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food products as well as researchers to study specific characteristics of probiotics as well as their effects on
human health. Probiotics are defined as live microorganisms that confer a health benefit to the host when admin-
istered in adequate quantities. Probiotics have been added to several food products as well as incorporated into
biopolymeric matrices to develop active food packaging as an alternative method for controlling foodborne mi-

Ilffﬁg:is' croorganisms, improving food safety, and providing health benefits. This review includes definition of probiotics,
Food packaging description of their effects on human health, discussion on their applications in edible biopolymeric matrices to
Active packaging develop active edible films and coatings, as well as the probiotics-related legislation.
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1. Introduction

Consuming foods with probiotics has increased because of consumer
concerns regarding healthy diets and wellness. The global market for
probiotics - including their use as ingredients, supplements, and incor-
poration in food products - accounted for 14.9 and 16.0 billion US dol-
lars in 2007 and 2008, respectively (Granato, Branco, Nazzaro, Cruz, &
Faria, 2010). In 2010 and 2011, the global sales of probiotics increased
to 21.6 and 24.23 billion dollars, respectively. According to the Trans-
parency Market Research, disclosed in 2015, the global market for
probiotics was valued at 62.6 billion dollars in 2014, and is estimated
to reach 96.0 billion dollars by 2020. This has aroused the attention of
food industries to produce new food products containing probiotics as
well as researchers who have studied specific characteristics of
probiotics and their effects on human health.

The term probiotic is a relatively new word. It means “for life” and
describes bacteria with beneficial effects on humans and animals
(FAO, 2001). Indeed, probiotics were originally defined as a “mono- or
mixed culture of live micro-organisms which, when applied to man or
animal, affects beneficially the host by improving the properties of in-
digenous microflora” (Huis Veld & Havenaar, 1991). Probiotics are de-
fined by FAO/WHO as “live microorganisms which, when
administered in adequate amounts, confer a health benefit to the
host” (FAO, 2002). The Japanese definition of probiotics includes cells
of nonviable microorganisms that provide health benefits in addition
to live microorganisms (Salminen, Ouwehand, Benno, & Lee, 1999).
The concept of viability should be used with care as it is defined by
most regulatory authorities as culturability, which in turn is highly
depended upon culture conditions and media.

Reviews have shown positive effects of probiotics at in vivo studies,
as well as on human health (Aureli et al.,, 2011; Clarke, Cryan, Dinan, &
Quigley, 2012; Hempel et al., 2012; Mattila-Sandholm et al., 1999; Ooi
& Liong, 2010; Singh, Kallali, Kumar, & Thaker, 2011; Satish Kumar &
Arul, 2015). Probiotics have been incorporated into several food prod-
ucts and supplements, most of them dairy products, such as cheeses,
dairy desserts, ice-cream, although fermented milks such as yogurts
are the most popular matrices, which can be obtained from bovine
(Batista et al.,, 2015), caprine (Ranadheera, Evans, Adams & Baines,
2012a, b; Ranadheera, Evans, Adams & Baines, 2016a, b) and ovine
(Balthazar et al., 2016) milk. Recent studies regarding probiotic micro-
organisms and their applications in food matrices are presented in
Table 1.

The most frequently commercially used bacteria belong to the gen-
era Lactobacillus and Bifidobacterium, although Streptococcus
thermophilus and Saccharomyces boulardii are available in some dairy
products (Rastall, Fuller, Gaskins, & Gibson, 2000). Moreover, non-
dairy probiotic products have drawn attention due to the growing inter-
est in veganism, as well as to the higher number of consumers with diet
restrictions such as lactose intolerance, allergies to milk proteins, and
even cholesterol restriction. Hence, non-dairy products (e.g. fruit juices,
minimally processed fruits, and fermented vegetables) allow the devel-
opment of probiotic foods free of cholesterol, lactose and allergens usu-
ally found in dairy products (Martins et al., 2013).

Alternatively, probiotics may be carried within edible polymer ma-
trices used in the food packaging industry. In this way, probiotics - as
well as many other active compounds (Otoni, Espitia, Avena-Bustillos,
& McHugh, 2016) - have been incorporated into biopolymeric matrices
to develop active/bioactive food packaging materials as an alternative
method for controlling pathogenic microorganisms and improving
food safety, besides having the potential to favor consumer health. An
overview of the chronological scenario concerning the investigations
on probiotics and on food packaging demonstrates that the number of
publications on these topics independently has been increasing remark-
ably throughout the past couple of decades (Fig. Fig. 1). However, to the
best of our knowledge, literature on the applications of probiotics in ac-
tive food packaging is scarce, and thus far there is no review article

focused solely on this subject. This review highlights the nature of
probiotics and their incorporation into biopolymer materials intended
for active food packaging applications as well as legislation related to
probiotics.

2. Probiotics: history, definition, and effect on human health

Ancient civilizations, such as the Greeks and Romans, used
fermented dairy foods to maintain health. However, research on micro-
organisms in fermented food products and their effects on human
health have only been studied recently. The history of probiotics started
in 1908 when Elie Metchnikoff, Nobel Laureate at the Pasteur Institute,
established the relationship between health and longevity with the in-
gestion of bacteria from yogurt. Dr. Metchnikoff proposed that the bac-
teria helped control infections caused by enteric pathogens and
regulated toxaemia, both of which playing major roles in aging and
mortality. This observation resulted in increased yogurt production
and consumption (Shah, 2007).

The term probiotic has been widely used. According to Hamilton-
Miller, Gibson, and Bruck (2003), this term was first used by Lilly and
Stillwell in 1965 and referred to observations of in vitro protozoa growth
stimulated by other protozoa. During the following decade, the term
probiotic was used by Fujii and Cook in 1973 and denoted synthetic
chemicals in mice that conferred protection against Staphylococcus au-
reus infection. In 1974, the term was used by Parker in a wider sense
to refer to microorganism interactions with the animal or human host,
i.e. “organisms and substances, which contribute to intestinal microbial
balance”. Several works concerning probiotics have been published
since then.

In 2002, FAO/WHO held an expert consultation to evaluate health
and nutritional properties of probiotics and establish a definition for
probiotics (FAO, 2001). Recently, Wassenaar and Klein (2008) slightly
maodified the definition to “food or food supplements containing defined
microorganisms in sufficient numbers to reach the gut in viable status
resulting in positive health effects after consumption”. The authors
claim this definition does not contradict the internationally and scientif-
ically accepted definition, although they added qualitative (defined mi-
croorganisms) and quantitative (sufficient numbers) requirements to
the presumed positive health effects.

Probiotic effects are strain specific, thus knowledge of the probiotic
genus and species is necessary to obtain the desired effects in the host.
The main characteristics of probiotic strains in their relationship with
the host are resistance to gastric and bile acid, adherence to mucus or
human epithelial cells, antimicrobial activity against pathogenic bacte-
ria, and the ability to reduce pathogen adhesion to surfaces and bile
salt hydrolase activity (FAO, 2002).

There are several mechanisms by which probiotics may benefit
human, including production of antimicrobial substances, strengthen-
ing of intestinal barrier, modulation of immune response, and antago-
nism of pathogenic microorganisms either by production of
antimicrobial agents or by competition for binding sites, nutrients, and
growth factors (FAO, 2001; Marco, Pavan, & Kleerebezem, 2006;
Parvez, Malik, Ah Kang, & Kim, 2006).

When probiotic microorganisms are incorporated into foods, they
must be able to survive through the digestive tract and successfully pro-
liferate in the gut. Thus, they must be resistant to gastric juices and be
able to grow in the conditions of the intestine. An interesting option is
to use a food matrix that protects them and favors their survival.

Several factors affect the survival of ingested probiotics in the gastro-
intestinal tract, including stomach acid, bile salt concentrations, time of
exposure, and probiotic species and strains. However, many probiotics
are able to pass through the gastrointestinal tract and enter the colon
in viable numbers in order to impart beneficial effects. In this regard, re-
cent studies have explored the effect of the food matrix in the survival of
probiotic to the conditions of the gastrointestinal tract and their adhe-
sion to intestinal cells. Ranadheera, Baines & Adams (2010) have deeply
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Table 1
Recent studies regarding probiotic applications in food matrices.

Probiotic microorganism Food matrix Research target Reference

Streptococcus thermophiles  Yogurt Evaluation of quality parameters of strawberry probiotic yogurt added with glucose oxidase. To do so, Batista et al.,
salivarius spp. TA 040 developed product was compared with commercial probiotic products. 2015

Lactobacillus delbrueki spp.

bulgaricus LB340

Lactobacillus acidophilus

La14

Bifidobacterium longum

BLO5

Streptococcus thermophilus Incorporation of glucose oxidase in increasing levels and its effect in the developed final product. Cruz et al.,
TA040 2012

Lactobacillus delbrueckii ssp.

bulgaricus LB340

Bifidobacterium longum

BLO5

Lactobacillus acidophilus

LA14

Lactobacillus acidophilus Assessment of the viability of tested probiotic microorganisms in plain and stirred fruit yogurts based Ranadheera
LA5 on goats’ milk, as well as product characteristics (physicochemical and sensorial). etal,2012a

Bifidobacterium animalis

subsp. lactis BB12

Propionibacterium jensenii

702

Streptococcus thermophiles Evaluation of the physicochemical parameters of sheep yogurt containing inulin at different Balthazar et

Lactobacillus delbrueckii ssp. concentrations. al.,, 2016

bulgaricus

Lactobacillus acidophilus Yogurt and whey Evaluation of the efficiency of two different probiotic matrices on the immune system in Wistar rats  Lollo et al.,
LA14 beverage exercised to the point of exhaustion after receiving the developed products for 14d. 2013

Bifidobacterium longum

BLO5

Streptococcus salivarius Fermented milk Evaluation of the efficiency of the developed product submitted to ultra-high temperature and Lollo et al.,
thermophilus ssp. TAO40 dynamic high pressure in maintaining the immune system of rats exercised to exhaustion after 2015-2

Lactobacillus acidophilus receiving the product for 14d.

NFCM

Streptococcus thermophilus Determination of the influence of dynamic high pressure on the probiotic developed product. Oliveira et al.,
TA40 2014

Lactobacillus acidophilus

NFCM®

Lactobacillus acidophilus Fermented dairy drink Development of a fermented dairy drink based on goats’ milk and incorporated with Lactobacillus Ranadheera
LA5 made from goats’ milk acidophilus LA5, Bifidobacterium animalis subsp. lactis BB12 and Propionibacterium jensenii 702, alone et al., 2016a

Bifidobacterium animalis or in combination; and determination of main developed product characteristics (microbial,

subsp. lactis BB12 physicochemical, and sensorial).

Propionibacterium jensenii

702

Lactobacillus casei Zhang Minas fresh cheese Evaluation of the L. casei Zhang incorporation on main characteristics (physicochemical, optical, Dantas et al.,

rheological and sensorial) of the developed product. 2016

Lactobacillus acidophilus Determination of the sodium reduction and arginine incorporation effect on quality parameters of the Felicio et al.,
LAS developed product. 2016

Lactobacillus acidophilus Assessment of increasing concentration of probiotic microorganisms on physicochemical parameters Gomes et al.,
LA-5 and sensory acceptance of developed product. 2011

Lactobacillus acidophilus Evaluation of key parameters of the immune system of Wistar rats that were submitted to acute, Lollo et al.,
LA14 intense physical exercise after receiving a diet with the developed product for 14d. 2012

Bifidobacterium longum

BLO5

Lactobacillus acidophilus Assessment of the effect of developed product consumption on arterial hypertension parameters Lollo et al.,
LA14 while tested in spontaneous hypertensive rats (SHRs, 7 weeks old). 2015

Bifidobacterium longum

BLO5

Lactobacillus acidophilus Petit Suisse cheese Assessment of the ideal sucrose concentration and other sweeteners (stevia, sucralose, aspartame, Esmerino et
LA14 and Neotame on the viability of the starter and probiotic cultures while incorporated in the developed al., 2013

Bifidobacterium lactis BLO4 product.

Lactobacillus acidophilus Estimation of the optimum sucrose concentration and predictions of optimum sucrose level based on Esmerino et

Bifidobacterium lactis acceptance testing of the developed product. al,, 2015

Lactobacillus acidophilus Evaluation of the effect of antioxidants compounds on the physicochemical, rheological and sensory  Pereira et al.,
LAC4 characteristics of developed product. 2016

Bifidobacterium animalis

ssp. lactis DN173-010

Lactobacillus acidophilus Assessment of the performance of the jabuticaba skin extract in minimizing the oxidative stress in the Pereira et al.,
LAC4 developed product. 2016-2

Bifidobacterium animalis
sub sp. lactis DN173-010

reviewed the relationship among probiotic efficacy and food matrices functional probiotic food. In this context, Ranadheera et al. (2012a, b)
(and their physicochemical properties), indicating that food matrix se- have studied the effect of three different food matrices (goat's milk ice
lection is a key factor that should be considered when developing cream, plain and fruit yogurts) on probiotic viability of Lactobacillus
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Fig. 1. Number of publications on probiotics (topic: probiotic*) and on food packaging
(topic: food packag*) retrieved from Web of Science™ Core Collection.

acidophilus LA5, Bifidobacterium animalis subsp. lactis BB12 and
Propionibacterium jensenii 702, finding that, among the tested food ma-
trices, ice cream presented the best potential to ensure probiotic viabil-
ity in simulated gastrointestinal conditions (acid and bile tolerance),
while fruit yogurt matrix allowed the best cell adhesion of probiotics.
Also, probiotic survival to food processing conditions has been studied.
In this context, Majeed et al. (2016) studied the survival of Bacillus
coagulans MTCC 5856 in different functional foods, such as banana muf-
fins and waffles for up to 12 months, coffee at extreme conditions (90 °C
for 2 min and at 77 °C for 4 h), chocolate fudge frosting, hot fudge top-
pings, peanut butter, strawberry and vegetable oil at room temperature
up to 12 months. As a result, B. coagulans MTCC 5856 showed potential
to be used as probiotic when developing innovative functional food
products due to its stability towards processing and storage condition
of tested food.

Although there is no consensus among the international scientific
community about effective probiotic doses to achieve health effects, re-
searchers have suggested minimum doses between 10° and 10°
CFU d~! to ensure therapeutic effects (Espirito Santo, Perego,
Converti, & Oliveira, 2011).

Fermented dairy products are considered good carriers for probiotic
microorganisms. Other food matrices, such as fruits and vegetables, are
considered potential carriers for these microorganisms because of the
increasing lactose intolerance and vegetarianism among consumers
(Martins et al., 2013).

Besides presenting beneficial health effects, probiotic microorgan-
isms have also been related to effects against other (undesirable) micro-
organisms when inoculated into foods. In this regard, Alegre, Vifias,
Usall, Anguera, and Abadias (2011) tested the antimicrobial activity of
a probiotic culture (Lactobacillus rhamnosus GG) against two pathogens
- Salmonella and L. monocytogenes. Fresh-cut apple wedges were im-
mersed in solutions containing the probiotic bacteria (108 CFU mL™!)
and/or the pathogens (10° CFU mL™ '), placed in polypropylene trays
and sealed with a polypropylene plastic film. Results showed that Sal-
monella was not affected by L. rhamnosus GG, but the population of L.
monocytogenes was 1 log cycle lower in the presence of the probiotic.
The probiotic viability was maintained above recommended levels
(10° CFU g™!) until 14 days of storage at 5 °C. Moreover, Fernandes et
al. (2013) developed a dairy dessert incorporated with Lactobacillus ac-
idophilus LA-5 as a probiotic microorganism and tested its antimicrobial
activity against L. innocua by means of three formulations (F1: inoculat-
ed with L. acidophilus LA-5; F2: inoculated with L. innocua; F3: inoculat-
ed with both L. innocua and L. acidophilus LA-5). Differently from the
results observed by Alegre et al. (2011), the findings by that study
showed that the count of the probiotic microorganism diminished
while studying product shelf life in formulation F1. Also, no

antimicrobial effect was observed against L. innocua. In this regard, pop-
ulation of L. innocua increased in formulations F2 and F3, indicating a
mutual benefit and positive growth effect among the tested probiotic
and the target pathogen microorganisms. Similarly, Jesus et al. (2016)
studied the interaction of Listeria monocytogenes and probiotic microor-
ganisms (Lactobacillus acidophilus and Bifidobacterium lactis). They re-
ported that L. monocytogenes can growth in probiotic cottage cheese in
both condition, when product is submitted to adequate storage condi-
tions (4 °C/ 28 days), as well as in situations of temperature abuse
(30% of the shelf life at 4 °C and the remaining 70% at 12 °C). Therefore,
microbiological quality of food products incorporated with probiotic
microorganisms should not rely on the protective effect of probiotic cul-
tures but on the use of proper hygienic processing conditions and on the
excellent microbiological quality of raw materials used.

3. Probiotics in active/bioactive edible films and coatings

For probiotics to play the intended role in human health, it is essen-
tial that both viability and the metabolic activity are maintained
throughout food processing and supply chain, as well as within
human gastrointestinal tract. Several methods have been tested to in-
crease the quality of probiotic cultures, including exposure to sub-lethal
heat or cold stress, osmotic stress, low pH, and reduced redox potential
(e.g. through the use of oxygen scavengers, oxygen-consuming micro-
organisms, and modified atmosphere packaging) (Nguyen et al.,
2016); however, microencapsulation is by far the most exploited ap-
proach. When combined, microencapsulation and active edible packag-
ing concepts denote a promising strategy for protecting and delivering
probiotic species efficiently.

3.1. Microencapsulation of probiotics

Microencapsulation may be defined as the process of packing func-
tional compounds (e.g. probiotic culture) into microcapsules made up
of an encapsulant material (Vieira da Silva, Barreira & Oliveira, 2016).
When applied to probiotics, microencapsulation techniques are
intended to carry and protect them from the detrimental action of pH,
oxygen, and light, to mention a few. Therefore, this process can dimin-
ish probiotic reactivity to the environment and prevent its degradation,
besides masking unpleasant flavors and odors (Vieira da Silva et al.,
2016). The encapsulation protocols are various, including spray drying
(Li et al., 20164, b; Ranadheera, Evans, Adams, & Baines, 2015), high-
voltage electrospinning/electrospraying (Coghetto et al, 2016;
Gomez-Mascaraque, Morfin, Pérez-Masia, Sanchez, & Lopez-Rubio,
2016), extrusion, spinning disc, vortex bowl, micro nozzle array, im-
pinging aerosol, coacervation, and emulsion (Krasaekoopt, 2013). Pro-
biotic encapsulation methods have been extensively reviewed
elsewhere (de Prisco & Mauriello, 2016; Martin, Lara-Villoslada, Ruiz,
& Morales, 2015).

Microencapsulation has been combined to active packaging as an al-
ternative means of incorporating probiotics. Probiotic microencapsula-
tion stands out as a promising alternative for applying those
microorganisms and replacing antibiotics, since this process allows the
gradual release of compounds of interest in order to preserve the food
(Favaro-Trindade, Pinho, & Rocha, 2008; Mirzaei, Pourjafar, &
Homayouni, 2012). Thus, studies on the development of active food
packaging featuring probiotic microorganism action are worthwhile de-
spite the challenges involved in the encapsulation technique itself. Re-
garding the microencapsulation process, suitable encapsulating
materials have been extensively studied, especially biodegradable poly-
mers that can be also applied for active food packaging production.
These include alginate (Etchepare et al, 2015; Sohail, Turner,
Coombes, Bostrom, & Bhandari, 2011), acetate (Favaro-Trindade &
Grosso, 2002), chitosan (Krasaekoopt, Bhandari, & Deeth, 2003),
carboxymethyl cellulose (CMC), protein (Guérin, Vuillemard, &
Subirade, 2003; Vonasek, Le, & Nitin, 2014), carrageenan, gelatin, and
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pectin (Burey, Bhandari, Howes, & Gidley, 2009; Favaro-Trindade et al.,
2008; Li et al., 2009). Altamirano-Fortoul, Moreno-Terrazas, Quezada-
Gallo, and Rosell (2012) used the combination of microencapsulation
and starch-based coatings to incorporate Lactobacillus acidophilus.
Those authors coated the surface of partially baked breads with a film-
forming solution incorporated with L. acidophilus. According to
Altamirano-Fortoul et al. (2012), L. acidophilus remained stable after
the baking procedure, presenting counts of 10” CFU-bread ™. Thus, L.
acidophilus can be used on bread surfaces by means of microcapsules in-
corporated in edible coatings, resulting in bread with additional health
benefits provided by probiotics. L. rhamnosus GG has also been encapsu-
lated in hydrogel beads comprising pectin, glucose, and calcium chlo-
ride (Li et al., 2016a, b). Moreover, probiotics may also be
encapsulated directly into food matrices. In this regard, a mixture of L.
acidophilus LA5, Bifidobacterium animalis subsp. lactis BB12, and
Propionibacterium jensenii 702 was microencapsulated into goats’ milk
(Ranadheera et al., 2015). As a result, the probiotics submitted to the en-
capsulation process maintained satisfactory viable levels (10°-
108 cfu/g); on the other hand, storage conditions at 30 °C after process-
ing reduced significantly their viability, while lactobacilli and
propionibacteria were not affected when stored at 4 °C.

3.2. Probiotic edible films and coatings

Increased consumer interest in health, nutrition, food safety, and en-
vironmental issues has led to improved research on the film-forming
properties of biopolymers to produce edible films for food packaging
(Espitia, Du, Avena-Bustillos, Soares, & McHugh, 2013). Although edible
films and coatings do not replace an external packaging - which is usu-
ally non-biodegradable and, for most probiotic bacteria, must act as a
good barrier to oxygen (da Cruz, Faria, & Van Dender, 2007) -, they
help packaging in its food protecting function, since they reduce the
rates of moisture and gas transfer between food and the surrounding
environment, contributing to extend food stability. Edible films may
thus reduce the required amount of packaging for each application, re-
ducing the negative environmental impact caused by the discard of
non-biodegradable materials. Apart from their passive protecting func-
tion, edible films and coatings may also play some active or bioactive
roles.

The concepts of active and bioactive packaging have been some-
times used indiscriminately, but there are differences. Active food pack-
aging systems are those which go beyond the traditional passive role of
food protection and include desirable interactions with the food, in a
way that is relevant to extend food stability; a typical active packaging
is antimicrobial packaging, which interacts with the product or the
headspace inside to decrease, prevent or delay microbial growth on
food surfaces (Soares et al., 2009). In previous studies, biopolymers
have been used to carry natural antimicrobial compounds such as es-
sential oils (Botrel, Soares, Espitia, Sousa, & Renhe, 2010; Espitia,
Soares, Botti, & Silva, 2011; Otoni, Avena-Bustillos, Olsen, Bilbao-Sainz,
& McHugh, 2016; Tripathi & Dubey, 2004 ), organic acids (Schirmer et
al., 2009), enzymes (e.g. lysozyme) (Appendini & Hotchkiss, 1997),
and bacteriocins (Espitia, Otoni, & Soares, 2016; Galvez, Abriouel,
Lopez, & Omar, 2007; Han, 2005). Active food packaging has been devel-
oped in response to consumer demand for safer and less processed food
with extended shelf-life (Ahvenainen, 2003).

Bioactive food packaging systems, on the other hand, are those
which may contribute to health benefits to the consumers (Lopez-
Rubio, Gavara, & Lagaron, 2006). It is a novel approach of the concept
of functional foods, which proposes that any food that may provide a
health benefit beyond the traditional nutrients it contains may be con-
sidered as functional. Bioactive packaging materials would thus with-
hold bioactive agents, which are eventually released into the food
product (Lopez-Rubio et al.,, 2006). In the specific case of edible bioac-
tive films and coatings, this release is not even required, since the

film/coating itself is supposed to be eaten with the food. Bioactive pack-
aging has been reviewed elsewhere (Lopez-Rubio et al., 2006).

The incorporation of probiotic cultures into edible coatings was first
proposed in 2007 by Tapia et al. (2007). Thus, research on the develop-
ment of films and coatings incorporated with probiotics intended as ac-
tive food packaging is still emerging, with a limited number of studies.
Edible films and coatings may be regarded as feasible alternatives for
carrying and delivering probiotics. Considering that packaging materials
containing probiotics may enhance food stability (by controlling the
growth of spoilage microorganisms by competition) and also contribute
to the health of consumers, they may be considered both as active and
potentially bioactive materials. The main features of the studies on
films and coatings containing probiotics are summarized in Table 2.

3.2.1. Studies focused on probiotic viability in films

Traditionally, the systems intended to deliver probiotic cultures
have both a conventional (pharmaceutical-related products) and a
non-conventional (e.g. food-based products) approach (Vieira da Silva
et al,, 2016). Active edible films and coatings may present both aspects
as their intake may be expected alongside a regular food product or
they may act as exclusively a carrier instead, such as in oral-
disintegrating films. Regardless of the mechanism, the major role (i.e.
delivering health benefits) of probiotic-containing edible films and
coating is played more or less efficiently depending upon their ability
to provide viable bacteria to the gastrointestinal tract. The viability, sta-
bility, and survival of several probiotic strains under various conditions
has been extensively investigated and reviewed (Corona-Hernandez et
al., 2013; Dianawati, Mishra, & Shah, 2015; Paseephol & Sherkat, 2009;
Ranadheera et al., 2015; Vinderola, Binetti, Burns, & Reinheimer,
2011). Fewer though meaningful studies have focused on evaluating
the viability of probiotic strains specifically in films in order to assess
their stability in terms of active/bioactive properties. These are further
discussed in this section.

Pullulan and various starches (from potato, tapioca, and corn) have
been used to develop novel edible films incorporated with a mix of pro-
biotic cultures (Lactobacillus reuteri ATCC 55730, L. rhamnosus GG ATCC
53103, and L. acidophilus DSM 20079) at an initial concentration of
12.9 log CFUmML™' (Kanmani & Lim, 2013). Treatments were tested
with films prepared from pure pullulan and mixtures of different
starches and pullulan, stored at 25 and 4 °C. The probiotic viability in
pure pullulan film was around 80% after 10 days of storage at 25 °C, de-
creasing to 35% after 20 days. Films incorporated with starches, howev-
er, presented decreased cell viability: the higher the starch content, the
lower the viability. At 4 °C, on the other hand, the viabilities were higher
- near 90% for pullulan and pullulan/potato starch (75:25 weight ratio)
films up to 30 days of storage.

Prebiotics, which may be defined as “the selectively fermented in-
gredients that allow specific changes, both in the composition and/or
activity in the gastrointestinal microbiota that confers benefits upon
host well-being and health” (Gibson, Probert, Loo, Rastall, &
Roberfroid, 2004), have also been incorporated into edible films to im-
prove the stability of probiotic strains that had been added to the film-
forming dispersions. Romano et al. (2014) prepared methylcellulose
(MC) films containing two probiotic strains (Lactobacillus delbrueckii
subsp. bulgaricus CIDCA 333 and Lactobacillus plantarum CIDCA 83114)
and fructo-oligosaccharides (FOS) as a prebiotic. The bacterial strains
were found to be completely embedded in the film matrix, whose integ-
rity was not affected by the presence of these probiotic bacteria. Since
FOS were found to present not only positive effects (protecting L.
delbrueckii) but also negative effects (reducing the glass transition tem-
perature of the films), the FOS concentrations were selected according
to a balance between those effects. Films containing L. delbrueckii were
then added with 3% (w/v) of FOS, while films with L. plantarum were
added with 1% of FOS. L. plantarum was found to be stable for longer pe-
riods at higher RH values, when compared to L. delbrueckii, which may
be useful for practical applications. Similarly, inulin, chitosan
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Table 2
Bioactive films and coatings containing probiotic bacteria.
Blopgly meric Probiotic Other additives Substrate Viability Inhibition 9f Reference”
matrix other species
. Coatings on
Alginate . —1 o
Cellan B. lactis Bb-12 - fresh-cut apples > 6 log cycles CFU-g~ " up to 10 days at 2 °C - (a)
and papayas
. . Films on fresh Y o L.
Caseinate L. sakei - beef > 6 log cycles CFU-cm™“ up to 21 days at 4 °C monocytogenes (b)
Alginate ¢ . - Films on smoked 7 log cycles CFU-cm ™2 up to 28 days at 4 °C L (c)
maltaromaticum salmon monocytogenes
L. acidophilus Films and
Gelatin - P - coatings on hake > 8 log cycles CFU-g~ " up to 6 days at 2 °C - (d)
B. bifidum fish
L. paracasei Films on hake 2 o H,S-producing
Agar B. lactis Green tea extract fllets > 6 log cycles CFU-cm™“ up to 15 days at 4 °C microorganisms (e)
L. delbrueckii s Films, no Time for 1 log reduction (11% RH, 4 °C): L.
Methylcellulose L. plantarum Prebiotic: FOS substrate delbrueckii, 45 days; L. plantarum, 90 days B 0
Pullulan L. rhamnosus,, L. Films. no Highest viabilities for pullulan and
Pullulan/starch reuteri, L. - subst’rate pullulan/potato starch (75:25): near 90% - (g)
blends acidophilus viability up to 30 days at 4 °C.
. Preblotlcs:‘mulm, pol'ydextrose, Films, no Time for 1 log reduction (4 °C): 63 days (gluco-
Gelatin L. rhamnosus glucose-oligosaccharides, wheat . N X - (h)
. substrate oligosaccharides) to 100 days (insulin)
dextrin
Alginate
. 6 o1
Algmgte/whey L. rhamnosus - Coatings on bread >107CFU-g™"up to 7 days at room - (i)
protein temperature.
concentrate
Hydroxypropyl
methylcellulosg Films, no Highest viabilities for sodium caseinate: >10° . .
Isolate pea protein L. plantarum Glycerol 2 N L. innocua [€)]
substrate CFU-cm™“ up to 30 days at 5 °C.
Methylcellulose
Sodium caseinate
Methylcellulose L reuteri Films. no Highest viabilities for L. Acidophilus: >10*
. , . . 3 2 .
(MC) L acidophilus Glycerol substrate (sodium caseinate) and >10° (MC) CFU-cm L. innocua (k)

Sodium caseinate

up to 30 days at 5 °C.

* Cited references: (a): Tapia et al. (2007); (b): Gialamas et al. (2010); (c) Concha-Meyer et al. (2011); (d) Lépez de Lacey et al. (2012); (e) Lopez de Lacey et al. (2014); (f) Romano et al.
(2014); (g) Kanmani and Lim (2013); (h) Soukoulis et al. (2014a); (i) Soukoulis et al. (2014b); (j) Sanchez-Gonzalez et al. (2013); (k) Sanchez-Gonzdlez et al. (2014).

oligosaccharide (COS), galacto-oligosaccharide (GtOS) and FOS have
been added to maize starch-based edible films for prebiotic purposes
and have been shown to promote the growth of the probiotic bacteria
Bifidobacterium infantis ATCC 15697 and Lactobacillus fermentum ATCC
9398 (Tang et al., 2015). In addition to the prebiotic effect, these com-
pounds have also affected the physical properties of the edible films,
which have shown impaired tensile strength and boosted extensibility
when compared to prebiotic-free (control) films. According to the au-
thors, this plasticization effect may be attributed to the much smaller
molecular weights of the prebiotics than that of starch.

Soukoulis, Behboudi-Jobbehdar, Yonekura, Parmenter, and Fisk
(2014) developed gelatin films containing L. rhamnosus GG and four se-
lected prebiotic components: inulin, polydextrose, gluco-oligosaccha-
rides (GOS), and wheat dextrin. The prebiotics made the film
structure more uniform. GOS were reported as the prebiotic that provid-
ed the best protection to the probiotic during film drying at 37 °C,
allowing the retention of 60% of cells, followed by polydextrose, which
allowed 26% cell retention during drying. Surprisingly, inulin and
wheat dextrin presented a negative effect on bacterial survival. On the
other hand, inulin was the most effective prebiotic agent to protect
the probiotic during storage; while it took 63-83 days for the films
with other prebiotics to have their probiotic population reduced by 1
log cycle, the same reduction occurred after 100 days for the film with
inulin.

Starch (from rice and corn)-protein (bovine gelatin, sodium caseinate,
and soy protein) edible films were added by L. rhamnosus GG and stored
at fridge and room temperature (Soukoulis, Singh, Macnaughtan,
Parmenter, & Fisk, 2016). Both storage temperature and film composition
were found to play a significant role in the viability and stability of the
probiotic culture during the film-forming procedure as well as through-
out storage. The loss of L. rhamnosus GG cells induced by film processing

(i.e. solvent evaporation), for instance, was significantly lower in pro-
tein-based films than in their starch-based counterparts. Furthermore,
rice starch and proteins were observed to act synergistically as to L.
rhamnosus GG viability. Finally, film shelf life (threshold: 6 log viable
CFU-g~ ') was maintained until 27-96 and 15-24 days when stored at
4 and 25 °C, respectively (Soukoulis et al.,, 2016).

Piermaria, Diosma, Aquino, Garrote, and Abraham (2015) incorpo-
rated L. plantarum and Kluyveromyces marxianus cells into glycerol-plas-
ticized edible kefiran (a polysaccharide produced by lactic acid bacteria)
films. While the authors demonstrated that the physical and optical
properties of the films were nearly unchanged upon the addition of
the probiotic cultures, the high susceptibility of the latter to acid was re-
duced by its inclusion into the polymer matrix. The film-forming proce-
dure (casting at 37 °C) led to a slight decrease in the L. plantarum count,
whereas that of the yeast remained constant. Furthermore, the viability
of both microorganisms was maintained throughout storage at non-re-
frigerated temperature.

Coatings based on sodium alginate or alginate/whey protein concen-
trate (WPC) containing L. rhamnosus GG have been applied by
Soukoulis, Yonekura et al. (2014) to bread, which was then air dried at
60 °C for 10 min or 180 °C for 2 min. The alginate/WPC coating resulted
in higher viability of the probiotic strain throughout drying (76.3%)
when compared to the alginate coating (15.9%), while the drying re-
gime did not significantly affect the viability. The cell viability was con-
siderably reduced during the initial 24 h of storage, then stabilized, and
finally increased upon days 4-7 of storage. Differently from most other
studies, this one included an in vitro digestion test for evaluating probi-
otic viability, and also defined the amount of probiotics to be delivered
with a certain amount of food. Coated bread crust samples were submit-
ted to in vitro digestion under simulated gastrointestinal conditions; the
sample coated with alginate resulted in a lower viability loss (0.7 log
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CFU-g~ 1) than the sample coated with alginate/WPC (1.5-1.6 log
CFU-g™ 1), that is to say, the alginate coating provided higher protection
than alginate/WPC coating upon in vitro digestion. The probiotic level to
be delivered by a bread slice (30-40 g) was calculated as being 7.6-9 log
CFU (before digestion) and 6.5-6.9 log CFU (after in vitro digestion),
meeting the required cell counts for the bread to be considered as
probiotic.

3.2.2. Studies focused on inhibitory activity against other microbial species

Tapia et al. (2007) applied alginate and gellan edible coatings incor-
porated with B. lactis BB-12 on fresh-cut fruits (apple and papaya cylin-
ders). Alginate or gellan film-forming solutions (2% w/v) incorporated
with viable bifidobacteria were applied on the surface of the fresh-cut
fruits. The results showed that, even if the counting of B. lactis Bb-12
in coatings usually decreased significantly upon 10 days of storage at
2 °C (with viability losses of up to 85%), it was still greater than 10°
CFU-g~ ! after 10 days. These results indicated that alginate and gellan
are able to carry and hold probiotic microorganisms in a viable manner
on fresh-cut fruits.

Gialamas, Zinoviadou, Biliaderis, and Koutsoumanis (2010) devel-
oped edible films from sodium caseinate incorporated with Lactobacillus
sakei cells. Two techniques were used to add the probiotic strain into the
caseinate matrix - i.e. direct incorporation to the film-forming solution
or spraying on a pre-formed film. The films were applied to the surface
of both a laboratory medium (tryptose soy agar, TSA) and a food model
system (fresh beef) previously inoculated with L. monocytogenes. After
the contact of the film with the surface of TSA at 4 °C, the population
of L. sakei grew rapidly, from an initial population of less than 10° to
107 CFU-cm ™2 within 4 days, regardless of the L. sakei addition tech-
nique. After 12 days of storage, films containing L. sakei presented a
pathogen population decreased by 3 log cycles (in the case of films ob-
tained from the probiotic-containing film-forming solution) or 3.6 log
cycles (in the case of the sprayed film). The L. monocytogenes level in
fresh beef packed in films containing L. sakei and stored at 4 °C was re-
duced by 2 log cycles when compared to the samples with the control
film (without L. sakei). The counting of L. sakei was maintained above
10° CFU-cm ™2 of film area for at least 21 days at 4 °C. Interestingly, sor-
bitol (used as a film plasticizer) was found to improve the viability of L.
sakei, corroborating the role of polyols as protective agents for microbial
cells upon storage at low water activity (Linders, de Jong, Meerdink, &
van't Riet, 1997). Some mechanisms have been proposed to explain
these protective effects, such as lowering the phase transition tempera-
ture of dry membranes, maintaining the membrane fluidity, and
protecting the protein structure in dry state (Leslie, Israeli, Lighthart,
Crowe, & Crowe, 1995; Santivarangkna, Naumann, Kulozik, & Foerst,
2010).

Carnobacterium maltaromaticum is considered as a potential probiot-
ic microorganism (Lauzon et al. 2014), commonly found in several fish
species as part of their normal intestinal flora. C. maltaromaticum isolat-
ed from rainbow trout (Oncorhynchus mykiss) presented activity against
Gram-positive and Gram-negative pathogens, as well as a broad spec-
trum of antibiotic resistance (Kim & Austin, 2008). Concha-Meyer,
Schobitz, Brito, and Fuentes (2011) developed a film based on alginate
incorporated with viable C. maltaromaticum to preserve smoked salmon
at refrigeration temperatures. The films were applied on the surface of
smoked salmon pieces and presented bacteriostatic effect against L.
monocytogenes — which had been previously inoculated to a final con-
centration of 10* CFU-cm™2 - over 28 days at 4 °C. The authors indicat-
ed that these results exceed the industrial shelf-life requirements for
smoked salmon, demonstrating that the developed films inhibited L.
monocytogenes on salmon under specified conditions.

The probiotic bacteria L. acidophilus and Bifidobacterium bifidum
were inoculated into edible gelatin coatings and films for preserv-
ing hake fish (Merluccius merluccius) (Lépez de Lacey, Lépez-
Caballero, Gomez-Estaca, Gomez-Guillén, & Montero, 2012). The
counts of L. acidophilus and B. bifidum, both on film-forming

solutions and films presented an initial concentration of 10°
CFU-mL™!, with both probiotic cultures remaining constant for 6
days at 2 °C. The application of gelatin coatings (with or without
B. bifidum) to hake cuts resulted in a significant reduction of the
population of H,S-producing microorganisms, presumably
Shewanella putrefaciens, when compared to the uncoated hake.
Thus, the study was not conclusive about whether the reduction
in the growth of H,S-producing microorganisms resulted from an
inhibitory effect from the probiotic bacteria or from the coating it-
self. In a second step of the study, hake wrapped with films were
submitted to a low-level high pressure treatment (200 MPa for
10 min at 20 °C), in order to reduce the Gram-negative flora while
affecting less the Gram-positive bacteria (including those incorpo-
rated in the film), and also to avoid sensory changes of fish. The
counts of total bacteria and H,S producers were reduced by the
high pressure treatment, while both counts of lactic acid bacteria
and bifidobacteria were unaffected by it. The results suggest that
the combination of edible films containing bifidobacteria with a
high pressure treatment is promising for the preservation of fish
and other products whose spoilage is determined by Gram-nega-
tive bacteria.

The same group conducted another study (Lépez de Lacey,
Lépez-Caballero, & Montero, 2014) incorporating green tea extract
and two probiotic strains (Lactobacillus paracasei L26 and B. lactis
B94) into agar-based films that were then applied to hake fillets
previously inoculated with S. putrefaciens and Photobacterium
phosphoreum (103-10% CFU-g~!). The probiotic bacteria migrated
to the fish, resulting in proliferation of lactic acid bacterial popula-
tions. The films containing probiotics and/or green tea extract re-
sulted in decreased chemical spoilage indicators (total volatile
bases and trimethylamine nitrogen, and pH changes) and reduced
counts of H,S-producing microorganisms, when compared to
hake coated with a film without those agents or uncoated hake.
The combination of probiotics with green tea extract in films re-
sulted in better chemical and microbial stabilities when compared
to films containing just probiotics, leading to a shelf-life extension
of at least a week.

Different biopolymers, such as sodium caseinate, pea protein,
MC and hydroxypropyl methylcellulose (HPMC), have been tested
for incorporating L. plantarum in edible films based on polysaccha-
ride or protein (Sanchez-Gonzalez, Quintero Saavedra, & Chiralt,
2013). According to Sanchez-Gonzalez et al. (2013), protein-
based films allowed higher L. plantarum viability, with bacteriocin
production being slower than in cellulose-based films, which in
turn presented higher bacteriocin production. In addition, HPMC
and MC films incorporated with L. plantarum completely inhibited
Listeria innocua growth during the first 8 days of storage at 5 °C, in-
dicating that these films were effective carriers of L. plantarum.

Sodium caseinate and MC have been used to develop
biopolymeric films incorporated with L. acidophilus and L. reuteri
(Sanchez-Gonzalez, Quintero Saavedra, & Chiralt, 2014). The sur-
vival of both probiotic cultures in biopolymeric films and their an-
timicrobial potential against L. innocua were assessed. Sanchez-
Gonzalez et al. (2014) reported that the viability of L. acidophilus
was greater than that of L. reuteri in both polymeric matrices. L.
reuteri presented a significant reduction of its initial population
during the first week of storage, indicating that this strain is more
sensitive to the stress suffered during storage. Moreover, when
comparing both hydrocolloid matrices, sodium caseinate was a
more favorable environment than MC for microorganism survival,
reaching viability on the order of 107 CFU-cm™? after 3 days of
storage. With regard to the antilisterial activity, the best results
were obtained with MC films after 3 days of storage. No differences
were observed among the different films after a longer storage
time, though L. innocua growth was reduced by approximately 1.5
log cycles compared to the control after 12 days of storage.
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3.3. Food matrix consideration and potential for probiotic films and coat-
ings applications

Traditionally, dairy food products have been used as carriers of pro-
biotic microorganisms. Recently, other food matrices with a different
origin have been tested with the same purpose, such as meat, tradition-
al cereal-based beverages and chocolate (Fig. Fig. 3).

The physicochemical as well as functional properties of these food
matrices have a key role in ensuring probiotic viability. In this regard,
Ranadheera et al. (2010) have indicated that food formulation can be
used to favor probiotic viability, with concentration of fat, protein, car-
bohydrates and their interactions as the main factors that support pro-
biotic microbial growth.

Thus, properly formulated food can be an effective carrier of probiot-
ic by two means:

« Direct probiotic delivery through the formulated food matrix;

« Indirect probiotic delivery, when formulated food constitutes the
polymeric matrix for packaging material development. In this context,
the developed packaging material is edible and should present satis-
factory conditions for probiotic viability.

Moreover, food preservation is commonly associated with chemical
additive and good manufacturing and storing practices. However, active
food packaging incorporated with natural compounds has emerged as a
potential alternative to chemical preservative for food preservation.
Previous research studies (Tapia et al., 2007; Gialamas et al., 2010;
Concha-Meyer et al., 2011; Lopez de Lacey et al., 2012; Lépez de Lacey
et al., 2014; Soukoulis et al., 2014b) have shown the potential food
that might be preserved by the application of probiotic films and coat-
ings include fish, fresh meat, fruits and baked food products, such as
bread (Fig. Fig. 2).

In any case, whether the probiotic is incorporated into the for-
mulated food or into the packaging material, the carrier should
protect probiotic microorganisms against external factors, as well
as the effect of the gastrointestinal and bile conditions (Desobry
& Debeaufort (2012).
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Fig. 3. Indirect probiotic delivery: Potential food to be considered for probiotic films and
coatings applications.
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4. Regulations related to probiotics and active food packaging

In the United States, regulatory requirements are determined by the
intended use of probiotics, whether as a drug or as a dietary supplement.
Although probiotics fall into virtually all product categories regulated by
the FDA, there is still no pathway to deal specifically with probiotics. In-
stead, probiotic products are regulated based on the product category
into which they fall, such as food or food additive (Hoffmann et al.,
2012, reviewed in 2016; U.S. Food and Drug Administration, 2016). For
example, only premarket notification is required if the probiotic product
is intended to be used as a dietary supplement (Venugopalan, Shriner, &
Wong-Beringer, 2010). The probiotic product must go through a regulato-
ry process, however, if the probiotic is intended to be used as a drug.

Most probiotic microorganisms have a long-lasting history of safe
use as food components, so safety evaluation does not denote a hurdle
to be overcome (van Loveren, Sanz, & Salminen, 2012). Among them,
numerous microorganisms have been qualified with the presumption
of safety (QPS) status for food applications (EFSA, 2010; Leuschner et
al., 2010) by the European Food Safety Authority (EFSA) and have
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Fig. 2. Direct probiotic delivery through the formulated food matrix.
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been classified as generally regarded as safe (GRAS) by the U.S. Food and
Drug Administration (FDA, 2016).

On the other hand, the European legislation is more conserva-
tive, as described by Miquel et al. (2015) and Glanville, King,
Guarner, Hill, & Sanders (2015). The term “probiotic” is not regu-
lated, since the designation implies a beneficial health effect, and
should be considered a health claim by itself. On one hand, many
microorganisms currently used in food fermentation have a long
history of safe use in the European Union (EU). On the other
hand, foods containing microorganisms which have not had a tra-
ditional use in food production in Europe before 1997 are consid-
ered as novel foods, whose legislation is currently under
Regulation (EC) No 2015/2283 (European Commission, 2015). A
novel food should be subjected to an in-depth characterization
and safety assessment should be done before commercialization
on the European market. According to the EU legislation on health
claims, based on Regulation (EC) No 2006/1924 (European
Commission, 2006), the communication of any health claim to con-
sumers (such as categorizing a food product as “probiotic”) may
only be made after authorization by the European Commission,
which requires a favorable opinion from the EFSA.

In Brazil, the “Technical regulation of bioactive substances and
probiotics isolates with alleged of functional or health properties”
(RDC No 2/2002 ANVISA) is used as a guideline for the safety assess-
ment, registration and commercialization of bioactive substances and
probiotics with claims of health properties (ANVISA, 2002). However,
Brazilian regulation, similar to those of USA and Europe, does not
provide a specific law for edible materials containing probiotic
microorganisms.

5. Final considerations

The global probiotics market has been constantly growing due to con-
sumer concerns regarding healthy diets and wellness. In this context, the
consumption of probiotic food products has been constantly increasing.
Another trend in food technology is the growing use of edible films and
coatings, acting as packaging aids towards extending food stability.

Incorporating probiotics into edible films and coatings has been
proposed as an emerging technology which has generated a num-
ber of studies in the last decade. The probiotic films and coatings
would be considered as bioactive materials, in the sense that they
may promote health benefits to the consumer, due to their poten-
tial probiotic properties. Concomitantly, probiotic films and coat-
ings may also be considered as active, in the sense that they may
promote an active role in extending food stability, which is based
on the premise that probiotic bacteria present competitive effects
against spoilage microorganisms. However, although the incorpo-
ration of probiotic bacteria into an edible material is expected to
be primarily motivated by the promotion of health benefits to the
consumers, those effects have not been approached in those stud-
ies. Instead, developed studies were focused on either evaluating
the viability of the probiotic strains (in order to establish if the
films are suitable to keep the probiotics alive throughout process-
ing and storage) and/or studying the effects of films or coatings
on growth of spoiling or pathogenic microorganisms, based on
the premise that probiotic bacteria present competitive effects
against spoilage bacteria. Just one study (Soukoulis, Yonekura, et
al., 2014) advanced in evaluating cell viability upon simulated gas-
trointestinal conditions, and also established the level of probiotic
to be delivered by a defined portion of the food product. Neverthe-
less, more studies are required to evaluate two important aspects
of any product to be considered as probiotic: (a) the ability of pro-
biotic strains contained in edible films or coatings to survive the
transit through the upper gastrointestinal tract, and (b) the release
of probiotic strains from the matrices to colonize the intestine.
Those kinds of information are essential to establish whether the

materials may really be regarded as probiotic edible films and coat-
ings, or just active materials with antimicrobial effects to extend
food stability.
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