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Abstract Edible coatings attract interest today as efficient
and safe techniques for controlling the deterioration and
extending the shelf-life of food products. In the present
study, a layer-by-layer (LbL) electrostatic deposition of
oppositely charged natural polysaccharides, a polyanion
alginate and a polycation chitosan, was implemented for
coating a model food: fresh-cut melon. The performance of
the alginate—chitosan coating was compared with single-
layer coatings and with non-coated control. The LbL
coating was found to possess the beneficial properties of
both ingredients, combining good adhesion to melon matrix
of the inner alginate layer with antimicrobial activity of the
outer chitosan layer, thereby reducing the bacteria, yeast,
and fungi counts by 1-2 log CFU. The bilayer coating
slowed down tissue texture degradation, so that after
14 days of storage only LbL samples maintained an
appreciable firmness. An unexpected benefit of the LbL
coating was that its enhanced gas-exchange properties
exceeded those of both monolayer coatings and even of the
non-coated control. As a result, the LbL coating prevented
an increase in headspace CO, and ethanol concentrations,
which are the signs of hypoxic stress and off-flavor
development observed in other samples, especially in
alginate-coated melons. The phenomenon was presumably
related to swelling behavior of the chitosan layer in the
humid atmosphere of the fresh-cut melon package, giving
the melon pieces an attractive succulent appearance. At the
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same time, the LbL coating resulted in somewhat increased
produce weight loss due to the reduced surface water vapor
resistance. The method is cheap, simple, and can improve
the quality and safety of food products.

Keywords Edible coating - Layer-by-layer - Improved
quality and safety - Shelf-life extension - Fresh cut melons

Introduction

Edible coatings protect food products from mechanical,
physical, chemical, and microbial damage and can extend
their shelf life (Huber and Embuscado 2009; Baldwin et al.
2011). They attract much interest and practical research
since they are based on natural, biodegradable, and edible
components that satisfy environmental concerns and
respond to customer demands for safe and healthy food
(Han and Gennadios 2005). However, matching an
appropriate coating material with properties and require-
ments of a specific food product is the major challenge for
successful implementation of this approach. To be of
practical application, edible coating needs to have perfect
adhesion abilities, highly effective microbial protection,
appropriate gas and moisture exchange properties, a good
esthetic appearance, and to be totally tasteless, all with a
reasonable cost.

Ready-to-eat fresh-cut fruit are one of the most
promising arecas where edible coatings can be applied
because this technique can compensate the damage inflicted
to fruit integrity in the course of physical processing (e.g.,
peeling and cutting) and thus control deterioration and
extend market life of the value-added products (Dhall 2013;
Corbo et al. 2010; Valencia-Chamorro et al. 2011; Pizato et
al. 2013). Fresh-cut melons are among the most commer-
cially important fresh-cut fruit products representing about
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22 % of the market (Cook 2011). Melons are popular with
consumers because of their unique flavor and nutritional value.
They are naturally low in fat and sodium, have no cholesterol,
and provide many essential nutrients such as potassium,
vitamin A, and vitamin C. Melons were recommended as
essential diet ingredient to ensure adequate nutrition, promote
individual health, and reduce one’s risk of chronic diseases
(Lester 1997). Fresh-cut melons are important in order to
facilitate the consumption of this healthy commodity.
However, they are prone to fast deterioration due to the range
of quality problems (softening, juice leakage, flavor degrada-
tion, weight loss, microbial spoilage, and food safety risks)
that can be solved or alleviated by successful coating but
aggravated by inappropriate one (e.g., off-flavor generation).
Therefore, fresh-cut melons can serve a model to accentuate
coating efficacy.

In previous reports, coating with anionic polysaccharides
gellan, pectin, and alginate reduced wounding stress in fresh-
cut ‘Piel de Sapo’ melon, increased its water vapor resistance,
and prevented dehydration (Ferrari et al. 2011). Calcium
chloride used as a cross-linking agent helped to maintain fruit
firmness (Oms-Oliu et al. 2008). Polysaccharides of this type
adhere well to fresh-cut fruit, forming a smooth and uniform
coating, supposedly due to chemical similarity with fruit
carbohydrate structure and via cross-linking through Ca**
bridges with pectin naturally occurring on the cut surface
(Olivas et al. 2007; Tapia et al. 2008). At the same time, these
coatings possess no antimicrobial activity. They did not
improve microbiological stability of fresh-cut melon and
required inclusion of exogenous non-polymer antimicrobial
materials such as essential oils in order to control the decay of
the food products and to ensure their microbiological safety
(Oms-Oliu et al. 2008; Raybaudi-Massilia et al. 2008).
However, such antimicrobial additives may affect the
product’s flavor and impair the performance of the coating
(Vargas et al. 2008).

An alternative coating material, the cationic polysaccha-
ride chitosan, is composed of randomly distributed D-
glucosamine and N-acetyl-D-glucosamine units and possesses
intrinsic antimicrobial activity towards bacteria, yeast, and
molds (Dutta et al. 2009; Rhoades and Roller 2000). Using
chitosan for coating fresh-cut melon controlled the growth of
spoilage and pathogenic microorganisms on the product and
improved its microbiological quality (Krasaekoopt and
Mabumrung 2008; Sangsuwan et al. 2008). However, the
affinity of chitosan to cut fruit or vegetable surfaces is
limited, resulting in uneven distribution of the coating and
hindering its performance (Vargas et al. 2009).

Since single coating materials often cannot satisfy the
diverse practical requirements, the situation calls for greater
interest in multicomponent coatings. Rationally designed
multicomponent edible coatings are currently sought after to
provide new materials with well-controlled, beneficial

properties (Falguera et al. 2011). The layer-by-layer (LbL)
electrostatic deposition technique originated in materials
science, and its applications range from optical devices to
biomaterial coatings (Decher 1997; Vazquez et al. 2002).
This approach is based on the alternate deposition of
oppositely charged polyelectrolytes, and may result in
the efficient control of coating properties and function-
ality. A foreseen trend in minimally processed fruit
coating is wider implementation of the LbL technique
using cationic (chitosan, poly-L-lysine) and anionic
(pectin, alginate) biopolymers as promising ingredients
(Vargas et al. 2008).

Furthermore, a few studies that have been published very
recently using this approach with fresh-cut fruits, have
demonstrated effective protection and shelf-life extension of
food products. A multilayered edible coating made of
chitosan and pectin was reported to significantly extend the
shelf life of fresh-cut papaya (Brasil et al. 2012). The
control of microbial growth in that work relied on inclusion
of cyclodextrin-encapsulated cinnamaldehyde as an exog-
enous antimicrobial agent. Nanolayered coatings of a
negatively charged polysaccharide k-carrageenan, and a
positively charged protein lysozyme were reported to
effectively reduce the weight loss and maintain acidity of
fresh-cut pears (Medeiros et al. 2012). The antimicrobial
effect of that coating was not reported. The antimicrobial
efficacy of LbL coatings in fresh-cut fruit based on natural
antimicrobial properties of the coating components requires
additional investigation, as well as their implications of
using LbLs for overall product quality (Sipahi et al. 2012).

In the present work, we have utilized electrostatic
interactions between negatively charged carboxylic groups
of well-adhesive polyelectrolyte alginate and positively
charged ammonium groups of antimicrobial polyelectrolyte
chitosan for the formation of LbL coatings (Fig. 1).
Alginate and chitosan cannot be mixed and then applied
as a multicomponent coating since a homogeneous solution
is not formed upon mixing. Combining superimposed
alginate and chitosan layers seems promising for achieving
coating characterized by both good adhesion to cut fruit and
uniformly distributed antimicrobial protection. To the best
of our knowledge, this combination has not been utilized so
far for the preservation of fresh-cut fruits or vegetables.
However, its efficacy has been proven in other areas, e.g.,
encapsulation systems for drug delivery (Ribeiro et al.
2005) or the imparting antimicrobial properties to textiles
(Gomes et al. 2012).

The research objective was to test the performance of
the LbL alginate—chitosan coating on a food model:
fresh-cut melons. In addition, we aimed to check if the
natural antimicrobial properties of the chitosan layer
may be used to circumvent the incorporation of an
exogenous antimicrobial agent.

@ Springer
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Fig. 1 Schematic presentation of the electrostatic deposition method used to form LbL edible coatings of food products

Materials and Methods
Plant Material and Experimental Design

The work was performed with orange-flesh cantaloupe
melons of ananas type, Cucumis melo L. subsp. melo var.
cantalupensis Naudin (Cucurbitaceae family), cv. Yaniv
(Hazera Genetics Ltd., Brurim, Israel). The melons were
purchased at commercial maturity from the grower, the
agricultural association Ein Yahav (North Arava, Israel).
Whole melons were washed with water, decontaminated
with 200 ppm solution of sodium hypochlorite, then rinsed
with potable water and dried in air.

A typical trial included 28-30 melons; up to 20 pulp plugs
were excised from the “equator” region of each melon using a
sterile cork borer of 1.7 cm in diameter and a scalpel. The plugs
were of 4 cm long and 9.0£0.5 g mass. The plugs from
different melons were mixed to receive a random distribution
of fruit samples. The total number of 560 plugs was distributed
between four treatments: (a) alginate only, (b) chitosan only,
(c) LbL alginate—chitosan, and (d) uncoated control, 140 plugs
per treatment. After performing the treatments as described
below, the plugs were packed in non-perforated PETE clam-
shell containers commonly used for fresh-cut fruit packaging,
five plugs (45+£2 g) per container. Each treatment group
comprised 28 containers, including 12 containers assigned for
microbiological tests, 12 containers for weight loss and texture
evaluation, three containers for headspace atmosphere analy-
ses, and one container for determining the water vapor
resistance (WVR) of the plug surfaces. The content of the
containers assigned to weight loss and texture evaluation was
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aseptically weighed in a sterile laminar-flow cabinet in order to
determine their initial mass.

The containers were stored at 6 °C as a simulation of cooled
retail display conditions for up to 14 days with four quality
evaluation samplings during this period. In course of each
sampling, three containers were withdrawn for microbiolog-
ical tests; three random plugs (ca. 27 g) were taken from each
of these containers and served as one replicate. Three other
containers were withdrawn for weight loss and firmness
evaluation. Their content was weighed, and afterwards three
random plugs were taken from each container for texture
analysis, each of the nine plugs serving a replicate. Headspace
samples for the atmosphere analysis were taken from the same
containers throughout the storage period, three containers per
treatment, each container serving a replicate. The WVR
measurement was performed on the day of coating (the first
day of the trial) as described below. The trials were repeated
twice demonstrating similar trends. The results of a typical trial
are presented in this paper.

Coating Solutions and Treatment
Alginate Coating

Sterile aqueous solution was prepared by dissolving the
sodium alginate powder in double distilled water (DDW)
sterilized in autoclave. Sodium alginate (Sigma Aldrich) was
dissolved in 200 ml of water upon stirring at 70 °C during 2 h
to obtain a 1.5 % (w/v) solution. The solution was cooled to
room temperature and fresh-cut melons were immersed in the
alginate solution for 2 min and then immersed for 2 minin 5 %
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aqueous solution of CaCl, (Sigma Aldrich) to perform
gelation of alginate molecules by cross-linking of alginate
COO" groups with Ca"%. The coated melons were air dried at
room temperature for 30 min.

Chitosan Coating

Sterile aqueous solution was prepared by dissolving the
chitosan powder in DDW sterilized in autoclave. Chitosan
(Sigma Aldrich) was dissolved in 200 ml of water acidified
with acetic acid to pH 5 to obtain 1.5 % solution. The
solution was stirred at room temperature for 12 h. Fresh-cut
melons were immersed in the chitosan solution for 2 min
and air dried at room temperature for 30 min.

Alginate—Chitosan LbL Coating

Alginate (1.5 %), chitosan (1.5 %), and CaCl, (5 %)
solutions were prepared as described above. Fresh-cut
melons were immersed for 2 min in alginate and CaCl,
solutions as described above, rinsed with water, immersed
for 2 min in chitosan solution, and air dried at room
temperature for 30 min.

Microbiological Analyses

The microbiological tests were performed in triplicate, each
replicate comprising three pulp plugs (~27 g) randomly
taken from the same container. The plugs were weighed and
transferred into sterile Stomacher bags that each contained
180 ml of sterile saline solution (0.9 % NaCl) and
homogenized for 2 min at high speed in a Stomacher 400
circulator (Seward, Worthing, UK). Test samples were
serially diluted in saline solution and aerobic plate counts
were determined by surface inoculation of plate count agar
(PCA) (Oxoid, Basingstoke, UK). Mold and yeast counts
were determined by surface inoculation of potato dextrose
agar supplemented with 100 ppm chloramphenicol for
controlling bacterial growth (PDA+A). The plates were
incubated at 30 °C for 48 h (PCA) and at 25 °C for 5 days.
(PDA+A) and the number of colony-forming units (CFU)
per gram of plant material was calculated. A total value of
0.9 CFU was assigned to all Petri dishes in a sample
showing no colonies at the least dilution. For statistical
analysis, the data were transformed into logarithmic form as
decimal logarithms of the CFU per gram.

Texture Analysis

Texture studies were performed using TA-XT2 Texture
Analyzer (Stable Micro Systems Ltd., Godalming, UK). A
TA-52 2-mm stainless cylinder probe was used at speed of
1.0 mm s ' and travel distance of 20 mm to puncture the

plugs horizontally positioned over the 8-mm hole. The
maximum force required to puncture the plugs was
recorded. Nine replicates were analyzed for each treatment.

Atmosphere Composition

The headspace atmosphere was sampled from three replicate
containers of each treatment. Oxygen and carbon dioxide
concentrations were determined using an OXYBABY 6.0
gas analyzer (WITT-GASETECHNIK GmbH & Co KG,
Witten, Germany) comprising an electro-chemical cell for
oxygen analysis and an IR-absorption cell for CO, analysis.
Concentrations of ethanol and acetaldehyde vapors in the
headspace were determined by gas chromatography using
external standards for quantification. Samples of headspace
atmosphere analysis were withdrawn from packages by gas-
tight syringes and analyzed with a Varian 3300 gas
chromatograph equipped with a flame ionization detector
and a 20 % Carbowax 20M packed column using helium as
the carrier gas; column, injector, and detector temperatures
were 80, 110, and 180 °C, respectively.

Water Vapor Resistance

Water vapor resistance (WVR) of coated and non-coated
fresh-cut fruit surfaces was determined as described by
Rojas-Graii et al. (2007) with minor modifications. Five
plugs from each treatment were taken for the analysis, each
plug serving a replicate. Each plug was put on a separate
polypropylene weighing boat and kept at 25 °C in a
desiccator maintained at 93 % relative humidity (RH) with
saturated solution of KNOj; (Serdyuk et al. 2007). The RH
level was selected for the trial in order to simulate the in-
package conditions, keeping in mind that barrier properties
of polysaccharide coatings and films depend on humidity
conditions (Guilbert et al. 1995; Kurek et al. 2012). The
weight of melon plugs was measured on analytical balance
during 28 h at 4-h intervals. The slope of the curve of
weight loss vs. time (weight loss rate) was estimated by
linear regression analysis using the Excel spreadsheet.
WVR was calculated according to a modified Fick’s first
law equation (Ben-Yehoshua et al. 1985) as

WVR = (4,~%RH/100)-PsR ' T'4J" (1)

where 4,, is water activity of melon pulp, %RH is
relative humidity in the chamber, Pg, is water vapor
pressure in saturated air at 25 °C, R is specific gas
constant for water vapor, T is temperature in Kelvin, 4
is plug surface area, and J is water vapor flux assumed
equal weight loss rate (g/s). The value of water activity
of melon pulp was taken as 0.988 according to
Fernandez-Salguero et al. (1993).
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Statistical Analysis

The number of replicates in each test is specified above
in appropriate sections. Microsoft Office Excel spread-
sheets were used to calculate means, standard deviations,
95 % t-based confidence intervals, and linear regression
coefficients. The statistical analyses were carried out
using JMP version 5.0.1 software (SAS Institute 2003)
including a one-way analysis of variance (ANOVA)
followed by the Tukey—Kramer honestly significant
difference (HSD) post hoc test.

Results and Discussion
Antimicrobial Effect of the Applied Coatings

Total aerobic counts on the surface of non-coated melons
steadily increased during storage reaching 9.7 log CFU g ™!
by day 11 (Table 1). Alginate coating demonstrated no
antimicrobial activity in that test. In contrast, chitosan
significantly inhibited the microbial growth reducing the
aerobic counts by 2-2.8 log CFU as compared with the non-
coated control. Antimicrobial properties of chitosan are well
characterized (Dutta et al. 2009); therefore, this observation
was anticipated in good agreement with previous studies.
Chitosan manifested its antimicrobial potential also when it
was added as an external layer in an LbL coating, reducing
total aerobic counts by approximately 1.5 log CFU.

The effects of coatings on mold and yeast growth
(Table 2) were similar to the pattern described above for
total aerobic counts, except for certain inhibitory activity
demonstrated by alginate during the first 5 days of storage.
In contrast, antifungal effects of chitosan and alginate—
chitosan coatings were sustained until day 11, with higher
efficacy shown by just the chitosan monolayer.

Table 1 Effect of chitosan, alginate, and alginate—chitosan LbL (Al-
Ch LbL) coatings on total aerobic counts (log CFU g ') of fresh-cut
melons during storage at 6 °C

Storage at 6 °C, days

0 5 7 11

Non-coated 3.29+0.13 a 6.20+0.28 a 8.34+0.04 a 9.68+0.06 a
Chitosan 2.56+0.37 b 3.35+0.39 ¢ 5.64+0.32 ¢ 7.41+0.11 ¢
Alginate 2.64+024 b 6.57+0.08 a 8.21+0.23 a 9.53+0.06 a

Al-Ch LbL 2.87+0.28 ab 4.32+£0.19 b 6.87+0.26 b 8.49+0.09 b

Values represent means of three replications and 95 % t-based
confidence intervals. The letters represent comparisons between the
treatments at the same sampling time. The values followed by the same
letter are not significantly different according to Tukey—Kramer HSD
test at p<0.05
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Table 2 Effect of chitosan, alginate, and alginate—chitosan LbL (Al-
Ch LbL) coatings on total mold and yeast counts (log CFU g ') during
storage of fresh-cut melons

Storage at 6 °C, days

0 5 7 11

Non-coated 2.18+0.17 a 3.98+0.22 a 4.13+0.35a 6.11+0.08 a
Chitosan 1.18+0.0 ¢ 1.18+0.0 ¢ 2.17+1.01 b 3.39+0.64 ¢
Alginate 1.74+023 b 2.50+0.89 b 3.64+0.04 ab 5.88+0.06 a

Al-Ch LbL 1.79+0.29 ab 1.98+0.44 b 3.884+0.61 a 4.46+0.05b

Values represent means of three replications and 95 % t-based
confidence intervals. The letters represent comparisons between the
treatments at the same sampling time. The values followed by the same
letter are not significantly different according to Tukey—Kramer HSD
test at p<0.05

Antimicrobial activity is one of the most required and
desired contributions of edible coating to food safety and
quality (Campos et al. 2011). It is noteworthy that outer
chitosan layer could be an alternative for the adding of
external antimicrobial agent. Combining chitosan with
additional means such as lactoperoxidase system may
further enhance its antimicrobial activity (Cissé et al. 2013).

Firmness

Examination of firmness of coated and uncoated fresh-cut
melons demonstrated a clear advantage and synergetic
effect of combined LbL alginate—chitosan coating (Fig. 2).
It is well established that edible coatings physically enhance
the structure of fresh-cut produce and slow down their
texture degradation (Huber and Embuscado 2009; Baldwin
et al. 2011). This beneficial effect of edible coating was also
observed in our studies. After 7 days of storage, all coated
melons were firmer than the uncoated ones. Although all
samples tended to soften during storage, the rate of
softening varied depending on treatment. After 11 days of
storage, alginate coating had no more beneficial effect on
product texture, while chitosan and especially alginate—

3
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Fig. 2 Effect of coatings on firmness of melons stored at 6 °C. Error
bars represent 95 % t-based confidence intervals
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chitosan LbL coatings effectively reduced the texture
degradation, probably due to their antimicrobial effect that
could inhibit the production of microbial hydrolytic
enzymes affecting the cell wall integrity of fresh-cut
products (Chen 2002). Remarkably, after 14 days of
storage, LbL alginate—chitosan-coated melons demonstrated
the best texture preservation. One of the reasons for that
might be that the combined LbL coating had advantages of
both coating materials when internal alginate layer provided
perfect adhesion and the external chitosan layer mitigated
structure degradation caused by microbial enzymes. In
addition, due to the alginate component, the LbL coating
included Ca*® ions, the effective texture enhancers
responsible for texture maintenance by polysaccharide
cross-linking.

Atmosphere Composition

Composition of the headspace atmosphere is determined by
physiological activity of the product and in addition may be
affected by microbial metabolism. One of the main
problems faced upon application of edible coatings to fresh
products is the normal gas exchange. If a coating is not
permeable enough, the restriction of normal gas exchange
results in the formation of hypoxic conditions inside fruit
tissues indicated by generation of off-flavor volatiles and
enhanced CO, production (Baldwin et al. 1999; Han and
Gennadios 2005; Fallik et al. 2005). Gas-exchange
properties of various coatings can be quantified by
measuring the evolution of CO, content into the headspace
atmosphere of melon-containing packages (Fig. 3).

No significant changes in CO, concentrations occurred
during the first 9 days of storage. Afterwards, alginate-
coated and non-coated melons showed a sharp increase in
CO, concentration. Only slight atmosphere composition
changes were observed in the packages containing samples
coated with chitosan and alginate—chitosan. Taking into
account the antimicrobial potential of chitosan and the
timing of the CO, concentration upsurge, one could assume

14

++0++ Non-coated

12
=== Chitosan

-
=)

—— Alginate

—=0=Alginate-chitosan

®

CO, partial pressure, kPa
-]

Days

Fig. 3 Effect of coatings on headspace concentrations of CO; in fresh-
cut melon packages stored at 6 °C. The bars represent standard errors
of triplicate samples

that the enhanced CO, accumulation at the end of storage
could be affected by microbiological factors. Although
often overlooked, the production of CO,, ethanol, organic
acids, and volatile esters by spoilage bacteria and yeasts can
affect headspace atmosphere composition and sensory
quality of fresh-cut products (Jacxsens et al. 2003). In the
work of Luna-Guzman and Barrett (2000), the increase in
respiration rates observed in fresh-cut cantaloupes after
1 week of storage was assigned to the onset of microbial
spoilage, even though macroscopic decay was not yet
clearly visible at that stage. Furthermore, packaging in
antimicrobial chitosan-containing film prevented the in-
crease in respiratory activity and in headspace ethanol
content observed after extended storage of fresh-cut
cantaloupes and pineapples (Sangsuwan et al. 2008).

On the other hand, it could be seen that in alginate-coated
melons the change in atmosphere composition was
significantly greater than in the non-coated fruits, in spite
of their similar microbiological quality. This discrepancy
might be a sign of certain hypoxic stress in alginate-coated
melons due to restrictions in gas exchange. This hypothesis
was supported by the measurement of headspace concen-
trations of ethanol vapors, the volatile associated with
anaerobic fermentation. Previous studies demonstrated
ethanol vapor accumulation as a reliable marker of off-
flavor development in melons, with good correlation
between headspace ethanol level and off-flavor severity
(Fallik et al. 2005). The accumulation of ethanol followed a
similar trend to that found in CO, studies (Fig. 4).

Thus, the composition of in-package atmosphere
reflected the interaction of microbiological (microbial
spoilage) and physiological (hypoxic fermentation) factors.
In both aspects, the alginate coating had weak points,
providing no antimicrobial protection and obstructing the
gas exchange. Unexpectedly, applying chitosan over the
alginate layer improved the coating performance in both
directions. While the antimicrobial effect of chitosan was
anticipated, adding the chitosan layer also significantly
improved the gas exchange properties of the coating and

500

+=«0-+ Non coated
400 == Chitosan
== Alginate
300 == Alginate-Chitosan

200

Headspace ethanol, pL L

Fig. 4 Effect of coatings on headspace concentrations of ethanol
vapor in fresh-cut melon packages stored at 6 °C. The bars represent
standard errors of triplicate samples

@ Springer



1430

Food Bioprocess Technol (2014) 7:1424—1432

greatly alleviated the signs of hypoxic stress. Moreover,
LbL-coated melons demonstrated better gas-exchange
properties than both the melons covered with a single
chitosan coating and even the non-coated melon plugs.

Water Vapor Transmission Properties

Water loss studies strengthened our observations concerning
barrier properties of the coatings. In agreement with
literature data (Oms-Oliu et al. 2008), alginate coating
significantly increased the resistance of cut melon surface
towards water vapor transmission and reduced its weight
loss measured after 12 days of storage (Fig. 5). Chitosan
application also increased the WVR value determined
immediately after melon coating, but caused no significant
reduction of weight loss at the end of storage. This
discrepancy might be due to the poor adhesion of chitosan
layer to the melon surface that might partially peel off
and/or degrade during the extended storage. Vargas et al.
(2009) showed that efficacy of chitosan coating for weight
loss control in fresh-cut carrots depended on its adhesion to
produce surface.

While both alginate and chitosan monolayer coatings
enhanced the resistance of cut melon surface towards water
vapor, paradoxically their LbL combination resulted in
WVR decrease and enhancement of the water evaporation
(Fig. 5). The obtained results correlated well with the results
of atmosphere composition studies, revealing that alginate
had the highest barrier properties towards gases and water
vapor, while adding a second chitosan layer increased the
permeability of the obtained LbL coating, even when
compared with the non-coated cut fruit surface.

Possible explanation of these phenomena might be
related to the effect of coating materials on the properties
of the cut fruit surface. Cross-linking of anionic poly-
saccharides (alginate, pectin) with calcium results in the
formation of a layer with enhanced water holding capacity
that behaves as a dry “crust” on cut melon (Luna-Guzman
and Barrett 2000). Development of such a dry layer on a cut

EWVR

Weight loss

- -

Weight loss, %

Fig. 5 Effect of coatings on weight loss of fresh-cut melons after
12 days of storage at 6 °C and on water vapor resistance (WVR) on the
cut melon surface. Error bars represent 95 % t-based confidence
intervals
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melon surface would increase its diffusion resistance similar
to the situation described in soil science (Hide 1954; Ham
and Heilman 1991) when mass transfer takes place in the
depth of a substrate (at the interface between dry and wet
layers) rather than on its surface (the substrate—air
interface). Furthermore, similar phenomena can take place
on a surface of non-coated fresh-cut produce due to the
formation of a layer of dehydrated and structurally altered
dead cells (Simdes et al. 2010).

On the other hand, a layer of chitosan superimposed over
the alginate in the LbL system might swell under high
humidity conditions and act as a wick facilitating mass
transfer between melon tissues and air. Swelling and
transport properties of polyelectrolyte multilayer mem-
branes depend, among other factors, on the choice of a
capping layer (Miller and Bruening 2005). In examining an
alginate-chitosan membrane used in a pervaporation
process, Kanti et al. (2004) reported that a swollen and
plasticized upstream layer of the membrane allowed
unrestricted transport of feed components, while the
virtually dry downstream layer performed as a diffusion
barrier. Ito et al. (1997) demonstrated that absorption of
water vapor caused swelling of chitosan membrane,
enhancing its CO, permeability. Similarly, permeability of
chitosan-coated polyethylene film in moist air (RH 96 %)
compared to the dry one (RH 0 %) increased 1.85 times for
water vapor, 4 to 42 times for O,, and 5 to 238 times for
CO,, changing the film selectivity in favor of CO,
permeation (Kurek et al. 2012). As mentioned above, these
changes were accompanied by swelling of the chitosan
layer. Similar swelling was observed in our trials on the
surface of LbL-coated melon pieces giving them an
attractive succulent juicy appearance without a tacky touch.
In contrast, the non-coated or alginate-coated melon plugs
had a visibly dry matte appearance.

Thus, LbL-coated melons demonstrated better gas
exchange and water vapor permeability properties than
melons coated with a single alginate or chitosan coating and
even than the non-coated melons. As a payoff for greater
water vapor permeability, the LbL coating was found to
offer less protection against water loss. Nevertheless, a
higher percentage of water loss in LbL-coated melons did
not detract from fruit quality as can be seen from firmness
studies and was outweighed by the prevented off-flavor
development. In addition, the LbL coating imparted the
melon pieces an attractive, succulent, and juicy appearance.

Conclusions
In this report, we present the performance of the layer-by-layer

electrostatic deposition approach applied to a food model. Two
oppositely charged natural polysaccharides, alginate and
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chitosan, were utilized to coat fresh-cut melons. To the best of
our knowledge, this is the first report of LbL alginate—chitosan
edible coating in a food application.

While alginate and chitosan cannot be applied as a mixed
multicomponent coating, the LbL approach allows combining
beneficial properties of both polysaccharides. The adhesive,
inner alginate substrate resulted in a homogeneous and tight
coating and also improved fruit firmness. The outer chitosan
layer supplied potent antimicrobial protection against bacteria,
yeast, and molds and also inhibited product degradation
partially associated with microbial activity, such as the
formation of undesirable off-flavor volatiles and fruit
softening. All these benefits were achieved without the
addition of external antimicrobial agents. The LbL-coated
melons were much firmer than their uncoated or single-
component-coated analogues. A remarkable and unexpected
effect of the LbL strategy was the improvement of the coating
gas-exchange and water vapor permeability properties.

To summarize, the layer-by-layer electrostatic deposition
of edible coatings had clear benefits with regard to food
firmness, gas exchange, and microbiological protection.
The method is cheap, simple, and has applied potential. We
expect the present findings will contribute to the develop-
ment of rationally designed edible coatings that improve the
quality and safety of food products.
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