix with modified halloysite nanotubes containing essential peppermint oil.
Later, Li, et al. [19] used the solvent volatilization method to prepare polylactide films containing
nanoparticles of silver and titanium dioxide. The developed films showed good antimicrobial activity
against two common food pathogens: E. coli and Listeria monocytogenes.

Among commented nanostructured materials, mesoporous silica particles (MSPs) exhibit unique
features such as high stability, biocompatibility, nontoxicity, and large load capacity. Moreover, the
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possibility of functionalizing the external surface with gate-like ensembles makes these materials
unique candidates for the design of on-command controlled release devices. In fact, a number of gated
materials based on mesoporous silica particles able to deliver the cargo upon application of target
physical (such as light or temperature) [20,21], chemical (pH changes or redox potential) [22,23], and
biochemical (enzymes, antibodies, or DNA) [24] stimuli were reported. These functionalized MSPs
are mainly used in the fields of drug delivery [25–28] or sensing [29], and are prepared in the form of
nanoparticles [30] or microparticles [31]. In contrast, gated MSPs are barely incorporated in polymers
or on surfaces. Moreover, as far as we are aware, MSPs were never previously used in the design of
active packaging.

In this scenario, we report herein the preparation of smart films based on poly(ethylene-co-vinyl
alcohol) (EVOH)-containing gated MSPs covalently anchored and able to modulate the release of
a model molecule in response to changes in the pH of the environment. EVOHs are a family of
copolymers with different ethylene molar percentages, commonly used in packaging technologies
as they provide an excellent oxygen barrier thanks to their high crystallinity ratio and the high
cohesive energy density caused by the large number of hydrogen bonds between macromolecular
chains. Moreover, EVOH not only provides hydrophilicity, but also contains suitable hydroxyl sites for
functionalization [12].

In most reported works about the inclusion of micro- or nanoparticles in packaging systems,
functional nanofillers are mixed with the polymer via three procedures: the solvent casting method,
the melt mixing method, and in situ polymerization [32]. However, these procedures are not suitable
for the present design because the MSP particles require to be exposed to conditions that would open
the gates, promoting the release of the agent included in the particle during preparation. Moreover, if
the particle was included in the polymer matrix, gate opening would be impeded or delayed.

2. Materials and Methods

2.1. Chemicals and Reagents

Tetraethylorthosilicate (TEOS), N-cetyltrimethylammonium bromide (CTABr), triethanolamine
(TEAH3), sodium hydroxide (NaOH), acetonitrile, and N-(3-trimethoxysilylpropyl)diethylenetriamine
(N3) were provided by Sigma (Sigma-Aldrich Química S.L., Madrid, Spain). Films, 75-μm-thick,
of Soarnol DC3203FB ethylene vinyl alcohol copolymer with 32% ethylene molar content (EVOH
32) and Soarnol AT4403B with 44% ethylene molar content (EVOH 44) were kindly provided
by The Nippon Synthetic Chemical Company (Osaka, Japan). Isopropanol, acetone, acetic acid,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), and Toluidine
Blue O (TBO) were purchased from Sigma (Sigma-Aldrich, Madrid, Spain). Water was obtained from a
Milli-Q Plus purification system (Millipore, Molsheim, France).

2.2. Synthesis of Mesoporous Silica Particless

Microparticulated MCM-41 particles (M) were synthesized following the so-called “atrane route”,
according to the method described by Perez-Esteve, et al. [33]. N-cetyltrimethylammonium bromide
(acting as a structure-directing agent) was added to a solution of triethanolamine (TEAH3) containing
sodium hydroxide (NaOH) and tetraethylorthosilicate (TEOS). Temperature was then set at 118 ◦C.
After the CTABr was dissolved in the solution, water was slowly added with vigorous stirring at 70 ◦C.
This mixture was aged in an autoclave at 100 ◦C for 24 h. The molar ratio of the reagents was fixed at 7
TEAH3:2 TEOS:0.52 CTABr:0.5 NaOH:180 H2O.

Nanoparticulated MCM-41 particles (N) were synthesized using the procedure described by
Perez-Esteve, Fuentes, Coll, Acosta, Bernardos, Amoros, Marcos, Sancenon, Martinez-Manez and
Barat [33]. N-cetyltrimethylammonium bromide was firstly dissolved in 480 mL of deionized water.
Then, 3.5 mL of a sodium hydroxide solution was then added, and the mixture was heated to 80 ◦C.
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Finally, TEOS was added dropwise to the surfactant solution. The mixture was stirred for 2 h to give a
white precipitate. The molar ratio of the reagents was fixed at 1 TEOS:0.1 CTABr:0.27 NaOH:1000 H2O.

After synthesis, the resulting microparticulated or nanoparticulated powder was recovered by
centrifugation, washed with deionized water, and air-dried at room temperature. To prepare the final
mesoporous materials, the as-synthesized solids were calcined at 550 ◦C using an oxidant atmosphere
for 5 h in order to remove the template phase.

2.3. Mesoporous Silica Particle Loading and Functionalization

Once the starting supports (M and N) were synthesized, both supports were loaded with
rhodamine B (M-Rh and N-Rh). Amounts of 100 mg of template-free MCM-41 and 39 mg of
rhodamine B dye (0.8 mmol Rhodamine B/g MCM-41) were suspended in 25 mL of acetonitrile
inside a round-bottom flask in an inert atmosphere. The mixture was then stirred for 24 h at room
temperature to achieve maximum loading in the MCM-41 scaffolding pores.

To obtain loaded and functionalized solids (M-Rh-N3 and N-Rh-N3), an excess of N3 (0.43 mL,
0.015 mmol) was added to the mixtures. The final mixtures were stirred for 5.5 h at room temperature.
The two loaded and functionalized solids were then isolated by vacuum filtration, washed with 300 mL
of water adjusted to pH 2, and dried at room temperature for 24 h.

2.4. Characterization of Mesoporous Silica Particles

Mesoporous silica particles were characterized by means of powder X-ray diffraction (PXRD), N2

adsorption–desorption isotherms, zeta potential, thermogravimetric analyses, and microscopy.
PXRD was performed on a D8 Advance diffractometer (Bruker, Coventry, UK) using CuKα

radiation. N2 adsorption–desorption isotherms were recorded with a Micromeritics ASAP 2010
automated sorption analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA). The samples
were degassed at 120 ◦C in vacuum overnight. The specific surface areas were calculated from the
adsorption data in the low pressure range using the Brunauer–Emmett–Teller (BET) model. Pore size
was determined following the Barrett–Joyner–Halenda (BJH) method. From the XRD and porosimetry
studies, the a0 cell parameter and wall thickness of the various supports were calculated.

The functionalization degree of different particles was estimated by determining the percentage
of organic matter in functionalized particles and confirmed by zeta potential measurements. The
percentage of organic matter was determined by thermogravimetric analyses (TGA) on a TGA/SDTA
851e Mettler Toledo balance, using an oxidant atmosphere (air, 80 mL/min) with a heating program
consisting of a heating ramp of 10 ◦C per minute from 393 to 1273 K and an isothermal heating step
at this temperature for 30 min. The percentage of lost matter in the 100–750 ◦C range was used to
estimate the functionalization degree since the only organic matter in the particle was due to the
anchored amines. To determine the zeta potential (α) of bare and functionalized MSP, a Zetasizer Nano
ZS unit (Malvern Instruments, Malvern, UK) was used. Samples were dispersed in distilled water at a
concentration of 1 mg/mL. Before each measurement, samples were sonicated for 2 min to preclude
aggregation, and the particle dispersions were carefully placed in a folded capillary zeta cell (Malvern
Instruments, Malvern, UK). The zeta potential was calculated from the particle mobility values by
applying the Smoluchowski model. The average of five recordings is reported as the zeta potential.
The measurement was performed at 25 ◦C. Measurements were performed in triplicate.

For transmission electron microscopy (TEM) analysis, MSPs were dispersed in dichloromethane
and sonicated for 2 min to preclude aggregates, and the suspension was deposited onto copper grids
coated with carbon film (Aname SL, Madrid, Spain). Imaging of the MSP samples was performed
using a JEOL JEM-1010 (JEOL Europe SAS, Croissy, France) operating at an acceleration voltage of
80 kV. Field-emission scanning electron microscopy (FESEM) images were acquired with a Zeiss Ultra
55 (Carl Zeiss NTS GmbH, Oberkochen, Germany) operating at 1.5 mV and a working distance of
5.6 mm. Observations were done in the secondary electron mode.

52



Nanomaterials 2018, 8, 865

2.5. Preparation and Functionalization of EVOH Films

EVOH-32 and EVOH-44 films were cut into 4-cm2 pieces and were sequentially cleaned in
iso-propanol, acetone, and deionized water. The EVOH films were sonicated twice with each solvent
at 10 min intervals. Clean films were left to dry in Petri dishes inside a desiccator with anhydrous
calcium sulfate at room temperature (25 ◦C) for 12 h.

EVOH-32 and EVOH-44 films were irradiated in open glass Petri dishes for 1, 3, 10, and 15 min
under a vacuum ultraviolet (UV) Xe excimer lamp with 6 W at 172 nm (UV-Consulting Peschl España
S.L., Valencia, Spain). The films were turned over and exposed to UV light under the same conditions.
This method was used to oxidize and create carboxylic acid functional groups on both film surfaces.

In order to select the more suitable EVOH film (EVOH-32 or EVOH-44) for the subsequent
attachment of N3-MSP, a quantitative method for determining the number of carboxylic acids created
after UV irradiation, the Toluidine Blue O (TBO) dye assay, was carried out. The method used was that
described by Hernandez, Tseng, Wong, Stoddart and Zink [22], Uchida, et al. [34], and Kang, et al. [35]
with some modifications. In brief, control and UV-treatment films were immersed in a TBO solution
(0.5 mM TBO solution in deionized water with the pH adjusted to 10.0 with 0.5 M NaOH) and shaken
for 2 h at room temperature (25 ◦C). Then, the films were rinsed three times with deionized water
adjusted to pH 10.0 to remove non-complexed dye. To desorb the complexed dye on the film surfaces,
films were submerged in 50 wt% acetic acid solution for 15 min. The absorbance of the acetic acid
solutions was measured at 633 nm using a UV–visible light (UV–Vis) spectrophotometer (Agilent 8453
Spectroscopy System), and compared with a standard curve of TBO dye in 50 wt% acetic acid solution.

2.6. N3-MSP Deposition

To attach M-Rh-N3 and N-Rh-N3 to the EVOH films via covalent bonding, a previously reported
procedure was used [12]. EVOH films were stirred for 30 min in two conjugation buffers containing
5 × 10−2 M EDC and 5 × 10−3 M NHS at pH 3.0 or 5.0 to select the most adequate bonding conditions.
The selected concentrations represent molar excesses of at least 10-fold and 100-fold for EDC and
NHS, respectively, compared to the determined mole quantity of surface carboxylic acid groups. Then
EVOH films (4 cm2/mL) were sonicated for 30 min in buffer (pH 3.0 or pH 5.0) containing M-Rh-N3

or N-Rh-N3 at a final concentration of 0.5 mg/mL, and then stirred for 2 h at room temperature
(24 ± 1 ◦C). EVOH-M-Rh-N3 and EVOH-N-Rh-N3 films were rinsed with buffer (at pH 3.0 or pH
5.0) to clean unattached particles, before being dried, and stored in dry conditions until use. The whole
process is summarized in Figure 1.

Figure 1. Scheme of the functionalization process: surface modification of ethylene vinyl alcohol
(EVOH) and the subsequent carbodiimide-mediated anchoring of N-(3-trimethoxysilylpropyl)
diethylenetriamine (N3)-functionalized mesoporous silica particles (MSPs).

2.7. Surface Analysis

The efficiency of immobilization of N3-MSP on the EVOH films was studied by means of FE-SEM.
FESEM images were acquired with a Zeiss Ultra 55 (Carl Zeiss NTS GmbH, Oberkochen, Germany) and
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observed in the secondary electron mode. Micrographs of the particles before and after immobilization
on the EVOH films were obtained.

2.8. Controlled Release from the Films

In a typical experiment, 1 cm2 of film was suspended in 4 mL of water adjusted to pH 2 and pH 7.5.
At certain times (2 min, 1, 2, 4, 6, 8, and 24 h), aliquots were separated and filtered. Dye released from
the pore voids to the aqueous solution was quantified by measuring the emission band of rhodamine
B centered at 580 nm (excitation at 554 nm) using a Jasco-FP-8500 spectrofluorometer (Tokyo, Japan).

The rhodamine B release kinetics from pore voids of the porous silica supports were calculated
using the Higuchi model, where the amount of guest release, Qt, per unit of exposed area at time t can
then be described by the following equation:

Qt = kH × √
t,

where kH is the release rate constant for the Higuchi model.

3. Results and Discussion

3.1. MSP Preparation and Characterization

Microparticulated (M) and nanoparticulated (N) MSPs as synthesized, MSPs loaded with
rhodamine B (M-Rh and N-Rh), and MSPs functionalized with N-(3-trimethoxysilylpropyl)
diethylenetriamine (N3) (M-Rh-N3 for micro and N-Rh-N3 for nano) were prepared and characterized
using standard procedures. Figure 2a shows powder X-ray patterns of the MCM-41 microparticles as
synthesized, after calcination, loaded once with Rhodamine B and functionalized with N3 (M-Rh-N3).

Figure 2. Powder X-ray diffraction of MCM-41 particles as prepared (i), after calcination (ii), and after
the loading and functionalization process: (a) microparticles; (b) nanoparticles.
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The PXRD of the microparticulated MSPs as synthesized (Figure 2a, curve i) shows four low-angle
reflections typical of a hexagonal array that can be indexed as (100), (110), (200), and (210) Bragg peaks.
A significant displacement of the (100) peak in the diffractogram was clearly observed for the calcined
microparticles (Figure 2a, curve ii), corresponding to a cell contraction of ca. 4 Å. This displacement and
the broadening of the (110) and (200) peaks are most likely related to further condensation of silanol
groups during the calcination step. Figure 2a, curve iii corresponds to the M-Rh-N3 PXRD pattern.
In this case, a slight intensity decrease and a further broadening of the (110) and (200) reflections
were observed, probably due to a loss of contrast owing to the filling of the pore voids with the dye
and the functionalization with amines. Nevertheless, the value and intensity of the (100) peak in this
pattern clearly showed that both the loading process with the dye and the subsequent functionalization
with amines did not damage the mesoporous scaffolding. The same diffractogram features were
obtained for the solid materials prepared with MCM-41 nanoparticles (Figure 2b). Since both particles
belong to the MCM-41 family, the similarity between diffractograms of micro- and nanoparticles was
expected [31].

The preservation of the mesoporous structure in the final loaded and functionalized solids
M-Rh-N3 and N-Rh-N3 was also confirmed by means of transmission electron microscopy (TEM).
Figure 3 shows the different morphologies of the two types of particles. While MCM-41 microparticles
(Figure 3a) are irregular particles with diameters ranging between 0.8 and 1.2 mm, MCM-41
nanoparticles (Figure 3c) show a spherical shape with diameters of ca. 100 nm. No significant differences
were observed in particle size before and after functionalization. The images show the typical channels
of the MCM-41 matrix both as alternate black and white stripes and as a pseudo-hexagonal array of
pore voids in both types of particles. These channels are seen not only in the calcined material but also
in the loaded and functionalized supports (Figure 3b,d), confirming that the initial morphology of the
mesoporous matrix was maintained after the loading and functionalization process.

 

Figure 3. TEM images of calcined (a) microparticles (M), and (c) nanoparticles (N), showing the typical
hexagonal porosity of the MCM-41 matrix. TEM images of solid MSP micro- and nanoparticles loaded
with rhodamine B and functionalized with N3: (b) M-Rh-N3, and (d) N-Rh-N3.

Textural properties of the various supports calculated from the nitrogen adsorption–desorption
isotherms are summarized in Table 1. As observed, both types of particles (micro and nano) presented
similar textural properties (total area of ca. 1000 m2·g−1, pore volume of ca. 0.9 c3·g−1, and pore
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size of ca. 2.5 nm). These features were reported to be sufficient for encapsulation of molecules of
special interest in food technology (i.e., antimicrobial agents, drugs, flavors, vitamins, antioxidants,
enzymes, and other functional compounds) in MSPs [36]. Table 1 also shows that, after the loading
and functionalization process, a decrease in the N2 volume adsorbed was produced. This reduction is
indicative of mesoporous systems with partially filled mesopores.

Table 1. Characterization of the mesoporous silica particles (MSPs) before and after functionalization:
Brunauer–Emmett–Teller (BET) specific surface area, pore volume, and pore size calculated from the N2

adsorption–desorption isotherms, content of rhodamine B and amines (αRh and αN3, mg/gsolid), and
zeta potential (Z-potential, mV). M—microparticles; N—nanoparticles; Rh—loaded with rhodamine B;
N3—functionalized with N-(3-trimethoxysilylpropyl)diethylenetriamine.

Sample
BET Area

(m2/g)

Pore
Volume

(c3/g)

Pore Size
(nm)

αRh

(mg/gsolid)
αN3

(mg/gsolid)
Z-Potential

(mV)

M 1072 0.91 2.62 - - −38
M-Rh-N3 243 - - 15.3 81 41

N 986 0.84 2.51 - - −36
N-Rh-N3 143 - - 17.2 142 43

The content of organic matter in the final hybrid solids M-Rh-N3 and N-Rh-N3 was determined
by thermogravimetric analysis. Contents (α) of rhodamine B and the amine derivative are shown in
Table 1. The organic matter contents in both materials is similar to those reported by other authors
for similar systems based on MSPs loaded with rhodamine B and functionalized with amines [37].
Table 1 also includes the zeta potential values of M-Rh-N3 and N-Rh-N3 suspended in distilled water.
Bare micro- and nanoparticles showed negative zeta potential values of ca. −35 mV. These negative
values are typical of bare mesoporous silica particles, which contain SiO– groups in their surfaces.
After functionalization with amines, a neutralization of the silica by ammonium groups was produced,
and zeta potential values changed from negative to positive values (ca. +40 mV). This inversion of the
surface charge after organic functionalization was reported in literature for similar systems [38,39] and
confirms the efficiency of the functionalization process.

3.2. EVOH Film Surface Analysis

Two EVOH copolymers with a different molar percentage of ethylene monomer (32%—EVOH
32, and 44%—EVOH 44) were selected as films for functionalization. The lower the ethylene content,
the higher the hydrophilicity, the interchain interactions, the rigidity, and the gas barrier. The films
were supplied as the central layer of a three-layer polypropylene (PP)/EVOH/PP coextruded film
without tie layers, so the PP protector layers could be easily peeled off. Monolayer EVOH films were
exposed to UV irradiation to oxidize the film surface. The presence of a significant amount of –OH
substituents permits the generation of carboxylic substituents, which are required for M-Rh-N3 and
N-Rh-N3 particle attachment via EDC/NHS.

The TBO assay was used to quantify the amount of carboxyl groups created after the irradiation
on the surface of the EVOH 32 and EVOH 44 films (Figure 4) [40]. The non-zero initial relevant value
for EVOH 32 is due to the presence of some carbonyl groups in the copolymer, as this family of
materials is obtained via hydrolysis of statistical poly(ethylene-co-vinyl acetate) polymers.

As expected, the density of carboxylic groups increased significantly for both films with the length
of UV treatment. For instance, the number of nmol of COOH/cm2 for EVOH 32 films ranged from
23.31 nmol/cm2 after 1 min to 75.49 nmol/cm2 after 15 min of UV treatment. A similar trend was
found for the EVOH 44 samples, although, in this case, the density of the generated carboxyl groups
was significantly lower than that found for EVOH 32.
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Figure 4. Surface density of COOH groups on EVOH 32 and EVOH 44 films calculated by the Toluidine
Blue O (TBO) assay as a function of the ultraviolet (UV) treatment time.

3.3. MSP Immobilization

After confirming the activation of the EVOH films, the amine-functionalized mesoporous silica
particles were covalently linked to the films through amide bonds in the presence of carbodiimide. The
immobilization efficiency of M-Rh-N3 and N-Rh-N3 on the surface of the EVOH films was studied
by means of FESEM. Micrographs of the gated MSPs before and after immobilization on the films
are shown in Figure 5. Four films were developed, EVOH 32-N-Rh-N3 in which the nanoparticles
were anchored at pH = 5 (FN5) and at pH = 3 (FN3) (Figure 6), and EVOH 32-M-Rh-N3 anchored at
pH = 5 (FM5) and at pH = 3 (FM3) (Figure 7). As previously commented (Figure 2), the micro- and
nanoparticles exhibited differences with regard to size and shape (Figure 5a,b). The micro MSPs were
irregular in shape and size, whereas the nano MSPs appeared as equal spheres of ca. 100 nm. These
particle differences conditioned the way in which the MSPs anchored on the films. Figure 5c,d shows
the distribution of micro- and nanoparticles on the EVOH 32 film surface UV-treated for 15 min after
reaction of the EVOH 32 film with an equal mass of M-Rh-N3 or N-Rh-N3. A much better dispersion
was observed for the nanoparticles (Figure 5d) when compared with the microparticles (Figure 5c).
Moreover, the number of particles attached to the surface of the film was estimated as 0.05 ± 0.01
particles/μ2 for M-Rh-N3 and 67 ± 5 particles/μ2 for N-Rh-N3. Similar results, although with a much
lesser immobilization of particles, were obtained for the EVOH 44 films (data not shown). Therefore,
the EVOH 44 films were discarded.
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Figure 5. Representative field-emission SEM (FESEM) images of (a) M-Rh-N3 and (b) N-Rh-N3

particles, and (c) M-Rh-N3 and (d) N-Rh-N3 particles covalently anchored to EVOH 32 film after being
UV-treated for 15 min.

Figure 6. Evolution of rhodamine B release from EVOH 32-N-Rh-N3 prepared at pH 3 in aqueous
media at acidic pH (pH = 2) and at neutral pH (pH = 7.5).
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Figure 7. Evolution of rhodamine B release from EVOH 32-M-Rh-N3 prepared at pH 3 in aqueous
media at acidic pH (pH = 2) and at neutral pH (pH = 7.5).

3.4. Controlled Release Behavior

Finally, and with the objective of confirming the efficiency of the gated materials for releasing
rhodamine B, controlled delivery studies from the functionalized films according to the pH in water
(used as an aqueous food simulant) were carried out.

Figures 6 and 7 show the release rates of rhodamine B from EVOH 32-N-Rh-N3 and EVOH

32-M-Rh-N3 films functionalized at pH 3 (expressed as mg of rhodamine B released from 1 cm2

of film) when immersed in two aqueous food simulants, at acidic (pH = 2) and neutral pH (pH =
7.5). In EVOH 32-N-Rh-N3 films (Figure 6), the maximum release of rhodamine B was observed at
neutral pH. In these conditions, a controlled, sustained release was achieved during 8 h reaching
a maximum delivery content of ca. 24.5 mg of rhodamine B per cm2 of film Conversely, when this
sample was exposed to an acidic medium, the release was significantly reduced (maximum delivery
of ca. 5.5 mg of rhodamine B per cm of film), reaching a flat baseline during the first hours of the
experiment. This different and remarkable behavior at pH 7.5, when compared to that at pH 2, was
due to the effect of pH on the conformation of the polyamines. This gating-mechanism was widely
described in recent years [33]. At pH 2, polyamines are protonated into polyammonium groups
that favor Coulombic repulsions between close chains. Tethered polyammonium moieties tend to
adopt a rigid-like conformation that pushes them away toward pore openings, blocking the pores
and completely or partially inhibiting release of the sorbed substance. In contrast, a progressive
delivery of the colorant was observed at pH 7.5. In this condition (neutral pH), polyamines are less
protonated and their repulsions are weaker, favoring a pore unblockage that allows the release of the
encapsulated fluorophore.

Similar behavior can be seen in Figure 7 for EVOH 32-M-Rh-N3. A sustained release of the
cargo was observed after adding water adjusted to pH 7.5 to the films, while release was hindered
after the addition of water adjusted to pH 2. Again, at neutral pH, polyamines are not protonated
and their interactions are weaker, favoring pore unlock. However, despite the fact that MCM-41
nano- and microparticles were loaded with similar amounts of rhodamine B (see Table 1), the amount
of rhodamine delivered from EVOH 32-M-Rh-N3 was ca. four-fold lower than that achieved from
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EVOH 32-N-Rh-N3 films. This difference might be explained by the different density of particles
anchored to the film (see Figure 4).

Finally, the results presented in this work also confirm that amines do not lose their gating
properties after immobilization on EVOH films, opening a new field for controlled release in
packaging applications.

To compare the rhodamine B release kinetics from pore voids of both types of silica supports (nano
and micro) the experimental release data were fitted to the Higuchi model, and the Higuchi release
rate constant (kH) was calculated. The good fit of the delivery curves to the Higuchi model, as Figure 8
shows, suggests that the delivery of rhodamine B from the pores of various solids is basically a diffusive
process [31]. Moreover, for both types of particles, the kH constant at pH 7.5 was the same (kH = 40).
There were also no significant differences in Higuchi rate constants at acidic conditions: kH was 15 for
EVOH 32-N-Rh-N3, and 13 for EVOH 32-M-Rh-N3. These data confirm that delivery at pH 7.5 is not
only more efficient than at pH 2, but also faster. Moreover, the small differences between the two types
of particles demonstrate that release kinetics is influenced by the porous system (equal in all MCM-41
particles) instead of by the particle morphology. Accordingly, differences observed in the comparison
of Figure 6 with regard to the amount of dye released by the encapsulation systems (20%–30% greater
in EVOH 32-N-Rh-N3 films) are due to the higher concentration of particles achieved during the
N3-MSP deposition step (see Figure 4).

Figure 8. Higuchi representation of rhodamine B release from EVOH 32-M-Rh-N3 and EVOH

32-N-Rh-N3 prepared at pH 3 in aqueous media at acidic pH (pH = 2) and at neutral pH (pH = 7.5).
Symbols correspond to experimental data, and the lines are the fitting lines of the Higuchi equation.

4. Conclusions

This work is a proof of concept for the design of active packaging materials with a pH triggering
mechanism. Mesoporous silica micro- and nanoparticles (MCM-41) were manufactured, calcined,
and used to load and release an agent in a controlled manner when exposed to suitable pH
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conditions. The particles were loaded with rhodamine B (selected as a dye whose release is easy
to monitor) and functionalized with N-(3-trimethoxysilylpropyl)diethylenetriamine (polyamines).
This functionalization creates chemical gates whose key is based on pH.

In parallel, poly(ethylene-co-vinyl alcohol) (EVOH) films with two monomer compositions, EVOH
32 and EVOH 44, were successfully oxidized by UV irradiation. The treatment generated –COOH
substituents in the polymer chains, which increased with an increase in irradiation time and a decrease
in copolymer ethylene content. Oxidized EVOH was used to anchor the loaded silica particles through
the use of EDC/NHS linkers. Linkage was carried out successfully at pH 3 and pH 5, especially for
nanoparticles, which were distributed homogeneously throughout the film surface, especially in the
case of EVOH 32 films.

Finally, the ability to keep and release the agent was analyzed. The final load of the dye was
greater in the films exposed to anchorage treatments at pH 3, as, at pH 5, a partial release of rhodamine
B was evidenced during the process. The films with the anchored particles were exposed to two liquid
media, simulating acidic food and neutral food. The films released the agent quickly and completely
at neutral pH, but kept the dye locked at acidic pH.

Hence, this work demonstrates the feasibility of covalently anchoring smart delivery systems
able to deliver a functional molecule after applying a triggering stimulus to EVOH films. This
successful mechanism will allow the design of new active packaging systems loaded with antioxidant,
antimicrobial, or aromatic agents able to release their cargo only under certain conditions, such as the
generation of biogenic amines by bacteria in fresh food products.
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Abstract: In this study, the migration potential of laponite, a small synthetic nanoclay,
from nanocomposites into foods was investigated. First, a laponite/ethylene vinyl acetate (EVA)
masterbatch was compounded several times and then extruded into thin low-density polyethylene
(LDPE) based films. This way, intercalation and partial exfoliation of the smallest type of clay was
achieved. Migration of laponite was investigated using Asymmetric Flow Field-Flow Fractionation
(AF4) with Multi-Angle Laser Light Scattering (MALLS) detection. A surfactant solution in which
laponite dispersion remained stable during migration test conditions was used as alternative food
simulant. Sample films with different loadings of laponite were stored for 10 days at 60 ◦C.
No migration of laponite was found at a limit of detection of 22 μg laponite per Kg food. It can be
concluded that laponite (representing the worst case for any larger structured type of clay) does not
migrate into food once it is incorporated into a polymer matrix.

Keywords: laponite; clay; nanomaterial; migration; diffusion; nanocomposites

1. Introduction

Laponite is a synthetic colloidal layered silicate which is composed of disc-shaped crystals in the
nanoscale size region. Laponite forms the same tetrahedral and octahedral 2:1 “sandwich” structure
like most natural clays, e.g., montmorillonite [1]. In contrast, the primary structure (i.e., the disc-shaped
crystals) is significant smaller than it is in naturally occurring clay minerals. Laponite crystals are of
approximately 1 nm in thickness and have diameters of approximately 25 nm, only [2]. In general,
clays are used as polymer additives nearly as long as polymers are on the market. From the
beginning, clays are used as matrix fillers improving thermal and mechanical properties of the
polymer significantly. In its exfoliated form, clay promises to enhance the barrier function plastic
food contact materials (FCM) regarding oxygen or water vapor [3–20]. Laponites are mainly used as
a rheology modifier or as film formers. They find applications in many consumer care products to
improve suspension stability (e.g., cleaning products) and to adjust rheological behaviour (e.g., used as
thickener in toothpaste). Laponites are also applied as a thin film on the surface of different materials
like paper and polymeric films to produce food packaging that are antistatic or that have improved
barrier properties regarding oxygen transmission [21]. Furthermore, the successful use of laponite
disks in sustainable polymers like hydroxypropyl cellulose [22] and pectins [23] was demonstrated.

Due to its structural composition of ultrafine platelets with only 1 nm in thickness, laponite
(and clay) has to be considered as a nanomaterial (NM) according to the definition of the European
Union 2011/696/EU [24]. Nanomaterials in general promise many technical and economic benefits
and are increasingly used. Therefore, an assessment of these materials from a safety perspective is
always needed. This is, in particular, the case when such NMs are used as additives in FCM. It is
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generally accepted that a risk for the consumer is only given when exposure to NMs used as a polymer
additive for food packaging is performed. In case of nanocomposites, exposure towards the NM
would only be the case if the NM migrates out of the packaging into food. Within the last years the
number of studies that investigated the migration potential of different types of NMs has increased
and can be found summarized elsewhere [7,25,26]. In some case-examples practical evidence was
already given that some NMs cannot migrate and theoretical considerations even showed that NMs
used as additives in FCM are too large to migrate in general [26,27]. The use of NMs as additives in
FCM made of plastics is regulated within the European Union in regulation EU/10/2011 [28] and its
amendments [29–31]. Legal requirements demand that a risk assessment of NMs in FCM has to be
performed on a case-by-case basis.

In this study, the migration potential of laponite from nanocomposites based on low-density
polyethylene (LDPE) was investigated. Due to its small size compared to other nanoclays, laponite
was selected as a model nanomaterial which will represent the worst-case in comparison with all
other types of clay materials when considering migration being based on size-dependent Fickian
diffusion [27].

2. Materials and Methods

2.1. Materials

Organically modified laponite RXG7308 (in the following: Laponite) (BYK Chemie GmbH,
Moosburg, Germany) was provided both as a pure powder and also incorporated into ethylene-vinyl
acetate (EVA) as a masterbatch (SO 9015, BYK Chemie GmbH, Moosburg, Germany) with a laponite
content of 11%-m/m. The powder was used for analytical method development and the masterbatch
was used to produce LDPE films with different contents of laponite for migration measurements.

The production of the LDPE films was performed in-house at Fraunhofer IVV. For this the SO 9015
masterbatch was first mixed with neat ethylene-vinyl acetate copolymer (Escorene Ultra FL 00226CC,
26% vinyl acetate, ExxonMobil Chemical Company, Houston, TX, USA) and compounded six times
using a twin-screw compounder (Dr. Collin GmbH). With the preceded compounding strong shear
forces are applied to the laponite stacks which shall provide better homogeneity in the LDPE films and
partial intercalation/exfoliation of the layered laponite stacks. After compounding, the EVA/laponite
masterbatch was mixed with LDPE (Lupolen 1806 H, LyondellBasell, Rotterdam, The Netherlands)
and extruded to films with 2%, 4% and 6% laponite in the polymer using a flat film extruder (Dr. Collin
GmbH). An LDPE film without laponite in the polymer was extruded as reference film.

2.2. Transmission Electron Microscopy (TEM)

TEM images of the polymeric film with the lowest laponite concentration were prepared by
psi cube, Germany. With this technique the distribution and size characteristics of the laponite
in the polymer was visualized. For sample preparation the polymeric film was subjected to
cryo-ultra-thin-sectioning using a diamond knife.

2.3. Preparation of Laponite Reference Dispersions

Ultrapure water (TKA Genpure, Fisher Scientific GmbH, Schwerte, Germany) with 25000 mg/L
of the surfactant Novachem (Postnova Analytics) and 200 mg/L of the biocide sodium azide (Merck
Millipore, Darmstadt, Germany) was used as dispersant for a laponite stock dispersion. Dilutions of
the initial stock dispersion were produced using ultrapure water with 2000 mg/L of the surfactant
only. Ultrapure water with 200 mg/L sodium azide, without surfactants, was used as flowing liquid
for the AF4. After preparation all solvents were filtered (0.1 μm Millipore filter disc).

For the stock dispersion 50.0 mg Laponite RXG7308 powder (BYK Chemie GmbH, Moosburg,
Germany) was weighed out into a 50 mL polypropylene centrifuge vial and mixed with 20 mL of
the dispersant. The centrifuge vial was then placed into an ice bath and the mixture was dispersed
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for 45 min using an ultra-sonication tip (Vibra Cell VC 50T, Sonics&Materials Inc., Newton, CT,
USA, operated at 50 Watt, 20 kHz, 100% output), which was placed approximately 1 cm above
the bottom of the vial. At the end of the dispersion experiment the dispersion was transferred
quantitatively into a 200 mL perfluoroalkoxy alkane (PFA) measuring flask and filled up to the mark.
This way a laponite dispersion with a nominal laponite concentration of 250 mg/L was prepared.
The dispersion did neither showed sedimentation of laponite nor a strong milky turbidity, but was
slightly opalescent. A complete exfoliation of the Laponite layers would result in clear dispersions,
wherefore the slight opalescence was an indication that Laponite aggregates were broken into smaller
units and at least intercalation of the Laponite stacks was successful, due to the high energy input of
the ultra-sonication tip.

2.4. AF4 and MALLS Measurements

AF4 measurements were carried out with an “AF2000 MT Series mid temperature” (Postnova
Analytics, Landsberg, Germany) to characterize, detect and quantify laponite particles in the ongoing
migration experiments. The system was equipped with a 500 μm channel and a polyethersulfone
membrane (cut-off: 10 kDa). For the determination of the particles size distribution a 21-angle-MALLS
detector “PN3621” (Postnova Analytics, Landsberg, Germany) was used.

For diluted Laponite RXG7308 dispersions the AF4 conditions were optimised as follows: During
the injection time of 15 min (this is tantamount to the focusing time), the cross flow is kept constant
at 0.8 mL/min (start conditions). Within a transition time of 0.5 min the focusing of the sample is
terminated and the elution of sample starts. The cross flow is kept constant for additional 5 min
followed by a fast non-linear decline of the cross flow to 0 mL/min within 10.0 min, using a power
gradient of 0.15. The channel is flushed by the detector flow for 35 min without any cross flow to
deplete the channel completely. The detector flow is kept constant at 0.45 mL/min for the whole run.
The channel was tempered to constant 40 ◦C. The method was used for sample injection volumes up
to 2000 μL.

For laponite particles, a serial dilution from a 250 mg/L stock solution was made and standard
solutions with 0 ng/mL (blank), 250 ng/mL, 500 ng/mL, 1000 ng/mL, 1500 ng/mL, 2000 ng/mL and
2500 ng/mL were measured. The detected signals of each standard dispersion were integrated at all
detection angles (excluding the 7◦, 12◦ and 164◦ angle) of the MALLS detector to obtain the peak area
of the sample. The detected peak area is directly proportional to the injected mass.

Furthermore, the results of the light scattering experiment were used to calculate the sizes of
dispersed laponite particles in form of the radius of gyration, rg.

2.5. Migration Test

For the migration studies simulants and test conditions were intended to be chosen according to
Annex V of the European Plastics Regulation (EU) 10/2011 for long term storage at room temperature
(more than 6 month) including hotfill (2 h at 70 ◦C or 15 min at 100 ◦C). Preliminary dispersion
experiments showed that only in the 2000 mg/L Novachem surfactant solution sufficient dispersion
stability of laponite particles could be achieved. Therefore, the surfactant solution (2000 mg/L
Novachem and 200 mg/L sodium azide) was chosen as (alternative) food simulant.

Sample films were cut into squares to a defined area of 1 dm2. The samples were stored in
30 mL polypropylene vials. Both samples and vials were blown out before with nitrogen to prevent
contamination by dust, filled with 15 mL of the food simulant and stored for 10 days at 60 ◦C.
All samples were completely covered with the simulant during storage. From each sample film
containing laponite in the polymer (2%, 4%, 6% Laponite in LDPE) four equally treated samples were
prepared, from the LDPE blanks three identical samples. All migration samples were injected into the
AF4/MALLS system twice

Additionally, LDPE reference samples (without Laponite) and solvent blanks were prepared and
stored under the same conditions.
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To validate the migration experiments tests on recovery were performed. Freshly prepared
laponite dispersions with 1000 ng/mL laponite were stored for 10 days at 60 ◦C in 2000 mg/L
Novachem solution in the same vials as described above. Stored dispersions were measured by
AF4/MALLS and compared to a measurement performed directly after preparation of the Laponite
dispersion in a Novachem solution. The recovery rates are calculated as the ratio of the detected total
peak areas (MALLS output of all detector angles except the 7◦ angle).

3. Results

3.1. TEM Measurements

The lower resolution (Figure 1a) gives a picture of the laponite distribution in the polymer
showing that the laponite exists as layered stacks which are homogenously distributed in the polymer.
However, a statistical evaluation of the particle size distribution of laponite within the polymer was
not performed by TEM. The high resolution image (Figure 1b) shows single laponite aggregates in the
polymer. At this resolution, it can be seen that the platelets of laponite do not form compact stacks
anymore but are rather oriented randomLy and not parallel to each other. At the border region of the
laponite aggregates single platelets were found. This was an indication that the Laponite stacks were
already intercalated and partial exfoliation of the stacks took place.

 
(a) 

 
(b) 

Figure 1. Transmission Electron Microscopy (TEM) images of the 6% laponite in LDPE film: (a) low
and (b) high resolved image.

3.2. Characterization and Quantification of Laponite in Dispersion

Fractograms of laponite reference dispersions and the solvent blank are shown in Figure 2.
Beside the signal caused by the Laponite particles, the 2000 mg/L Novachem dispersant blank caused
a signal at elution times typical for the Laponite particles (t = 21 to 40 min). This is caused by a pressure
drop within the AF4 channel during the fast decline of the cross flow. At an injection volume of 2000 μL
each sample at a concentration between 250 ng/mL and 2500 ng/mL delivered a signal that could
be distinguished from the blank and from samples with other concentrations. A 250 ng/mL laponite
sample still delivered an evaluable signal. Concentrations lower than 250 ng/mL lead to problems
for an explicit evaluation by light scattering. Thus, the lowest detectable concentration for laponite
particles with this AF4 system and method is 250 ng/mL. At the injection volume of 2000 μL this
corresponds to 500 ng of laponite.
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Figure 2. Serial dilution of laponite dispersion in 2000 mg/L Novachem solution (2000 μL injected,
signal of the 92◦ detector).

The signal outputs (excluding 7◦, 12◦ and 164◦ detector angle) of the MALLS detector from
the respective laponite reference dispersions were integrated, summed up to the total peak area and
correlated with the concentration of the respective laponite reference dispersion (Figure 3). The function
of this correlation experiment was used to determine laponite concentrations in unknown samples.
The results of the calibration experiment are summarized in Table 1.
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Figure 3. Sum of all MALLS detector angle areas (total area) of the laponite peaks versus the
concentration (injection volume 2000 μL).
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Table 1. Peak areas of Laponite particles obtained by Multi Angle Laser Light Scattering (MALLS)
detection (2000 μL injection volume).

Concentration of Standard (ng/mL) Mass (ng) Total Area by MALLS (mV*min)

0 0 16.7
250 500 50.2
500 1000 105.0
1000 2000 183.7
1500 3000 300.1
2000 4000 446.9
2500 5000 686.3

Via the MALLS detection, the particle sizes of laponite particles were determined in dispersion.
For the calculation of the radius of gyration a random coil fit was used. In Figure 4 the fractogram
(signal intensity vs. elution time) of a 2 mg/L laponite dispersion is overlaid by the calculated radii at
the respective elution times. The almost linear particle radius increase with increasing elution volume
indicates a successful separation of the laponite particles. The laponite particles show a particle size
distribution starting from about 16 nm to about 130 nm (radius of gyration rg). For the main part of
the particles the calculated radius of gyration was about 41 nm. Radius of gyration, also root mean
square radius, describes the distribution of mass around the centre of mass of the particular particle.
This calculation is based on the angular variation of the signal intensities of the MALLS detector.
The calculation of the radius of gyration is independent of the shape of the particle. However, rg can be
re-calculated into geometrical sizes under the assumption of specific geometrical shapes [32,33]. In case
of random coils, the geometrical end-to-end distance the particle size distribution ranges from 21 nm to
168 nm with the main part with 53 nm. This indicates that both, small primary units as well as smaller
stacks of laponite were present in dispersion. This way, the dispersion used for AF4/MALLS method
development covered the same laponite sizes as it was found in TEM images of the nanocomposites
which were used in the later migration experiment.
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3.3. Migration Test Results

All migration experiments were carried out using a 2000-mg/L Novachem solution as simulant.
Laponite particles are expected to elute from about t = 21 to 40 min. Due to the rapid decrease of
the cross flow at that time the surfactant blank caused a slight signal (see Figure 2). AF4/MALLS
measurements of the migration sample without laponite in the polymer (Figure 5a) and with 2%
(Figure 5b), 4% (Figure 5c) and 6% laponite (Figure 5d) in the polymer showed, that no higher signal
intensities than the surfactant blank could be detected in any sample, indicating that no oligomers were
extracted and no laponite particles migrated into the food simulant after storage for 10 days at 60 ◦C.
Rather, it appears that the surfactants of the food simulant solution were adsorbed by the polymer
and especially by the laponite particles present in the polymer film or the surface of the polymer film
cutting edges. This effect could especially be observed for migration samples using LDPE films with
higher laponite loadings. Migration samples prepared from LDPE reference films and LDPE films
with only 2% laponite in the polymer caused signals in the AF4/MALLS run exactly like or slightly
lower than the surfactant blank which was also stored for 10 days at 60 ◦C. All migration samples
prepared from the LDPE films with 4% laponite in the polymer caused signals significantly lower
than the surfactant solution would do without contact to the test film. Migration samples prepared
from LDPE films with 6% laponite in the polymer showed no more signal at elution times relevant for
laponite particles or the surfactant solution.
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Figure 5. AF4/MALLS fractograms of the migration samples. (a) LDPE reference samples without
laponite as well as nanocomposites with (b) 2% laponite; (c) 4% laponite and (d) 6% laponite. The black
fractograms are the 2000 mg/L Novachem simulant blank that was stored for 10 d at 60 ◦C.

The preliminary dispersion experiments showed that the Novachem surfactant solution was
suitable to disperse laponite particles. Therefore, it is conceivable that the surfactants in the simulant
solution were adsorbed by the laponite particles at the surface or the cutting edges of the polymeric
films. Beside the AF4/MALLS measurements, the loss of surfactant in the food simulant could be
demonstrated by a simple test. Since the surfactant solution is a foam building liquid the presence of
the surfactant can be visualized by shaking of the samples (Figure 6). Whilst migration samples using
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LDPE blanks and the pure Novachem solution were still foaming, the 2% laponite in LDPE migration
samples showed already a lower ability to foam. Samples with 4% and 6% laponite in the polymer
showed no foam after they were shaken.

 

Figure 6. Migration samples after they were shaken. From left to right: 6% Laponite in LDPE, 4%
Laponite in LDPE, 2% Laponite in LDPE, LDPE blank and the surfactant blank used as food simulant
for all migration samples.

3.4. Validation of Experiments

To validate the migration experiments tests on recovery were performed. Freshly prepared
laponite dispersions with 1000 ng/mL laponite were stored for 10 days at 60 ◦C in 2000 mg/L
Novachem solution in the same vials as described. The dispersions in 2000 mg/L Novachem were
measured by AF4 and compared to a measurement performed directly after preparation of the laponite
dispersion in a Novachem solution (Figure 7). The recovery rates were calculated as the ratio of the
detected total peak areas.
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Figure 7. Recovery experiment for 1000 ng/mL Laponite in 2000 mg/L Novachem solution. The black
curve is the fractogram of a fresh dispersion; the red curve is the fractogram of the same sample after
10 days at 60 ◦C (signals of the 68◦ detector).
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The storage of laponite in a Novachem solution showed that the laponite particles have good
stability in the surfactant solution. The particles of the stored sample eluted at identical times as
the laponite particles from the freshly prepared dispersion and caused similar signal intensities.
After storage of the dispersion for 10 days at 60 ◦C approximately 105% of the original peak area could
be recovered (see Table 2). This experiment showed that laponite would have been detectable even
after storage for 10 d at 60 ◦C if migrated into the simulant.

Table 2. Recovery experiment made with a 1000 ng/mL laponite dispersion (2000 μL injections,
samples prepared in triplicate).

MALLS Area
“Fresh” (mV*min)

MALLS Area “Stored”
(mV*min)

Recovery Rate Direct LOD LOD Method

182.9/184.3/183.9
183.7 (average)

192.3/197.0/189.7
193.0 (average) 105.1% 500 ng 476 ng

AF4/MALLS measurements can only distinguish between samples of different sizes. For a clear
differentiation between polymer, laponite particles and surfactants, the used AF4 method must be
able to separate them into separated fractions. In this study, a rapid decline of the separation force
(cross flow) was required, where pressure drops caused the surfactant solution to produce a slight
peak in the AF4 fractogram at laponite relevant elution times. However, the presence of extracted
oligomers from the polymer films or the presence of migrated laponite particles would cause higher
signal intensities than dispersant blank. To further validate the method and exclude matrix effects the
migration solutions were fortified with a defined amount of laponite. For the validation measurements
10 μL of a 250 μg/mL Laponite dispersion were filled up to the 5 mL mark of a volumetric flask with
the respective migration sample. This way, all migration samples were fortified to a laponite content of
500 ng/mL. Injection of a migration solution made from a 6% laponite in LDPE sample was measured.
The fractogram showed no signal at the retention time typical for laponite particles. After this run the
fortified sample, which was prepared using the identical migration solution than before, was measured.
As a result, this AF4 run shows a clear signal at elution times that were typical for the laponite particles
(Figure 8).

 

0.2012

0.2014

0.2016

0.2018

0.202

0.2022

0.2024

0 10 20 30 40 50 60

de
te

ct
or

 s
ig

na
l [

V
]

time [min]

fortified migration sample unfortified migration sample
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4. Discussion

Due to its size with 1 nm in thickness and 25 nm in diameter only, laponite is one of the smallest
clay types (in all three dimensions) and NMs (in one dimension) in general. With migration being
based on size-dependent Fickian diffusion [27,34,35] lapoAnite can be considered to be a worst-case
nano-additive for FCM made of plastics due to expected higher mobility than most other clay NMs.
However, from a migration theory point of view, even laponite platelets are already too large to diffuse
within a polymer matrix [27,36].

In this study, no detectable release of laponite particles was found, and even though migration
was tested by total immersion of sample pieces where at the cutting edges direct contact of the NM
with the used food simulant was possible, this migration test mode should not be applied when
NMs would be of small spherical geometry because they may be more easily released from the cut
edges into the immersing liquid. Interestingly, it rather appeared that instead of release of laponite
particles, the surfactant of the simulant solution was adsorbed. This could happen at best via the
cutting edges of the test films where direct contact of laponite with the surrounding simulant matrix
was possible. This is further supported by the observed increasing effect with increasing laponite
loadings in the polymer. Fortification experiments of migration solutions demonstrated that already
low concentrations of laponite would have caused a signal in the AF4/MALLS fractogram. Thus, at the
achieved method, detection limit migration of laponite from the nanocomposite could be excluded.
From the detection limit of the device, the used amount of simulant and sample area in the migration
experiments and the recovery rate under test conditions the overall detection limit of the method was
3.6 μg/dm2. Assuming a surface-to-volume ratio of 6 dm2 per kg food, according to the EU cube
model, the filling-related detection limit was approximately 22 μg laponite per Kg food.

Other migration studies that investigated clay nanoparticles are summarized in the review of
Kuorwel et al. [7]. Though there are studies that reported positive results, the possibility of artefact
formation has to be considered [26]. Farhoodi et al. [37] investigated the release of organoclay from a
PET-based nanocomposite. In that study, the nanocomposites were cut into several small discs and
stored up to 90 d by total immersion in 3% acetic acid. The applied element specific measurements
showed the presence of clay-specific elements magnesium, aluminium and silicon. Although the used
method based on Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) did not allow
differentiation between particulate clay and solubilized clay elements (i.e., ionic Mg, Al and Si) the
authors concluded that migration of clay was possible. This, of course, cannot be understood as a
proof of particle migration. Especially in case of many cutting edges, at which direct contact of clay
and the acid is possible and which was the case in that study, great care must be taken to conclude
on the actually migrating species. To differentiate between particulate or ionic migrants, suitable
particle-specific techniques need to be applied.

In a study by Schmidt et al from 2011 [38] release of organically modified clay from polylactic acid
(PLA) matrix was investigated. After storage of the PLA based nanocomposites in 95% ethanol the
simulants were digested in acid and analysed for the presence of clay specific elements by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). Likewise, to ICP-OES, normal mode ICP-MS does not
allow differentiation between solubilized clay components and particulate clay. However, further
particle-specific examinations with a Transmission Electron Microscope (TEM) revealed particulate
structures after the acidic digestion solution was evaporated on a TEM sample holder. In such sample
preparation steps artefacts might be generated when due to concentration precipitation takes place.
Much more importantly, the authors measured the molecular weight (m.w.) of the PLA test samples
and found severe changes of the number averaged m.w. of up to 38% during the migration test period.
This means that under the aggressive migration test conditions the PLA matrix was largely destroyed
by ethanolysis or hydrolysis which lead to a physical degradation of the polymer matrix followed
by physical release of clay material [39]. This interpretation would be consistent with the results of
a previous study by Schmidt et al. from 2009 [40]. In that study, the authors used a combination of
ICP-MS and AF4/MALLS to obtain both element-specific and particle-sensitive information from the
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migration experiments. In 95% ethanol the authors recorded a signal with AF4/MALLS but could not
find clay-specific elements with ICP-MS. The authors concluded therefore that the AF4 signals were
caused by released oligomers from the PLA matrix only and not by clay particles.

5. Conclusions

In this study, the potential migration of laponite particles from LDPE-based nanocomposites
was investigated. In a first step, the nanomaterial was homogeneously incorporated at different NM
loading concentrations into the host LDPE matrix whereby intercalation and partial exfoliation of
clay stacks took place. A liquid dispersion with the same size characteristics of laponite was then
prepared in an aqueous surfactant solution which was shown to give a stable dispersion of laponite
under the used test conditions. This surfactant was therefore used as an appropriate food simulant for
migration tests because it can be expected to disperse any migrating laponite particles. Indeed, unlike
other chemical polymer additives where olive oil or 95% ethanol are the most severe food simulants,
an aqueous surfactant solution can be considered as the most severe simulant in this case because of the
good dispersibility and receptivity of laponite NM, once it would be released from the nanocomposite.
An analytical method AF4/MALLS was successfully applied for characterization and quantification of
laponite particles in the surfactant solution. As a result, no release of laponite, the smallest species of
clay, was found in this study. It can therefore be concluded that diffusion-based migration of laponite
particles and thus any larger structured nanoclay in general will not occur when the nanomaterial is
fully embedded within a polymer matrix. In this study, a potential mechanical release of clays from
the surface of the nanocomposite after severe interaction with its environment (e.g., abrasion after
chemical, thermal or mechanical impacts) was not investigated. These are additional stress parameters
that might appear in practice and should be considered in future research.
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Abstract: Efficiency of nanocomposite zinc oxide-chitosan antimicrobial polyethylene packaging
films for the preservation of quality of vegetables was studied using okra Abelmoschus esculentus.
Low density polyethylene films (LDPE) coated with chitosan-ZnO nanocomposites were used for
packaging of okra samples stored at room temperature (25 ◦C). Compared to the control sample (no
coating), the total bacterial concentrations in the case of chitosan and nanocomposite coatings were
reduced by 53% and 63%, respectively. The nanocomposite coating showed a 2-fold reduction in
total fungal concentrations in comparison to the chitosan treated samples. Results demonstrate the
effectiveness of the nanocomposite coatings for the reduction of fungal and bacterial growth in the
okra samples after 12 storage days. The nanocomposite coatings did not affect the quality attributes of
the okra, such as pH, total soluble solids, moisture content, and weight loss. This work demonstrates
that the chitosan-ZnO nanocomposite coatings not only maintains the quality of the packed okra but
also retards microbial and fungal growth. Thus, chitosan-ZnO nanocomposite coating can be used as
a potential coating material for active food packaging applications.

Keywords: ZnO nanoparticle; nanocomposite coating; chitosan; antimicrobial; active food packaging

1. Introduction

Fruits and vegetables being perishable due to high water content are susceptible to rapid
deterioration soon after harvest, requiring them to be properly packaged and stored if not consumed
immediately [1]. High perishability of most fruits and vegetables has led investigators to seek new
approaches to improve shelf-life. Okra (Abelmoschus esculentus, family Malvaceae) is a rich source of
vitamin C, calcium, carotene, vitamin B1, folates and contains dietary fibre [2,3] and is a widely grown
and consumed vegetable in African and Arabic countries [4]. However, it has a short postharvest life
of about 10 days at temperatures from 1 to 10 ◦C due to high respiration and water loss rates [5,6]. It is
quite sensitive to bruising, desiccation, loss of chlorophyll, chilling injury, loss of tenderness (increased
toughness), that usually leads to decaying following postharvest handling [5].

Packaging plays a critical role in food safety and quality acting as a barrier that protects the food
from the outer environmental conditions, such as contamination by pathogens and spoilage organisms,
chemical and physical hazards, thus slowing the process of deterioration [7,8]. Food packaging with
antimicrobial properties has received attention due to the ability to arrest or delay microbiological
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decay of food products [9]. In antimicrobial packaging materials, antimicrobial substances are loaded
in the packaging system to reduce the risk of contamination by pathogens [10,11]. One of the most
successful approaches of antimicrobial packaging development is the coating of polymer surfaces
with antimicrobial substances. As bacterial contamination occurs on the surface, the incorporation of
antimicrobial agents as a coating provides high exposure area with minimal dissociation of biocides
into the packaged food [12,13]. Recent studies have demonstrated that antimicrobial packaging
improves the safety and quality of food products and helps in reducing the amount of preservatives in
the food [14]. The preservative action of antimicrobial packaging is based on the release of the agents
from the packaging material, which do the preservative action by direct contact with the food or by
releasing to the surrounding space [14].

Natural polymers, such as chitosan, starch, clay, and pectin, have been used in food packaging
due to their biodegradability, non-toxicity and biological properties [15–17]. Chitosan is non-toxic, film
forming, and biodegradable biopolymer with antimicrobial properties, which make it ideal for the
development of antimicrobial food packaging [17,18]. It is widely used in food production as a fining
agent for clarification and de-acidification of fruit juices and for water purification [19]. Chitosan as
a packaging material either alone or with other compounds was proved to improve shelf life while
maintaining the quality of meat [20], fish [21] and vegetables [17]. Chitosan can form semipermeable
film on fruits and vegetables, introducing host resistance to pathogens [22]. Delay in ripening and
shelf life prolongation was observed in fruits and vegetables treated with chitosan [23]. Chitosan is
usually blended with other polymers or antimicrobial agents, such as natural extracts and metal oxides
to improve its mechanical resistance and antimicrobial properties [24,25]. For example, chitosan was
blended with other active substances, such as gallic acid [26], grapefruit seed extract [27], poly-vinyl
alcohol [17] and silver nanoparticles [28] to form effective antimicrobial packaging materials.

Metal oxides like titanium dioxide (TiO2), zinc oxide (ZnO) and magnesium oxide (MgO),
have been reported to render antibacterial activity with higher stability in comparison to organic
antimicrobial agents [29,30]. In comparison to other metal oxides, ZnO nanoparticles are considered as
safe materials for human beings [31]. Zinc is a ubiquitous trace metal and essential for a large
number of metalloenzymes in living organisms [7]. Furthermore, ZnO is less toxic than other
nanoparticles, such as silver nanoparticles, thus is widely used in the food industry as a supplement
for zinc [7,32]. ZnO has been incorporated into the linings of food cans for meat, fish, corn and peas
to preserve colour and prevent spoilage [32]. Interest has been arisen on using ZnO nanoparticles
as food additives or incorporating them with packaging materials in order to provide antimicrobial
properties [7,33,34]. Several studies proposed methods used to incorporate ZnO nanoparticles with low
density polyethylene (LDPE), polypropylene (PP) and chitosan [32]. The application of chitosan coating
in food was mostly presented as an edible or direct coating. Few reports proposed the use of chitosan
films blended with different components for food packaging [17–21]. A recent study by Rahman and
co-workers [20] proved the efficiency of chitosan-ZnO nanocomposite films formed into pouches in
extending the shelf-life of raw meat. However, to the best of our knowledge, there are no reports on
the use of chitosan-ZnO coated packaging materials and their application in food preservation.

In this study, the effect of low density polyethylene (LDPE) packaging films coated with chitosan
and chitosan-ZnO nanocomposite on the shelf life and quality of okra (Abelmoschus esculentus) was
investigated. The specific aims of this study were to: (1) prepare LDPE packaging coated with chitosan
and chitosan-ZnO nanocomposites; (2) assess the quality of okra samples stored using active packaging
through the evaluation of the microbiological, chemical and physical attributes of the vegetable.

2. Materials and Methods

2.1. Sample Preparation

Fresh okra (Abelmoschus esculentus) samples were purchased from a local supermarket (As Seeb,
Muscat, Oman). Samples were transported to the marine research laboratory and then they were
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graded visually for their uniformity in size, shape and brightness of colour. Pieces with average size of
13 cm × 2 cm (length × width) were selected for the experiment (Figure 1). Only vegetables free from
insects, defects and visible blemishes were selected and used for the experiments (see below).

 

Figure 1. Photo of all the Okra samples in different polyethylene packages.

2.2. Preparation and Characterisation of Coatings

LDPE films coated with chitosan and chitosan-ZnO nanocomposites were prepared as previously
described by Al-Naamani and co-workers [35]. Briefly, 2% chitosan solution was prepared by dissolving
2 g of chitosan powder (Sigma Aldrich, St. Louis, MO, USA) in 0.5% acetic acid. Then, commercial
ZnO nanoparticles (35–45 nm) (Sigma Aldrich, St. Louis, MO, USA) were added to the previously
prepared chitosan solution to obtain chitosan-ZnO nanocomposite. Clean LDPE films (5 × 8 × 2 cm)
(Cole-Parmer Instrument Co., Cambridgeshire, UK) were treated using plasma instrument (Plasma
Technology GmbH, Herrenberg-Gültstein, Germany) (pressure: 0.2 mbar, O2: 3–4 standard cubic
centimetres per minute (SCCM), power: 50%). The atmospheric dielectric barrier discharge (DBD)
plasma operated at 22 kHz eliminating the need for impedance matching that is required for inductively
coupled (ICP) plasma, radio frequency low pressure (RFP) plasma systems, making it simpler to use
for a variety of applications including ashing of organic constituents, cleaning of electron microscopy
sample holders and all sample surfaces, etching or structuring of surfaces as well as for the modification
of surface properties (hydrophilic/hydrophobic). The system uses 230 V/16 A power consumption
including vacuum pump (approximately 800–1200 W) (Pfieffer, Annecy, France) with power that
can be chosen from 10% to 100%. Plasma treatment was used to provide a hydrophilic property to
the polyethylene (PE) surface in order to result in a better attachment of chitosan to the PE surface.
Oxygen or air plasma is known to removes organic contaminants by chemical reaction with highly
reactive oxygen radicals and through ablation by energetic oxygen ions, promotes surface oxidation
and hydroxylation (OH groups) thus increasing surface wettability. After the plasma treatment, 6 mL
of previously prepared chitosan-ZnO nanocomposite solution was sprayed onto the PE surface (10 cm
× 15 cm) and allowed to dry at room temperature (26 ◦C). PE films coated with 2% chitosan were used
for comparison, and uncoated PE was used as a control. The coated films were characterized and their
antimicrobial activity was reported [35].

Surface morphology of the nano-composite coating was characterized by JEOL JSM-7200 (JEOL
Ltd., Akishima, Tokyo, Japan) field emission scanning electron microscope (FESEM) working at 20 kV.
The elemental composition of the coatings was determined using Energy Dispersive Spectrometry
(EDS) (Oxford Instruments NanoAnalysis & Asylum Research, UK, High Wycombe, UK). The static
water contact angles of the nano-composite coatings were measured using a Theta Lite attension
tensiometer (Biolin Scientific, Gothenburg, Sweden) using sessile drop technique in order to determine
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film hydrophobicity. Fourier Transform Infra-red (FTIR) spectroscopy was used to identify the chemical
structure of the composite films and the possible interactions between their components. The coated
and uncoated LDPE films were analysed using Attenuated Total Reflection (ATR) attachment in
Frontier (FTIR) spectrometer (PerkinElmer, Waltham, MA, USA), in a spectral range from 4000 to
500 cm−1.

For determination of Zn ions concentration leached per cm2 of coated LDPE, pieces of the coated
LDPE (5.5 cm × 2.5 cm) were immersed in 20 mL distilled water and kept under agitation (100 rpm)
for the duration of the experiment. Water samples were collected and measured using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (Varian 710 ES, Santa Clara, CA, USA) for
Zn determination. The analysis was done in 6 replicates.

2.3. Experimental Design

Selected okra samples (see sample preparation) were separated into three equal groups for the
study. First group was packed in the LDPE films coated with chitosan. The second group was packed
in LDPE coated with chitosan-ZnO nanocomposite. The last group was used as a control and the
samples were packed in uncoated LDPE films. All okra samples were then stored for 12 days at room
temperature (25 ◦C) for subsequent quality assessment (Figure 1). To determine the overall quality
of the samples, analysis of the chemical, physical and microbiological counts of all okra samples (see
below) were carried out upon 4 and 8 and 12 days of storage.

2.4. Microbial Analysis

Total bacteria and total fungal count in packed okra samples was determined according to the
method reported by Harrigan [36]. Briefly, 10 g of each samples were aseptically homogenized
with 90 mL of peptone water for 1 min. Ten-fold serial dilution of homogenate samples were prepared
and 0.1 mL of each of these solutions were added onto nutrient agar (Sigma Aldrich, St. Louis,
MO, USA) for bacterial analysis or potato dextrose agar (Sigma Aldrich, St. Louis, MO, USA) for
fungal analysis. The inoculated agar plates were incubated at 37 ◦C for 24 h for bacterial counts. The
Petri dishes prepared for fungal counts were incubated at 30 ◦C for 5 days. Samples were prepared
in triplicate, and the counts between 30 and 300 CFU/g were only considered. All the results are
expressed as log10 CFU/g (CFU—colony forming units).

2.5. Chemical and Physical Properties of Okra Samples

For the determination of pH, 5 g of okra sample after each treatment was homogenized thoroughly
with 45 mL of distilled water using a blender (Panasonic Corporation, Tokyo, Japan) whereupon the
pH was determined using a pH meter (WTW, Weilheim, Germany). Total soluble solids concentration
was measured with a pocket refractometer (ATAGO, Tokyo, Japan). In order to do this, the samples
were first homogenized in a blender (Panasonic Corporation, Tokyo, Japan). Then, homogenised
samples were placed on the prism glass of the refractometer to take direct readings. Moisture content
(wet basis) was calculated from the change in sample weight (initial weight–final weight) determined
using a balance (Sartorius, Goettingen, Germany) after drying the samples in a vacuum oven at 70 ◦C
for 24 h. Okra weight loss was calculated by weighing okra samples before and at the last day of
storage. The results, represented as means ± standard deviation of measurements, were obtained from
10 randomly chosen samples per treatment. The difference between the initial and the final weight of
the samples was considered as a total weight loss. The results are expressed as percentage loss of the
initial weight.

2.6. Statistical Analysis

Data were subjected to the analysis of variance (ANOVA). Before the analysis, assumption
of normality of the data was verified using the Shapiro-Wilk test [37]. Source of variation were
the different treatments of the packaging film and storage time. Significant difference between
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different measurements were determined by Fisher Least Significant Difference (LSD) post hoc test, at
a significant level p = 0.05.

3. Results

3.1. Characterisation of Coated PE Films

The FTIR spectra of uncoated LDPE, and LDPE coated with chitosan and chitosan-ZnO
nanocomposite are shown in Figure 2. The LDPE spectrum observed in this study was similar to one
reported previously [38]. Methylene (CH2) groups corresponding to the stretching modes at 2920 and
2850 cm–1 and deformations at 1464 and 719 cm–1 as shown in Figure 2 are well known in PE. After the
plasma treatment, new peaks at 1720 cm–1 corresponding to C=O stretching vibration and at the region
of 3200–3800 cm–1 corresponding to hydroxyl group (–OH) vibration can be usually observed. For the
chitosan coated PE films, the characteristic peaks of chitosan were observed at 3329 cm−1 (N–H and
O–H stretching) and at 1649 and 1562 cm−1 (amide I and amide II) (Figure 2c). A peak at 1035 cm−1

was attributed to the stretching vibration of C–O–C [39], which suggests that chitosan is chemically
bonded to polyethylene. In comparison, the spectrum of chitosan-ZnO nanocomposite coating has a
slight shift of the bands corresponding to hydroxyl, amino, and amide groups towards lower spectral
ranges (Figure 2b). This is attributed to the interaction between chitosan and ZnO nanoparticles.

Figure 2. Fourier transform infrared FTIR spectra of low density polyethylene films (LDPE) films
coated with chitosan and chitosan-ZnO nanocomposite compared to uncoated LDPE: (a) uncoated
LDPE; (b) LDPE coated with chitosan-ZnO nanocomposite; (c) LDPE coated with chitosan.

Scanning Electron micrographs (SEM) confirmed the agglomeration of ZnO nanoparticles to about
500 nm in the nanocomposite coating (Figure 3a). The nanocomposite coating exhibits a hydrophobic
surface with a water contact angle of ~95◦ (Figure 3b). The EDS profile proves that ZnO nanoparticles
were successfully incorporated into the chitosan matrix as peaks of zinc were shown in the spectra
(Figure 3c). ICP analysis demonstrated that total Zn2+ ion concentration that leached out from the
nanocomposite coating was 0.00147 ± 0.00008 mg/cm2 when it was kept under agitation for the
duration of the experiment.
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Figure 3. Characterisation of LDPE films coated with chitosan-ZnO nanocomposite. (a) SEM image
of the coated LDPE (20,000 ×); (b) Measurement of static contact angle of a water droplet on coated
LDPE, the data are means ± standard deviations of five replicates; (c) Energy Dispersive Spectrometry
(EDS) spectrum of LDPE surface coated with Chitosan-ZnO nanocomposite. Each peak represents
different elements.

3.2. Microbial Analysis of Packed Okra

The bacterial concentration in packed okra samples varied during the whole storage period
(Figure 4a). In the first 4 days of storage, there was no significant difference (ANOVA, LSD, p > 0.05) in
the bacterial concentration between the control (LDPE films) or either of the treated PE films (Figure 4a).
After 8 days, the bacterial CFUs increased dramatically in all the samples. Compared to the control
sample, the bacterial concentrations in the case of chitosan and nanocomposite coatings were reduced
by 53% and 63% respectively, though there was no significant difference (ANOVA, LSD, p > 0.05)
between the treatments. At the end of experiment, the concentrations of bacteria in all the samples
decreased. Similar to day 8, both coatings lead to the reduction of bacterial counts in okra compared
to the control (Figure 4a). There was no significant difference (ANOVA, LSD, p > 0.05) between the
bacterial concentrations in the treated samples.

The fungal concentrations did not differ significantly (ANOVA, LSD, p > 0.05) in the first 4 days
of storage in all the samples (Figure 4b). Similar to the bacterial counts, fungal concentrations
in the samples stored with chitosan and nanocomposite coated films were significantly different
(ANOVA, LSD, p < 0.05) from the control experiments upon 8 and 12 days of storage. There was no
significant difference (ANOVA, LSD, p > 0.05) between the fungal concentrations in the chitosan and
the nanocomposite samples after 4 and 8 days, but after 12 days fungal counts in samples stored in
nanocomposite coated films decreased more than 2-folds (ANOVA, LSD, p < 0.05) in comparison to
the samples stored in chitosan coated LDPE films. In the control samples the fungal concentrations
increased incrementally with storage time (Figure 4b).
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Figure 4. Number of (a) bacterial and (b) fungal cells (CFU/ml) in okra samples packed in coated and
uncoated LDPE films, and incubated for 4, 8 and 12 days.

3.3. Chemical and Physical Properties of Packed Okra

The pH values of okra samples packed with uncoated LDPE, chitosan coated LDPE and LDPE
coated with chitosan/ZnO nanocomposite films are presented in Table 1. There was a slight increase
in acidity of all of packed okra samples during the experiments. After 12 days of storage, pH
values decreased by 1.08%, 2.6%, 1.85% in samples packed in control LDPE films or chitosan and
nanocomposite coated films, respectively with no significant difference (ANOVA, LSD, p > 0.05).

Table 1. Effect of different coatings on pH of okra samples at each storage periods.

Coating Material
Storage Duration (Days)

0 4 8 12

Control (uncoated LDPE) 6.47 ± 0.06 a,x 6.44 ± 0.05 a,x 6.40 ± 0.07 a 6.40 ± 0.01 a

Chitosan coating 6.47 ± 0.06 a,x 6.43 ± 0.03 a,x 6.30 ± 0.06 b,x 6.30 ± 0.07 b,x

Chitosan/ZnO coating 6.47 ± 0.06 a,x 6.34 ± 0.02 6.29 ± 0.07 b,x 6.35 ± 0.03 ab,x

Note: ± = standard deviation; Values followed by the same letters in a column (a,b) or in a row (x,y) do not
differ significantly.

The amount of total soluble solids in the okra samples increased during the experiment over the
period of storage (Table 2). After 4 days of storage, the amount of total soluble solids in the control
samples were significantly lower (ANOVA, LSD, p < 0.05) than that in the samples stored in either
chitosan or nanocomposite coated LDPE films (Table 2). However, all the values increased in the eighth
day with no significant difference (ANOVA, LSD, p > 0.05) between them. After 12 days, the amount
of total soluble solids in the sample with chitosan-ZnO nanocomposite coating was significantly lower
(ANOVA, LSD, p < 0.05) than the control (Table 2).
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Table 2. Effect of different coatings on total soluble solids (brix) in okra samples during different
storage periods.

Coating Material
Storage Duration (Days)

0 4 8 12

Control (uncoated LDPE) 4.7 ± 0.8 a,x 3.6 ± 0.5 b,x 5.5 ± 1.0 a,x 7.0 ± 0.6 a

Chitosan coating 4.7 ± 0.8 a,x 4.8 ± 0.9 a,y 4.9 ± 0.4 a,x 6.0 ± 0.5 ab

Chitosan/ZnO coating 4.7 ± 0.8 a,y 5.3 ± 0.4 a,x 5.3 ± 0.2 a,y 5.5 ± 0.1 b

Note: ± = standard deviation; Values followed by the same letters in a column (a,b) or in a row (x,y) do not
differ significantly.

Moisture content of okra stored at room temperature in the three different packaging materials is
shown in Table 3. The moisture content in all samples decreased gradually during the experiment. In
the first 4 days of storage, moisture content decreased insignificantly (ANOVA, LSD, p > 0.05) by 2.3%,
1.99% and 1.6% for the okra stored in LDPE (control) film or chitosan and nanocomposite coated films,
respectively. After 8 days, the control sample lost 10-fold more moisture (ANOVA, LSD, p < 0.05) than
the samples packed stored in coated packages (Table 3). The control sample lost most of the moisture
content within the first 8 days of storage. After 12 days okra samples lost 3.4%, 2.9%, and 2.6% of total
moisture from the samples stored in control LDPE films or chitosan and nanocomposite coated films,
respectively. The difference between the treatments and the control were not significant.

Table 3. Effect of different coatings on moisture content (%) of okra samples during different
storage periods.

Coating Material
Storage Duration (Days)

0 4 8 12

Control (uncoated LDPE) 86.3 ± 1.1 84.2 ± 0.4 83.4 ± 1.1 83.4 ± 1.6
Chitosan coating 86.3 ± 1.1 84.6 ± 0.7 84.1 ± 0.9 83.3 ± 0.8

Chitosan/ZnO coating 86.3 ± 1.1 85.2 ± 0.9 84.9 ± 0.6 84.0 ± 1.0

Insignificant variation (ANOVA, LSD, p > 0.05) in weight loss was observed among okra samples
packed in the two coated films and the control after 12 days of storage. Samples exhibit values of
2.17% ± 0.62, 2.32% ± 1.91 and 2.03% ± 1.24 of weight loss when stored in uncoated films, chitosan or
nanocomposite coated LDPE films, respectively.

4. Discussion

The efficiency of any antimicrobial packaging material can be evaluated by several factors. Ideal
packaging should provide minimal dissociation of the incorporated antimicrobial agent into the
packaged food as well as improve food safety by retarding microbial growth without changing its
quality attributes [12–14]. In our experiment, chitosan was incorporated with ZnO nanoparticles
and coated onto polyethylene films in order to develop antimicrobial packaging for food storage.
This fabricated packaging was characterised and tested for its efficiency in increasing shelf life of
okra samples.

The dissociation of Zn2+ ions from the packaging coating was determined throughout the
experiment period. The concentration of zinc in the coating was 0.08 mg/cm2. After 12 days, the
percentage of Zn2+ ions released was calculated to be about 1.8% of the total amount of zinc in the
coating. These results showed that zinc release from the fabricated packaging material was still very
low even though force was applied to intentionally increase release of Zn2+ from the coating. This
confirms the stability of ZnO nanoparticles in the chitosan matrix. Chitosan was reported to form a
network with ZnO nanoparticles when blended together, which could control the release of Zn2+ ions
into the environment [40]. Zinc concentration value reported in our study was much lower than the
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lethal dose concentration estimated for humans on comparison with equivalent studies in animals [41].
As reported by SCF [42], the recommended upper intake level of Zn for human is 25 mg/day.

Antimicrobial activity is a very important factor to evaluate the efficiency of the packaging to be
used for food storage. The coatings used in our experiment showed good antimicrobial activity by
reducing the amount of bacterial and fungal growth in packed okra samples during the twelve days of
storage. In previous studies, the antimicrobial effect of direct chitosan coating of fruits and vegetables
has been reported [19,43–45]. Chitosan reduced growth of grey mould [46,47], blue mould [48] and
black mould [49] in grapes, strawberries and tomatoes. The growth of foodborne bacteria, such as
E. coli in tomato [44] and Salmonella spp. in whole cantaloupe [45], was reported to get controlled upon
the use of chitosan. Antimicrobial effect of plastic bags coated with ZnO nanoparticles was reported
previously. Li and co-workers [50] reported 30% reduction in E. coli count in cut apple stored in ZnO
coated polyvinyl chloride (PVC) bags. Similarly, it was reported by Emamifar and co-workers [51] that
the application of low density polyethylene (LDPE) packages blended with ZnO nanoparticles reduced
total aerobic bacteria and total yeast and mould in fresh orange juice as well as prolonged its shelf life
up to 28 days at 4 ◦C without any negative effects on sensory quality of the juice. In our study ZnO
nanoparticles were mixed with chitosan and bags were coated. Since ZnO nanoparticles and chitosan
have antimicrobial properties, we expected a synergistic effect. At the same time, the synergistic effect
was observed only on reduction of fungal growth in the okra samples but no significant variation could
be found in the inhibition of bacterial growth. Malini and co-workers [52] reported strong antibacterial
activity of the chitosan-ZnO nanocomposite membrane with higher inhibition of the Gram negative
K. planticola than Gram positive Bacillus subtilis. Liu and Kim [53] reported a similar synergistic effect of
chitosan and ZnO nanoparticles against bacteria E. coli, P. aeruginosa, S. aureus, and B. subtilis. A study
by Rahman and co-workers [20] revealed that raw beef meat packed into pouches made of chitosan
films incorporated with 2% ZnO nanoparticles showed complete inhibition of bacterial growth on the
sixth day of storage at 4 C. The ZnO concentration used in this study was 20 times higher than the
concentration used in our study (0.1%), which can explain the obtained results. Several mechanisms
have been proposed for the strong antimicrobial and antifungal activities of chitosan, most of them
owing to the interaction of positive charges of chitosan with the negative charges of microorganisms’
cells membrane [54]. It was reported that chitosan can have an effect on the permeabilization of cell
membranes of some fungal species depending on their membrane fluidity [19]. Antifungal effect
of chitosan can be caused by the biological mechanisms, such as inducing morphological changes,
structural alterations of the fungal cells and fruit resistance induction to pathogen attacks [55]. The
antimicrobial activity of ZnO nanoparticles is probably related to the photocatalytic generation of
reactive oxygen species (ROS) on the surface of the nanoparticles [56–58]. ROS and Zn2+ ions are
supposed to interact with the anionic components of microbial cell wall causing leakage of these
components leading finally to cell death [59]. In the case of ZnO-nanocomposite coatings, synergistic
activity was probably due to the enhancement of the positive charges of the amino group of chitosan
by ZnO which lead to stronger interaction with negatively charged microbial cell wall [20].

Assessment of quality attributes of packed okra samples was done by measuring pH, total soluble
solids, moisture contents and weight loss of samples after each storage time. These measurements give
indication of efficiency of the fabricated packaging in preserving quality characteristics of okra samples.
The results showed that while acidity of okra samples slightly increased during the twelve days of
storage, the pH values did not show any significant changes (ANOVA, LSD, p > 0.05). Babarinde
and Fabunmi [1] had earlier reported a reduction in pH from 6.7 to 6 of okra samples stored in
LDPE films for 9 days. However, there were no other reports, either on okra coated with chitosan or
stored in chitosan coated films. Similarly, the effect of storage of okra in chitosan-ZnO nanocomposite
coated LDPE films has not been investigated. However, an increase in the pH of grapes honey
melon was observed when directly coated with chitosan [19]. In comparison, Hernández-Muñoz and
co-workers [60] observed a reduction in pH of strawberries coated with chitosan. These differences in
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the results about the change in acidity of fruits and vegetables could be attributed to their respective
organic contents [19].

Total soluble solids indicate the proportion of dissolved solids, such as sugars, acids, amino
acids, ascorbic acids and minerals in fruits and vegetables [61,62]. It is a refractometric index usually
measured in Brix units which are equal to per cent of soluble solids. The increase in concentration
of the total soluble solids in the sample is directly related to the increase in water loss during the
storage period. The minimal effect of the chitosan coating in total soluble solids in our experiment
could be due to the use of indirect coating on the package films instead of direct coating on food
itself. It was reported that retention of total soluble solids in chitosan coated fruits, such as pears [63],
strawberries [60] and banana [64] improved. Direct coating on fruits was reported to reduce respiration
level which slows down synthesis and use of metabolites leading to slower carbohydrate hydrolysis
into sugars leading to a reduction of the concentration of soluble solids [65,66]. However, this process
depends on different other factors such as coating thickness, storage conditions and type of fruit and
its ripeness stage [65].

Moisture loss in vegetables occurs due to the post-harvest physiological processes, such as
respiration and transpiration [1]. The low water loss in all the samples in our experiment could be arise
due to the good barrier properties of LDPE to water vapour loss and the ability to reduce respiration
rate of vegetables [67–69]. It was reported previously that initial moisture content of okra is 88% and
it dropped to 85% after 9 days storage in LDPE [1]. This rate is higher than moisture reduction rate
observed in our experiment, which could be attributed to differences in the barrier properties of LDPE
films used.

Packaging films is known to lead to the establishment of high relative humidity inside the package
due to the reduction in water diffusion to the atmosphere. Thus, transpiration rate is reduced which
in turn decrease weight loss in okra [70]. Babarinde and Fabunmi [1] reported 5.8% weight loss in
okra after 9 days storage in LDPE when it was stored at 28 ◦C. The lower loss in moisture (3.9%) was
observed when the samples were stored at lower temperatures (15 ◦C). Difference between this and
our results probably due to differences in okra species and packaging films used in our study. Since
there were no reports in okra packed LDPE coated with chitosan or chitosan/ZnO nanocomposite, it
was not possible to compare the obtained results directly.

From all the results obtained in this work on properties of packed okra upon prolonged storage,
it can be observed that the coatings on LDPE package did not influence the chemical and physical
properties of okra, such as pH, total soluble solids and moisture content. As mentioned earlier, this
could be attributed to the use of indirect coating of chitosan on the plastic film. Direct coating of
chitosan on fruits and vegetable are reported to affect the physical and chemical properties of coated
grapes, apple, pear, tomato, sweet pepper amongst others [49,71–74]. Chitosan was reported to reduce
oxygen and elevating carbon dioxide levels in coated fruits by providing a semipermeable film around
them. This can modify internal atmosphere decreasing the respiration level and metabolic activities
of fruits and results in ripening delays [23,75,76]. Manipulation of respiration levels can influence
properties such as total soluble solids, moisture, weight loss and pH of fruits and vegetables [23].
For example, because of chitosan semipermeable barrier and its reduction of respiration rate, reduced
pH and weight loss of coated apples [74] and reduced weight loss of pears [63,73] were reported.

5. Conclusions

This study showed an improvement in the performance of coated LDPE films with chitosan and
with chitosan/ZnO nanocomposites for the preservation of quality of okra samples by maintaining
moisture content, total soluble solid and pH as well as preventing bacterial and fungal growth in the
stored okra samples. Okra pods harvested with minimum handling were reported to have minimum
rotting (3.0%) and good appearance for the first 5 days that could be extended upon cold storage for
less than 2 weeks [77]. The obtained results proved the effectiveness of the nanocomposite coating on
the reduction of fungal growth in the okra samples for up to 12 storage days. Significant reduction

86



Nanomaterials 2018, 8, 479

in bacterial growth was observed in the samples stored in treated polyethylene films compared to
the control, and the nanocomposite coating performed better for the prevention of fungal growth
than chitosan alone. It can be concluded that LDPE coating with chitosan-ZnO nanocomposite is a
promising technique in which antimicrobial property is added to the films which could influence its
possible applications as active food packaging to prolong shelf-life of packed food.
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Abstract: Bio-based membranes were obtained using Polyamide 11 (PA11) from renewable sources
and a nano-hybrid composed of halloysite nanotubes (HNTs) filled with lysozyme (50 wt % of
lysozyme), as a natural antimicrobial molecule. Composites were prepared using an electrospinning
process, varying the nano-hybrid loading (i.e., 1.0, 2.5, 5.0 wt %). The morphology of the membranes
was investigated through SEM analysis and there was found to be a narrow average fiber diameter
(0.3–0.5 μm). The mechanical properties were analyzed and correlated to the nano-hybrid content.
Controlled release of lysozyme was followed using UV spectrophotometry and the release kinetics
were found to be dependent on HNTs–lysozyme loading. The experimental results were analyzed by
a modified Gallagher–Corrigan model. The application of the produced membranes, as bio-based
pads, for extending the shelf life of chicken slices has been tested and evaluated.

Keywords: food packaging; electrospun fibers; nanoencapsulation; controlled release

1. Introduction

The possibility to extend the shelf life of packaged food is a goal that covers several areas of
basic and applied research, such as chemistry, microbiology, and materials science. The critical need in
the food packaging field is the application of effective methods to inactivate spoilage and foodborne
pathogens on the surface of food products [1]. Antimicrobial agents, directly incorporated into food
packaging materials, are able to extend the shelf life of packaged foods, thus sustaining its nutritional
and sensory qualities [2]. The antimicrobial agents used in food packaging materials generally include
inorganic, organic, and biological active molecules. The antimicrobials classified as natural, efficient,
and non-toxic are preferred due to the health and ecological concerns. Nanoscale antimicrobial
materials attracted much attention due to their improved antimicrobial activities compared with
traditional packaging. There are several technological approaches for preparing nanomaterials, and
among these the electrospinning process is one of the most attractive methods due to its continuous
fabricating capability and simple operating process [3,4]. The obtained materials possess high surface
area to volume ratio making it suitable for various applications, such as filters [5,6], absorbing
materials [7], textiles [8], sensors [9] and scaffolds for tissue engineering [10–13]. However, the
application of electrospinning in the field of food packaging is still less explored [14–16]. Polyamide-11
(PA 11) is a 100% bio-renewable material. It is a high-performance, semi-crystalline, thermoplastic
polymer entirely derived from castor oil. When compared to petroleum-based nylons and other
conventional plastics, PA 11 has low net CO2 emissions and global warming potential. Some of the
outstanding properties of PA 11 include high impact and abrasion resistance, low specific gravity,
excellent chemical resistance, low water absorption, high thermal stability, and capability to be
processed over a wide range of temperatures. PA 11 has also excellent dimensional stability, and
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maintains physical properties over a wide range of temperatures and environments. The possibility to
add small amount of nanofillers into polymer matrices is a valuable strategy to obtain novel materials
with new properties and added functionalities. Very recently PA 11 has been mixed with clay-based
fillers [17–23], carbon-based nanomaterials [24–29], and inorganic particles [30,31] in order to improve
its thermal, mechanical, rheological, and electrical properties. In the last few years a new class of
natural clays are attracting great interest as fillers for polymers, the halloysite nanotubes (HNTs).
They are green materials, cheap, and available in thousands of tons from natural deposits. HNTs
have an average length of about 1000 nm, an internal diameter (lumen) of about 10–15 nm, and
external diameter of about 50–80 nm. Their general chemical formula is Al2Si2O5(OH)4 × nH2O, with a
predominant form of hollow tubes, similar to kaolin structure, but with the alumosilicate sheets rolled
into tubes [32–35]. The HNTs external surface is composed of Si–O–Si groups, whereas the internal
surface consists of a gibbsite-like array of Al–OH groups. HNTs can be dispersed in polymeric matrices
without exfoliation, as required for a good dispersion of layered clays, due to the tubular shape and
less abundant –OH groups on the surface. Polymeric materials have been filled with these tubular
nano-containers [36–39] for the release of specific active molecules (antimicrobial, drugs, essential
oils, flame retardant, self-healing, anticorrosion, etc.) in specific environments [40–46]. Very recently,
halloysite nanotubes were also used for enzyme immobilization to study the enzymatic activity [47–50].
The present study aims to report the formulation and preparation of bio-based composite membranes
based on halloysite as nanocontainers for lysozyme, as natural antimicrobial agent, and PA 11.
Lysozyme is a natural antimicrobial agent categorized as GRAS (Generally Recognized as Safe) by
the U.S. Food and Drug Administration (FDA), indicating it can be used in food industry without
further approval. The nano-hybrid loading into the electrospun solutions was 1.0%, 2.5%, and 5.0%.
The technique used for the membrane preparation was electrospinning. The morphology and structure
of the membranes were investigated and correlated to the nano-filler loading and the sustained release
of lysozyme molecules. Application of the produced membranes as bio-based pads for extending the
shelf life of chicken slices has been tested and evaluated.

2. Experimental

2.1. Materials

PA11 with ρ = 1.026 g⋅cm−3 at T = 25 ○C, glass transition temperature Tg = 46 ○C and melting
temperature Tm = 198 ○C (CAS 25035-04-5), halloysite nanoclay powders (CAS 1332-58-7), lysozyme
powders (CAS 12650-883), hexafluoroisopropanol (HFiP) (CAS 920-66-1). All materials were supplied
from Sigma Aldrich (Milan, Italy) and used as received. The preparation of the nano-hybrid
HNTs–lysozyme was carried out accordingly to a previously reported procedure [51]. 3 g of lysozyme
were dissolved in 30 mL of water at 50 ○C for 20 min. The HNTs (3 g) were then added to the lysozyme
solution. Ultrasonic processing was performed for 10 min to make HNTs sufficiently dispersed in
the lysozyme solution. Vacuum (0.085 MPa) was applied to remove the air between and within the
hollow tubules for 15 min. The solution was then taken out from the vacuum and shaken for 5 min.
Vacuum was re-applied for 15 min, to remove the trapped air. The HNTs loaded with lysozyme were
dried in an oven for 16 h at 50 ○C to reach a constant weight. The procedure above described was
repeated twice. The content of lysozyme (wt %) in the HNTs–lysozyme hybrid, using the TGA analysis,
was estimated to be around 50 wt %. The lysozyme content much exceed the loading capacity of
the halloysite nanotubes. This detected amount is then relative either to the molecules inside the
nanotubes, or to the molecules external to the nanotubes, that concur with different modes to the
release (see Section 3, discussion on controlled release of lysozyme).

2.2. Electrospinning Procedure

The solutions for electrospinning were prepared using the following ratio between the different
components: 0.3 g of PA11 were added to 2.7 g of HFiP (sample pure PA11); 0.297 of PA11 and 0.003 g
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of HNTs–lysozyme were added to 2.7 g of HFiP (sample PA11/1% HNTs–lysozyme); 0.292 of PA11 and
0.0075 g of HNTs–lysozyme were added to 2.7 g of HFiP (sample PA11/2.5% HNTs–lysozyme); 0.285 of
PA11 and 0.015 g of HNTs–lysozyme were added to 2.7 g of HFiP (sample PA11/5% HNTs–lysozyme).
The mixed solutions were placed into a 5 mL plastic syringe. An electrode lead of a high voltage power
supply (HV Power Supply, Gamma High Voltage Research, Ormond, FL, USA) was connected to the
needle tip (internal diameter 0.84 mm) of the syringe. A constant positive DC voltage potential was fixed
at 16 kV. A syringe pump (NE-1000 Programmable Single Syringe Pump, New Era Pump Systems Inc.,
Farmingdale, NY, USA) was used to feed the needle with polymer solution at volumetric flow rate of
1 mL/h. For collecting of the fibrous mats, aluminum plates of 10 × 10 mm2 were placed on a grounded
aluminum collector, the distance between the collector and the syringe was 20 cm. The solutions were
subjected to electrospinning in a closed chamber where the temperature was controlled at 24 ○C and the
relative humidity at 35%. Table 1 reports the samples and the average fibers diameters.

Table 1. Values of elastic modulus (MPa) for all samples (data plotted in Figure 3).

Filler Loading (wt %) E (MPa)

0 23 ± 8
1.0 27 ± 16
2.5 58 ± 12
5.0 80 ± 18

2.3. Methods of Analysis

SEM analysis on the electrospun samples was performed with a LEO 1525 microscope. The fiber
diameters were detected, in the SEM images, through one-by-one localization, using the software
Sigma SCAN (Analyze Images Automatically) considering 500 fibers for every system (Systat Software
Inc., San Jose, CA, USA). The use of the software “OriginLab” (Systat Software Inc., San Jose, CA, USA)
allowed the evaluation of distribution of diameters for all systems.

Fourier transform infrared (FT-IR) were recorded using a Bruker spectrometer, model Vertex 70
(Bruker Italia, Milano, Italy) (average of 32 scans, at a resolution of 4 cm−1).

The mechanical properties of the samples were evaluated from stress–strain curves obtained using
a dynamometric apparatus INSTRON 4301 (ITW Test and Measurement Italia S.r.l., Pianezza, Italy).
The experiments were conducted at room temperature with the deformation rate of 5 mm/min.
The initial length of the samples was about 10 mm. Elastic moduli were derived from the linear part of
the stress–strain curves, giving the sample a deformation of 0.1%. Reported results are the average of
data obtained from five samples.

The release kinetics of the lysozyme were performed by ultraviolet spectrometric measurement
using a Spectrometer UV-2401 PC Shimadzu (Shimadzu, Kyoto, Japan). The tests were performed
using rectangular specimens of 4 cm2 and the same thickness (150 μm), placed into 25 mL physiological
solution and stirred at 100 rpm in an orbital shaker (VDRL MOD. 711+) (ASAL S.R.L., Milan, Italy).
The release medium was withdrawn at fixed time intervals and replenished with fresh medium.
The considered band was at 265 nm.

Antimicrobial analyses were performed considering 1 g of chicken meat, stored at 4 ○C, collected
at storage times of 6, 9, and 13 days and added to 9 mL of saline peptone water. The mixture was
homogenized for 1 min in a stomacher 400 (Lab Blender, Seward Medical, London, UK) and 1 mL
of homogenate subjected to serial dilutions in the same diluent. Aliquots of 0.1 mL of different
dilutions were spread onto the culture media selective for Pseudomonas (Oxoid, Rodano, Italy).
Microorganisms were enumerated with the method based on count of Colony Forming Units (CFU),
by using 25–250 CFU plates as range of countable colonies. Pseudomonas spp. were selected on
Pseudomonas (strain PAO1) agar base supplemented with (with selective supplement, CFC) at 30 ○C for
72 h (ISO/TS 11059:2009 (IDF/RM 225:2009)) (Oxoid, Rodano, Italy). Chicken breasts were analyzed
at 24 h (t = 0) postmortem and were cut in small fillets of about 3 × 1 × 1 cm, weight ≅ 5–6 g, put on
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the pads made of unfilled PA11 and PA11 + 5 wt % of HNTs/lysozyme. Samples were stored at 4 ○C
and examined at intervals of 6, 9, and 13 days. Three samples were analyzed. Reported results are the
average of three replicates.

3. Results and Discussion

Figure 1 reports the SEM micrographs of unfilled PA 11 and its composites with various filler
loading. It is evident that the electrospinning process, in the experimental condition described in
Section 2.2, led in all cases to the formation of randomly oriented, defect-free cylindrical fibers, with a
very narrow average fiber diameter (~0.3–0.5 μm).

Figure 1. SEM pictures for samples (a) PA11, (b) PA11/1.0 wt % HNTs–lysozyme, (c) PA11/2.5 wt %
HNTs–lysozyme, (d) PA11/5.0 wt % HNTs–lysozyme.

94



Nanomaterials 2018, 8, 139

Figure 2 reports the FTIR spectra of membranes of PA11 and composites in the wavenumber range
2600–3600 cm−1. It can be observed that the band relative to the N–H stretching amide I (3283 cm−1) of
the polymer [52] results shifted to higher wavenumber (3297 cm−1) for all the composites. This can
be due to hydrogen bonds between the nitrogen of the amidic group of the PA11 and the hydrogen
of the carboxyl group of lysozyme molecules external to the HNTs and/or free dispersed into the
polymer matrix.

Figure 2. FTIR spectra for samples (a) PA11, (b) PA11/1.0 wt % HNTs–lysozyme, (c) PA11/2.5 wt %
HNTs–lysozyme, (d) PA11/5.0 wt % HNTs–lysozyme.

The mechanical properties, in terms of elastic modulus E (MPa), are reported in Figure 3 as a function
of filler loading. In the case of composite systems, the enhancement of the mechanical properties of
nanocomposites requires a high degree of load transfer between the continuous and dispersed phases.
If the interfacial adhesion between the phases is weak, the filler behaves as holes or nanostructured flaws,
introducing local stress concentrations, and its benefits on the properties are lost. The filler must be well
dispersed, because in the case of poor dispersion, the strength is significantly reduced. The modulus
linearly increases with HNTs–lysozyme in all the investigated composition range. The improvement of
this parameter can be attributed to the presence of HNTs that act as reinforcing agents for the polymer
matrix, well dispersed into the polymer at any composition. Data are reported in Table 1.

Figure 4 reports the release fraction of lysozyme (wt %) versus time (hours) for the considered
composite membranes. The release mode for each sample is very complex and a composition of several
de-intercalation processes. It is possible to visualize the entire release in three main steps. The initial
one is related to the burst and is due to the free lysozyme molecules that are external to the nanofibers
and external to the HNTs outside the nanofibers and present on the membranes’ surface. The burst’s
entity increases with the increasing of filler loading in the composites. A second step of release can
be attributed to the diffusion of the lysozyme molecules from the bulk of the PA11 nanofibers and
external to the HNTs. In the third step, the release mode can be interpreted as desorption and diffusion
of lysozyme from the inside of the halloysite nanotubes. It is interesting to note that the total amount of
lysozyme released decreases with the filler content, at the same time, and in the investigated range of
time (41 days), the release does not reach 100% for the membrane filled with 5 wt % of HNTs–lysozyme
(i.e., 2.5% of lysozyme). An empirical equation was adopted, based on a modified Gallagher–Corrigan
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model [53], that has already been used to describe the lysozyme release from nano-hybrid composite
films [46,51]. This model (Equation (1)) presents the combination of two consecutive kinetic mechanisms
(dual-model diffusion model). A constant parameter (A) was introduced to take into account the initial
burst release. The addition of this parameter simply shifts the model predictions vertically. If no burst
occurs, A is zero and the equation is reduced to the original equation.

X(t) = A +X1(1− e−C1t) +X2
⎛
⎝

e−C2(tmax−t)

(1+ e−C2(tmax−t))
⎞
⎠ (1)
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Figure 3. Elastic modulus, E (MPa), as a function of filler content.
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Figure 4. Released fraction (wt %) as a function of time (hour) for samples: (�) PA11/1.0 wt %
HNTs–lysozyme, (�) PA11/2.5 wt % HNTs–lysozyme, (☆) PA11/5.0 wt % HNTs–lysozyme.

In Equation (1), X(t) is the fraction of lysozyme released at the time t; X1 (%) and X2 (%) are the
relative amounts of lysozyme released in the first and second steps of the mechanism; C1 and C2 are
the kinetic constants of the first and second steps of the release mechanism, tmax is time characteristic
of the second step mechanism, and A is the burst parameter. Figure 4 also reports the model results
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for the three analyzed systems as dotted lines. The experimental results for the three considered
membranes are well fitted by the model. It is a further confirmation that, apart the initial burst, two
distinct steps can occur in the release mechanism. Table 2 reports the model parameters obtained by
a nonlinear least squares fitting procedure. Both the rate constant (C1) and the amount of lysozyme
released (X1) in the initial stage of release slightly decreased with the filler content. It is hypothesized
that such behavior is related to the hindrance effect created by the increasing percentage of halloysite
nanotubes. The increase in the filler content also generates a delay in the second step time (tmax) with
a diminution in the resulting rate constant (C2).

Table 2. Values of the release model parameters evaluated using Equation (1).

Sample A X1 (%) X2 (%) tmax (h) C1 (h−1) C2 (h−1) R2

PA11/1.0 wt % HNTs–lysozyme 6 39 55 25 4.91 × 10−1 1.46 × 10−1 0.985
PA11/2.5 wt % HNTs–lysozyme 9 34 58 140 6.57 × 10−2 3.30 × 10−2 0.987
PA11/5.0 wt % HNTs–lysozyme 13 30 57 984 9.07 × 10−3 4.37 × 10−3 0.985

In order to test the antimicrobial activity against Pseudomonas, we used the prepared composites
at 5 wt % of HNTs–lysozyme as pads for chicken meat. Pseudomonas spp. are specific microbial species
which are representative of the microbial dynamics during meat spoilage [54,55]. They are grouped
into psychrotrophic microbial groups [54], commonly linked with fresh meat spoilage and with the
ability to grow during storage in air, vacuum, and modified atmosphere packaging. Consequently,
they are meat colonizers and an important portion of the spoilage microbiota, being occasionally the
dominant organisms.

To simulate the meat storage in the field of large food distribution, we put the prepared membranes
as pads inside petri dishes of 4 cm diameter. The filled petri dishes were covered with food grade
cellophane film. Figure 5 reports the values of CFU/g of Pseudomonas for samples evaluated at 6, 9,
and 13 days of storage at 4 ○C. A pad made of unfilled PA 11 was used as reference. The starting
bacterial count is quite low and after six days, had increased by four orders of magnitude for the
membrane pad of PA11 and two orders of magnitude for the pad made of composite filled with 5 wt %
of HNTs–lysozyme. The bacterial count increases with the time, being always lower for the sample
put on the composite material. It is interesting to note that a plateau value is reached for the sample
PA11+ 5 wt % HNTs–lysozyme, one order of magnitude lower than the PA11 at 13 days.
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Figure 5. CFU/g of Pseudomonas on chicken slices, evaluated at 4 ○C, comparing samples PA11 and
PA11/5.0 wt % HNTs–lysozyme, as function of storage time.
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4. Concluding Remarks

In this paper, the preparation of bio-based membranes composed of Polyamide 11 (PA11)
from renewable sources and lysozyme encapsulated into halloysite nanotubes (HNTs) is reported.
The lysozyme content of the HNTs–lysozyme hybrid was ≅50 wt %. The hybrid loading into the PA11
was 1.0, 2.5, 5.0 wt %.

● SEM analysis revealed that, with the used processing conditions, both PA11 membrane and the
composites show a narrow average fiber diameter (0.3–0.5 μm).

● The FTIR analysis revealed a shift of the N–H stretching of amide I, indicative of a good interaction
between the PA11 and lysozyme molecules.

● The mechanical properties, in terms of elastic modulus, increase with filler content for the
reinforcing effect of the HNTs.

● The release kinetics of composites’ membranes were found to be dependent on the nano-hybrid
loading and were well fitted with a modified Gallagher–Corrigan model. It was demonstrated
that varying the filler loading it is possible to tune the lysozyme release for desired applications.

● The membranes were used as antimicrobial pads for chicken meat storage. The membrane filled
with 5.0 wt % of HNTs–lysozyme was tested against Pseudomonas growth for up to 13 days and
compared with the unfilled PA11. A reduction in bacterial growth was found for the membrane
filled with the antimicrobial compound.
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