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The objective of the work was to improve the physical properties of caseinate (SC)-based coating by using a
thickening agent, guar gum (GG), and a solid fat phase, beeswax (BW). To this aim, the effect of GG, BW, and
surfactant concentration, varying the hydrophilic-lipophilic balance (HLB) values given by surfactant combi-
nation, on the physicochemical properties of the caseinate-based blends and film has been investigated. The best
formulation has been applied to strawberries to quantify the impact of the coating on respiration and transpi-
ration rates. The results showed that GG, BW, their interaction, and HLB affected the physical properties of the
sodium caseinate-based coating. The formulations most physically stable and containing small and uniform solid
BW particles were those with an HLB of 9.2. GG affected the viscosity of the blends, whereas the effect of
beeswax concentration on viscosity was very low. A 50% of reduction of water vapor permeability was obtained
by changing GG and BW concentration. The best formulation, containing 8% SC, 0.2% GG, 2% BW, and Tween
80 and Span 80 at HLB of 9.2, was able to reduce the respiration and transpiration rates of strawberries by 17%

and 40%, respectively, at 4 °C and relative humidity higher than 86%.

1. Introduction

Edible coatings or films are a promising preservation technology that
has shown favorable results in extending the fresh fruits and vegetables
(F&V) shelf life (Falguera et al., 2011; Otoni et al., 2017; Khan et al.,
2021). Casein and its derivatives have been extensively studied due to
their availability, low cost, and complete biodegradability. Sodium
caseinate (SC), obtained by acid precipitation of casein, has distinct
properties which make them highly suitable for biopolymer films, such
as high thermal stability, capability to form micelle, emulsification
capability, the ability to bind with small ions and molecules, the water
solubility and their high nutritional value (Hernandez-Izquierdo and
Krochta, 2008; Khan et al., 2021). Improved mechanical properties can
be obtained by blending sodium caseinate with polysaccharides (Perone
etal., 2014; Volpe et al., 2017). Moreover, including a hydrophobic lipid
compound into the composite material improves the water vapor barrier
of the resulting film/coating (Galus and Kadzinska, 2015; Galus et al.,
2020). For coating application on F&V, the viscosity is a critical
parameter to obtain a coating of adequate thickness and uniformity.
Based on the physical principles of a dip-plate coating, rheological
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properties of the solution is a critical parameter for coating composition
optimization (Cisneros-Zevallos and Krochta, 2003). For sodium
caseinate (SC) coating applied on fresh fennel, the thickness of the dry
coating ranged between 0.7 and 6.4 pm, respectively, for SC coating
with an apparent viscosity between 4 x 10> Pa - and 0.4 Pa- s (Val-
entino et al., 2020). Recent studies reported that for bio-based suspen-
sions with a shear-thinning behavior, a viscosity value at 1 s~! varying
from 0.02 to 2 Pa - s is suitable for obtaining suitable coatings for fruit
preservation (Fei et al., 2021; Sun et al., 2021). In addition, for dis-
persions-based coatings, the suspension stability and the particle size
dimension and distribution are additional critical factors affecting the
coating’s water vapor transmission rate. To prevent instability, droplets
must be stabilized by using surfactants both in the emulsion, to prevent
coalescence, and in the dispersion, to avoid Ostwald ripening and
sedimentation (Lindner et al., 2018). The non-ionic surfactants such as
span and tween are widely used for emulsion-based films and coatings
(Shamsuri and Siti Nurul, 2020); among them, tween 80, a hydrophilic
surfactant, and span 80, a hydrophobic surfactant, are generally used
together to reach the hydrophilic-lipophilic balance (HLB) required.
Their combination acts as an emulsifier, reducing the interfacial tension
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of each phase and achieving better interfacial packing (Han et al., 2011;
Zhang et al., 2019; Lindner et al., 2018). In a candelilla wax emulsion for
a coating application, surfactants with HLB values of between 11 and
13.5 produce the lowest particle diameter, a span of volume distribu-
tion, and flotation rate of particles (Lindner et al., 2018). In a more
recent study, only tween 80 (HLB of 15) was used as a surfactant in
sodium caseinate, candelilla and carnauba wax-based films (Galus et al.,
2020). Dispersion-based coatings are a very complex system, and their
physical properties must be optimized as a function of product
requirements.

Among fresh F&V, strawberries are very perishable product due to
the high respiration rate and the high susceptibility. Its deterioration
causes high depreciation in sales at retailing points (Lafarga et al.,
2019). Transpiration rate and respiration rate are the two physiological
parameters studied as physiological indicators to properly design a
package able to preserve the product quality (Sousa-Gallagher et al.,
2013; Bovi et al., 2018). Moreover, by reducing respiration rate and
transpiration rate is possible to retard product senescence and, in turn,
extend product shelf life (Jalali et al., 2020).

Thus, the objective of the work was to improve the physical prop-
erties of caseinate-based coating by using a thickener agent, guar gum,
and a solid fat phase, beeswax, to obtain a coating of adequate thickness
and with barrier properties able to control the respiration rate and
transpiration rate of fresh strawberries. To this aim, the effect of
beeswax, guar gum, and surfactant concentration, varying HLB values
given by surfactant combination, on the physicochemical properties of
the caseinate-based blends has been investigated. The critical parameter
affecting coating performance have been investigated, including their
viscosity, physical stability, particle size distributions, moisture sorption
adsorption behavior, and water vapor permeability of the obtained film.
Finally, the best formulation has been applied as a coating to straw-
berries to study its effect on respiration rate and transpiration rate.

2. Materials and methods
2.1. Materials

Sodium caseinate (SC), glycerol (GLY), tween 80 (T), span 80 (S),
and guar gum (GG) were purchased from Sigma-Aldrich & Co. (Milano,
Italia). Beeswax was purchased from Agraria Ughetto Apicoltura (Gia-
veno, Torino, Italia).

2.2. Preparation of biopolymer blend

SC solution with protein concentrations of 8.0% (weight (w)/volume
(v)) was obtained by dispersing SC powder in deionized water and
stirring continuously for 1.3 h at 90 °C; GLY was added as a plasticizer to
obtain a GLY/SC weight ratio of 0.1. Then GG (0.2% or 0.4% (w/v)) was
added under stirring for another 30 min at 90 °C. Next, BW (1% or 2%
(w/v)) and surfactants (0-0,5% w/v) at different T/S ratio (0, 1:3, 1:1,
3:1) were added, and the mixture was stirred in a double-walled reactor,
for 10 min a 90 °C, to allow the wax to melt. Surfactants were obtained
by mixing tween 80 (HLB 15) and span 80 (HLB 4.2), with HLB values
between 7, 9.2, and 12.5. The ratio BW:S was constant and equal to 4:1.
Emulsification of the hot sample was achieved using an Ultra-Turrax
T25 system (IKA-Werke, Staufen im Breisgau, Germany), running at
15,000 rpm for 5 min. The emulsions were stirred at a constant rate of
230 rpm until room temperature was reached so that the wax droplets
could solidify. Table 1 reports the composition of the studied samples.
The ranges of GG, BW, and surfactant concentrations were selected
based on previous studies (Avena-Bustillos and Krochta, 1993; Galus
et al., 2020).

2.3. Viscosity

The viscosity was measured using a stress-controlled rheometer
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Table 1
Formulations of the analyzed samples.
Samples Composition
T (%) S (%) T:S BW (%) GG (%)

12 0 0 0 1 0.2
22 0 0 0 1 0.4
32 0 0 0 2 0.2
42 0 0 0 2 0.4
5° 0.063 0.187 1:3 1 0.2
6" 0.063 0.187 1:3 1 0.4
70 0.125 0.375 1:3 2 0.2
8P 0.125 0.375 1:3 2 0.4
9¢ 0.125 0.125 1:1 1 0.2
10 ¢ 0.125 0.125 1:1 1 0.4
11°¢ 0.25 0.25 1:1 2 0.2
12°¢ 0.25 0.25 1:1 2 0.4
134 0.187 0.063 31 1 0.2
144 0.187 0.063 31 1 0.4
15¢ 0.375 0.125 3:1 2 0.2
169 0.375 0.125 31 2 0.4

T: Tween 80; S: Span 80; BW: Beeswax; GG: Guar gum; a: no surfactant; b-HLB: 7;
c¢: HLB = 9.2; d: HLB = 12.5.

(HAAKE MARS 40 Rheometer, Thermo Fisher Scientific, Waltham, MA,
USA) equipped with coaxial cylinders (30 mm outer diameter and 26
mm internal diameter). Steady shear tests were carried out at 15 °C by
increasing the shear rate from 0.1 to 100 s~ *. The experimental apparent
viscosity data as a function of shear rate were described by the Cross
model (Santos et al., 2016):

n= Mo (€8]

- N\ 11
e (7)

where y, is the critical shear rate for the onset of shear-thinning
behavior, 5, stands for the zero-shear viscosity, and n is the flow
index. Optimal viscosity values for coating application must be in the
range of 0.2-2 Pa - s (Fei et al., 2021; Sun et al., 2021).

2.4. Particle size distribution

The particle size distribution (PSD) was analyzed by using a laser
diffraction particle size analyzer (Mastersizer, Malvern Instruments,
Worcestershire, UK) equipped with a Hydro 3000 dispersion unit at
25 °C (dispersant medium: water; lens arrangement: reverse Fourier;
laser obscuration: 3-20%, depending on particle size dimension;
refractive indexes for the dispersant and the dispersed phases respec-
tively: 1.33 and 1.55). About 0.1 g of each sample was analyzed as such.
For each dispersion, two different replicates were analyzed and for each
replicate, 5-10 measurements were performed. The Sauter diameter
ds 2, and De Brouckere diameter d4 3 has been determined. Furthermore,
the widths of the volume and number distribution, referred to as span
and uniformity, respectively, were used to evaluate the polydispersity of
the particles. The criteria for samples selection for coating application
were the lowest diameter of particle and the lowest polydispersity.

2.5. Physical stability

The sample’s stability of all samples was evaluated by measuring the
backscattering (BS) of pulsed near-infrared light (wavelength of 880
nm) using a Turbiscan Tower stability analyzer (Formulaction, France).
Dispersions were placed into cylindrical glass tubes up to the height of
45 mm and scanned for 16 h at 30 °C to accelerate destabilization ki-
netics. The stability of samples was expressed using the Turbiscan Sta-
bility Index (TSI), which is defined as follow:

TSI — 2midaulscani () — scaniy (h)]

N, (2)
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where scan; (h) is the light intensity of the scan acquired at the i-th time
instant and a height of h, and Ny, is the number of height positions in the
selected scanning zone of the tube (top, centre, bottom or global)
(Cavella et al., 2020). TSI is a dimensionless number resulting by sum-
ming all occurring destabilization phenomena in the sample (sedimen-
tation, flocculation, aggregation, and creaming). The higher the TSI
value, the lower the stability. A TSI <1.5 was the criteria for
optimization.

2.6. Film-making procedure

Based on the previous criteria for optimization, formulations 9, 10,
11, and 12 were used to prepare films by casting. A volume of 5 ml of
each blend was poured into Petri dishes (area = 56.7 sz) and placed in
a circulating air system chamber (MMM Group, Planegg, Germany) at
30 °C and 50% RH overnight to allow the drying.

2.7. Color, thickness, and moisture content

The film’s color was determined as reported by Volpe et al. (2017)
using a colorimeter (Minolta Chroma Meter, CR 300, Japan). The Hunter
parameters L* (from 0 = black to 100 = white), a* (-a* = greenness to +
a* = redness), and b* (- b* = blueness to + b* = yellowness) were
measured and averaged from random positions of each film. Film
thickness was measured using a micrometer model H062 with a sensi-
tivity of 2 pm (Metrocontrol Srl, Casoria, NA, Italy). Five replications
were conducted for each sample treatment. Five measurements were
taken at random positions around the film sample.

2.8. Water vapor permeability

The water vapor permeability (WVP) of the films was evaluated as
reported by Volpe et al. (2017) using a gravimetric test according to
ASTM E 96 (1993) by means of Payne permeability cup (Carlo Erba,
Milan, Italy). The Water vapor permeability (WVP) was calculated at
20 °C and at 85% of RH, as:

X dm

WVP = Aedp) o 3

Where “dmvdt” is the slope of the weight curve with respect to time after
reaching the steady-state, x" is the thickness, “A" is the exposed area of
the film (9.89 cm?), "Ap" is the difference of water vapor pressure
through the film. Assuming that the pressure of the steam inside the cups
is equal to zero, due to the presence of silica gel, Ap is equal to the
pressure of the water vapor inside the dryer.

The criterion for coating selection was the lowest WVP.

2.9. Adsorption isotherm

The adsorption isotherm of films was determined by using a micro-
balance system (DVS dynamic vapor sorption Q500SA, TA Instrument,
New Castle, USA). The desired relative humidity (RH) was obtained by
mixing dry nitrogen with water vapor saturated nitrogen in determined
proportions. The microbalance system allowed the measurement of the
mass variation due to the uptake of water with an accuracy of 0.1 mg.
Film samples of about 1-2 mg were placed in aluminum cups, whereas
as a reference an empty aluminum cup was used. Each sample was
conditioned at 0% RH for an adequate time to achieve a constant weight
and then RH increased in steps from 5% to 95%. Film samples remained
in each step until the constant weight was reached (change of weight
<0.001% for 10 min). Measurements were conducted at 30 °C. The
equilibrium moisture content has been reported versus the water
activity.

The recognized Guggenhiem-Anderson-deBoer (GAB) equation (Eq.
(4)) was employed to fit the experimental data. This model was
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explained and rearranged as given below:

Yo my X C X a, @)
"(1-Kxa,)x(1-Kxa,+CxK xa,)

where my is the monolayer moisture content, a, is the water activity, C
and K are model constants (Villalobos et al., 2006).

2.10. Coating application and thickness estimation

Fresh strawberries fruit (var. Murano) harvested at the commercial
maturity stage were purchased from a local supermarket (Sole 365) and
stored at 4 °C before the test. Strawberries were qualitatively selected
based on color, size, and absence of defects to obtain a homogeneous
batch. Among formulations 9, 10, 11, and 12, formulation 11 was
selected for coating the strawberries. Each strawberry was dipped in the
coating dispersion for 2 min, then drained and finally dried. Fruits were
stored at test temperature for approximately 1 h to equilibrium to the
temperature before experiments.

To estimate the thickness of the coating on the product, the approach
reported by Valentino et al. (2020) has been followed. Considering a
truncated cone geometry for the strawberries, and taking into account
that the surface tension force is surpassed by the viscous and gravity
forces, the average liquid thickness (hayg) has been estimated as follows:

/2
qg 2 112]
hm‘ =—=—-K|— 5
A3 <ﬂgt> ®

where q was the coating volume (cm?’), A is the surface area of the
strawberries (cm?), 5 is the viscosity of the coating solution, Z is the
height of the strawberries (cm), p is the solution density, g is the grav-
itational acceleration, t is the draining time and K is the dimensionless
flow factor that can be experimentally determined by linear regression
of eq. (5) (Cisneros-Zevallos and Krochta, 2003).

The dry film thickness (Havg, pm) on strawberries at a given draining
time has been estimated as function of dry coating load (D, g cm™~2) and
calculated as:

Havg :&10 (6)
Pr
D, = pch,; 1000 @)

where p is the coating solution density (g cm™>), ¢ is the concentration of
solids in solution (g g™%), py is the dry film density (g em™3).

2.11. Transpiration rate and respiration rate measurements

To evaluate the transpiration rate, a weight loss technique as re-
ported by (Volpe et al., 2018) was used. Strawberries of approximately
14-20 g were placed separately in petri-dishes in jars. Relative humidity
within the jars was controlled by using saturated salt solutions of sodium
chloride, potassium chloride and potassium nitrate and pure water
giving 76%, 86%, 96% and 100% RH, respectively. The weight loss was
measured daily for 7 days using an analytical balance (Kern ADB 200-4,
Kern & Sohn GmbH, Balingen, Germany). Transpiration rate (TR) was
calculated from the changes in weight of strawberry over time:

 Mi—-M

0 (i)

TR ®

where TR is the transpiration rate in g kg~* h™!, M; and M are the initial
weight (g) and the weight of strawberry (g) at time t (h). As a control,
strawberries without coating were used.

The respiration rate was measured as reported by Volpe et al. (2019)
in a modified closed system. Strawberries (0.25 kg) were placed in steel
jars and equilibrated at temperature test (4 °C) prior start the test. The
free volume (V¢) was calculated as follow:
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Windows (SPSS, Milan, Italy). Duncan’s test was carried out to find the

114
Vf=V-=
p

Where V is the volume of jar (4000 ml), W and p are the weight (kg) and
the apparent density of strawberries (600 kg m~3), respectively. RO,
was calculated as follows:

_ (DO 4 1
ROZ_( dr ) * (W) 100

2.12. Experimental design and data analysis

(10)

To study the effect of surfactant, GG and BW on physicochemical
properties of firm forming solution, a full factorial design was used. The
surfactant’s levels were four; the GG level were two; the BW levels were
two (Table 1). Three replicates were performed for each experiment for
a total of 48 samples.

The effect of film composition (four levels) on the physical properties
of the film was studied. Three replicates were performed for each
experiment for a total of 12 samples. The effect of coating and relative
humidity on the transpiration rate of strawberries has been studied by
factorial design. Two were the levels of coating (absent/presence (the
optimal formulation)), and four the levels of relative humidity (76%;
86%; 96%; 100%). Three replicates were performed for each experiment
for a total of 24 samples. The effect of coating on respiration rate was
studied by t-test. The results are reported as the average of replications
of each sample and the results are expressed as mean =+ standard devi-
ation. Data were analyzed using variance by means in SPSS v17.0 for

source of the significant differences within the samples examined. Sig-
nificant differences were defined at p < 0.05.

Fitting of the rheological models was carried out by using the
Table curve 2D v 5.01 Systat software Inc, 2002. Different parameters of
PSD were estimated by Malvern software. The stability data were
analyzed by using the software package TowerSoft Ver 1.2 (For-
mulaction, France).

The root-mean-square error (RMSE) has been used as the indicator
for the accuracy of the fit of the model reported in equation (6):

Z(M" - er)z
n

RMSE = an

where M is the experimental value, M, is the predicted value, and n is
the number of data points.

3. Results & discussion
3.1. Film forming blend characterization

3.1.1. Particle size distribution (PSD)

The dispersions-based coatings properties depend on the particle size
of the dispersed phase: small particle sizes with a narrow distribution are
required to obtain stable dispersion and coating with a continuous
structure and enhanced barrier properties (Galus and Kadzinska, 2015).
Fig. 1 shows the effect of the coating composition on particle size dis-
tribution. Samples without surfactants presented three different particle
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Fig. 1. Particle size distributions of 16 formulations. a) formulations 1-4, without surfactants; b) formulations, with surfactants HLB 7; c¢) formulations 9-12, with

surfactants HLB 9.2; d) formulations 13-16, with surfactants, HLB 12.5.
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populations in a wide range of particle sizes (0.01-1000 pm) (Fig. 1 a).
The inclusion of surfactants (Fig. 1 b-c-d) reduced the particle size range
(0.1-1000 pm). Most of the wax particles are in the same particle size
range, except those reported in Fig. 1d. Overall, PDS curves mainly differ
for the presence of smaller and bigger particles, depending on formula
composition. Those results underline the difficulty of obtaining a ho-
mogeneous dispersion with a rotor-stator homogenizer (Galus et al.,
2020). The right HLB based on wax and gum formula content seems to
be crucial. To better compare samples for their granulometric charac-
teristics, in Table 2 the sample granulometric characteristics, in terms of
dpa,31, dr3,2), span, and uniformity are reported. The value of dj4 3) varied
a lot among formulations, from a minimum of 13 pm, for a formulation
with an HLB of 9.2 (sample 11), to a maximum of 112 pm, for a
formulation with an HLB of 12.5 (sample 13). However, ANOVA results
highlighted no significant difference among samples 1 to 12, which
assumed an average value of dp43; of 23,15 pm, whereas a wide vari-
ability was observed among samples 13, 14, 15, and 16, which had an
HLB of 12.5. On the contrary, The PSD parameters d[3 2] changed from
0.149 to 9.117 pm, but there is not a clear effect of formulation. The
inclusion of surfactants significantly reduced span and uniformity
values. Only samples with an HLB of 7 and 9.2 (samples 5-12) presented
very uniform and small particles. At fixed HLB, the PSD properties
depended on the GG and BW concentration. In fact, among samples with
HLB of 9.2, sample 9, having 0.2% of GG and 1% of BW, showed the
highest value of span and uniformity, whereas sample 11, containing
0.2% of GG and 2% of BW, showed the lowest value of span and uni-
formity. Thus, only samples 5, 6, 7, 8, 10, 11, and 12 have suitable
properties for coating application.

These results reflect that the PSD of an emulsion depends on several
formulation-related parameters (McClements, 2007), and even if it
could be predicted to a certain extent (Domian and Szczepaniak, 2020),
for complex systems, a deeper investigation is needed. For systems
containing sodium caseinate, beeswax, and gum, surfactants should be
included, because only sodium caseinate, even if it was reported its
emulsifying properties (Ma and Chatterton, 2021), was not able to
obtain small particles and a narrow particle size distribution (samples
1-4). Small amphiphilic anionic molecules (SAAM) tend to reduce the
particle size of the droplets in an emulsion, because they are rapidly
adsorbed onto the oil interface, and should prevent droplet
re-coalescence. Tween 80 and span 80 are surfactants used for
emulsion-based films (Shamsuri and Siti Nurul, 2020) and are both
SMAAM, but with a different HLB, which reflects their solubility in the
continuous phase and affinity for the droplets, so their usage depends on
the system’s properties (Espitia et al., 2019). In our study, they were
used in combination because, as reported in the literature, it is better to
combine two or more surfactants to reach a specific HLB than only one

Table 2

PSD parameters estimated from 16 samples.
Samples dpa,31 (pm) dp3,21 (pm) Uniformity Span
*beeswax 3.95 1.69 0.832 2.72
1 34.430°° 1.294° 10.185%¢ 27.763¢
2 33.600°" 1.143% 12.461¢ 34.889°
3 26.233% 0.809¢ 8.669%¢ 33.0224%
4 23.267%° 0.149* 9.093¢ 30.395%
5 18.810% 4.2474¢ 1.368° 3.313%
6 20.589%° 7.902" 1.667° 5.7322
7 22.980%° 4.416° 2.071% 3.570%
8 18.700% 9.117 1.1172 2.090%
9 26.167°° 0.711° 6.261° 19.855"
10 19.190% 7.6488" 1.559% 3.947%
11 13.650% 7.2758 0.966% 1.533%
12 20.243%° 1.277° 1.510° 41372
13 112.525° 3.8894 5.334" 5.797%
14 48.400 4.606° 2.284% 45572
15 35.590™ 5.161f 0.623% 2.047%
16 54.767¢ 1.375° 2.9912 6.442%
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(Hong et al., 2018).

Galus et al. (2020) reported that in a caseinate-based solution
without a thickener agent, a bimodal distribution for candelilla and
carnauba wax was observed, in the range of 3-13 pm. By including
tween 80 in the system, a reduction of 50% in particle size (dgg and dsg)
has been observed. However, it is important to reduce the particle size
but also to improve the uniformity of the particles, reduce the coales-
cence phenomenon or Ostwald ripening over time, and improve emul-
sion stability. If the solid particles inside a film-forming solution are
quite big and polydisperse, the resulting film and/or coating will be
probably heterogeneous, with a negative impact on its barrier properties
(Hopkins et al., 2015; Perone et al., 2014b).

Our results highlighted that particle size reduction of the droplets is
also affected by the continuous phase characteristics. Gum inclusion
should decrease the average droplet diameter and polydispersity
(Krstonosic et al., 2015). However, non-ionic gums, such as guar gum,
are unable to electrostatically interact with sodium caseinate due to the
absence of charge but can be added to improve emulsion stability (Ma
and Chatterton, 2021). In our case, the best guar gum concentration
depends also on the amount of fat phase for a specific HLB value.

3.1.2. Viscosity

Fig. 2 shows the viscosity curves of all the 16 samples, divided into 4
groups considering HLB values. For film-forming blends without sur-
factant (1a), increasing the guar gum concentration from 0.2% to 0.4%
corresponded to a higher zero shear rate viscosity, a narrower Newto-
nian zone, and a greater effect of the shear rate on the viscosity. Similar
behavior has been observed also for the samples with surfactants with
HLB 7 (1 b), and 12.5 (1 d), with samples with the highest guar gum
concentrations being more viscous than the others. The effect of
beeswax concentration on viscosity was very low. Viscosity curves of
samples 7 and 9 showed that aggregation/disaggregation phenomena
can occur at a specific shear rate. Blending the caseinate with another
polymer, such as high methoxyl pectin (Jahromi et al., 2020) or chitosan
(Volpe et al.,, 2017), determined a transition from Newtonian to
shear-thinning flow behavior. In our systems, the GG caused the same
transition. In fact, all the samples showed a non-Newtonian behavior,
explained by the role of the guar gum: it worked as a thickener to in-
crease the viscosity of the aqueous phase, forming a strong network.

Cross model well describes the rheological behavior of all the sam-
ples, and estimated parameters are reported in Table 3, with a very high
R2. The highest 7, value was observed for the sample 16, containing
0.4% of guar gum, 2% of beeswax and an HLB value of 12.5, followed by
formulation 12 with the same concentrations of both guar gum and
beeswax but different HLB (9); meanwhile, the lowest values corre-
sponded to formulations with the 0.2% of guar gum and 1% of beeswax,
with and without surfactants. The parameter y, seemed to be affected by
the beeswax content, but only for the formulations containing 0.2% of
guar gum. For those formulations, at the lowest beeswax concentrations
corresponded formulations with the highest y, values for which a more
evident Newtonian behavior was observed. Suspensions with an HLB of
9.2 (samples 9-12) presented comparable y, values. Flow index (n) did
not vary a lot among formulations.

3.1.3. Physical stability

In Fig. 3, the physical stability in terms of TSI global over 16 h of the
different formulations is reported. Results showed that formulations
with the lowest gum concentrations (0.2%) were more stable than the
other ones with 0.4% of gum, with TSI value ~ 1 during 16 h, with the
exception of the samples with HLB value equal to 9.2. These samples (9-
10-11-12) were equally stable with no guar gum or beeswax concen-
tration effect. This result can be explained considering that in an
aqueous medium, guar gum and sodium caseinate showed limited
compatibility and had a demixing tendency at higher concentrations,
resulting in a protein-rich and a polysaccharide-rich phase (Neirynck
etal., 2007). Thus, an excess of guar gum content resulted in a demixing
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Fig. 2. Apparent viscosity vs shear rate. a) formulations 1-4, without surfactants; b) formulations, with surfactants HLB 7; c¢) formulations 9-12, with surfactants HLB

9.2; d) formulations 13-16, with surfactants, HLB 12.5.

tendency of the formulation (Neirynck et al., 2007). However, different
destabilization mechanisms will occur in an emulsion system, consid-
ering biopolymer compatibility, oil phase content and surfactants (Ma
and Chatterton, 2021). In fact, the right choice of the HLB value was the
most important parameter affecting the stability of an emulsion system.
Moreover, results showed that stability is less affected by the particle
size distribution, even if it is known that a smaller particle size emulsion
usually meant better physical stability in film-forming solutions (Martin
etal., 2018). Thus, TSI results seem to be not highly correlated with PSD,
but it is possible that for some systems phenomena of re-coalescence
have taken place during dispersion cooling and were not revealed by
this analysis, but mainly by PSD results. In conclusion, based on the
results, samples with an HLB of 9.2 were selected for their physical
stability and their optimal PSD properties (narrow and small particle
size distribution of the fat phase). Those samples were used to prepare
films.

3.2. Film properties

3.2.1. Color, thickness and moisture content

The optical property of a film is an important quality factor; it can
affect the consumer acceptability and the appearance of a product.
Table 4 shows the color properties (L*, a* and b*) of the films. No sig-
nificant differences (p < 0.05) were observed for the parameter L*. The
colorimetric parameters a* and b* are affected by the concentrations of
GG and BW; in particular, the value of a* significantly increased (p <
0.05) from a value of 0.83 + 0.03 to 1.88 + 0.01, suggesting that the
more concentration of GG and BW there is, the greener films become.
Also, the colorimetric parameter b* increased with the increase in GG
and BW, ranging from a value of 5.6 + 0.2 to 8.9 £ 0.1, leading to a
more yellow film. The total color difference (AE) increased from sample
9 to 12; in particular, with higher concentration of wax, greater total
color differences were observed. Similar results were reported by Muscat
et al. (2013) for high-amylose starch films prepared with beeswax and
carnauba wax. Also, Galus et al. (2020) found that the incorporation of
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Table 3
Mean (+ standard deviations) of 5, ,7,, and n values estimated from 16 samples
and R2 of the model.

Samples 1o (Pa's) 7. 7Y n R?

1 0.14 + 0.014 60.94 + 9.11° 0.49 + 0.10" 0.96 + 0.03
2 0.77 + 0.07°F 3.44 + 0.36" 0.47 + 0.02% 0.98 + 0.01
3 0.20 + 0.02"8 27.78 + 11.58°¢ 0.54 + 0.05"8 0.99 + 0.00
4 0.96 + 0.09" 3.07 + 0.03* 0.44 + 0.03" 0.98 + 0.01
5 0.13 + 0.02% 100 + 0.00% 0.45 + 0.32% 0.83 + 0.07
6 1.74 + 0.04 3.27 + 0.09* 0.38 + 0.01* 0.99 + 0.00
7 0.58 + 0.11€ 0.28 + 0.30* 0.74 + 0.02% 0.98 + 0.01
8 1.18 + 0.19¢ 4.05 + 1.16" 0.50 + 0.04* 0.99 + 0.00
9 0.36 + 0.00® 5.32 + 0.72% 0.59 + 0.02"8 0.98 + 0.00
10 1.28 + 0.00°"  3.05 + 0.07% 0.57 + 0.00"®  0.99 + 0.00
11 0.27 + 0.00%8 4.37 4+ 0.00" 0.69 + 0.00"8 0.98 + 0.00
12 1.48 + 0.05" 2.74 + 0.21* 0.43 + 0.01* 0.99 + 0.00
13 0.24 + 0.00%8 21.69 + 1.485¢ 0.46 + 0.02" 0.98 + 0.00
14 0.91 + 0.02%F 4.95 + 0.15* 0.43 + 0.01* 0.99 + 0.00
15 0.35 + 0.028 11.79 + 2,384 0.52 + 0.00"8 0.98 + 0.01
16 2.44 + 0.15’ 0.16 + 0.04* 0.58 + 0.01%8 0.99 + 0.00

waxe affected the AE parameter.

Film thickness values are reported in Table 4 it assumed the value of
0.036 £+ 0.005 mm and 0.081 + 0.005 mm, respectively, for the film
with the lowest concentration of GG (0.2%) and BW (1%) and the
highest concentration of GG (0.4%) and BW (2%). In agreement with
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previous results (Giancone et al., 2008; Perone, Torrieri, Cavella and
Masi, 2014; Volpe et al., 2017; Valentino et al., 2020), the thickness is
mainly affected by the solid surface content. Thus, as the GG and BW
increased, the thickness increased. Its effect is weaker at higher con-
centrations of wax and gum. The thickness of sample 9 is very similar to
those found by Valentino et al. (2020) for the only SC at 8%. The
moisture content of films, equilibrated at 50% of RH, changed from a
minimum of 7% to a maximum of 8.7% as function of composition.
Samples with high concentration of BW showed the lowest moisture
content.

3.2.2. Water vapor permeability

The water vapor transmission rate (WVTR) and water vapor
permeability (WVP) values are reported in Table 4. No significant dif-
ferences (p < 0.05) were observed in terms of WVTR for samples 10, 11,
and 12, which assumed an average value of 73 + 16 g m~2 day .
Sample 9 had the highest WVTR value, equal to 166 + 0.4 g m~2 day .
Comparing the films in terms of WVP, samples 10 and 11 had better
water vapor barrier which assumed an average value of 3 x 10711+0.8
x 10711, Sample 9 showed the highest value, equal to 7.0 x 107 1+0.3
x 1071 g m~! sec™! Pa~l. This result showed that although BW con-
centration usually plays a fundamental role in the reduction of water
permeability, due to its hydrophobicity, for a complex system the water
vapor permeability does not depends only on the hydrophobicity of the
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Fig. 3. Global Turbiscan stability index (TSI) vs time. a) formulations 1-4, without surfactants; b) formulations, with surfactants HLB 7; c¢) formulations 9-12, with

surfactants HLB 9.2; d) formulations 13-16, with surfactants, HLB 12.5.

Table 4

Colorimetric parameters (L", a”, b?, AE), thickness, moisture content (MC) and water vapor barrier properties of films obtained from samples 9, 10, 11 and 12.

Samples L? a’ b AE Thickness (mm) MC WVTR (g m~2 day ™) WVP (x10711)
% (gm'sec'Pal)
9 95.6 + 0.3° 0.83 + 0.03¢ 5.6 + 0.2° 42409 0.036 + 0.005 8.7 166 + 14° 7.0 + 0.3
10 95.1 + 0.2% 1.15 + 0.07° 6.7 +0.1° 5.4+0.6 0.076 + 0.005" 8.4 59 + 172 2.7 + 0.7
11 95.2 + 0.5% 1.43 + 0.07° 8.2+ 0.2 7+1 0.068 + 0.005¢ 7 75 £ 172 3.4 £ 0.9%
12 95.61 + 0.06" 1.88 + 0.01? 8.9 +0.19 7.5+ 0.7 0.081 + 0.005¢ 7 86 + 15° 41 +0.6°

# Measured after equilibrium at 50% of relative humidity.
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used additive. It depends on the structure of the film which is a function
of the interaction among all the components. At a low percentage of BW
in combination with a low percentage of GG (sample 9) the barrier
properties of the film were very high, and like that of the film obtained
with only sodium caseinate at 8%, prepared in the same conditions
(Valentino et al., 2020). This result can be explained by the low uni-
formity of the system which affects the structure of the film (Perone
et al., 2014a). This result agrees with Galus et al. (2020) who reported
that the carnauba or candelilla wax dispersed in 8% of SC at a concen-
tration of 0.5% or 1% did not significantly affect the WVP of the film that
assumed values ranged from 3.66 + 0.12 x 1071° to 2.66 + 0.27 x
1071% g m™! sec ™! Pa~! at 50% of RH. Sample 12 showed higher WVP
than sample 10, even if it has a higher concentration of BW. This can be
justified by the more difficult dispersion of the BW in a system with a
high GG concentration. This result agrees with Avena-Bustillos and
Krochta (1993) who found that the BW was able to reduce the water
vapor permeability of a caseinate dispersion up to a concentration of 2%
because for higher concentration it was difficult to disperse the BW into
the caseinate dispersion. Nandi and Guha (2018) showed that WVP of
the film obtained by potato starch and GG increased with guar gum and
glycerol content. The authors justified the results considering the hy-
drophilic nature of guar gum, which facilitated the water molecules to
make bonds with the active site of the polymer chain and thus, created
microcavities. However, as reported by Alizadeh-Sani et al. (2020),
when SC is blended with GG, the WVP of the obtained films decreases as
a function of SC concentration, due to the decrease in the free volume
and the resulting reduction of water vapor diffusion in the blended
system. However, for an emulsion system, WVP is influenced by the
interaction between components. Our result showed that the lowest
values of WVP were obtained with formulations 10 and 11, which have
1% and 2% of BW and 0.4% and 0.2% of GG, respectively.

3.2.3. Adsorption isotherm

The moisture adsorption isotherms of films obtained from samples 9,
10, 11, and 12 are reported in Fig. 4. All curves showed a sigmoidal
shape, characteristic of type III isotherms, which are typical of most
biopolymer materials (Fabra et al., 2010; Muscat et al., 2013; Volpe
et al., 2017). This type of isotherm absorbs low amounts of water at low
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Fig. 4. Equilibrium moisture sorption isotherm for films obtained from for-
mulations 9, 10, 11 and 12.
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ay and higher amounts of water at high a,,. The adsorption of water
takes place in the monolayer zone at a,, <0.2. In the a,, region between
0.2 and 0.65, the water is absorbed in the multilayer; at a,, >0.65 the
water absorbed corresponds to the condensation of water in the pores of
the film. Samples 9 and 10 showed the highest amount of water absor-
bed at 0.95 a,, with a moisture content value of 0.64 gwatergdryﬁlm’l and
0.62 gwatergdryﬁlm’l respectively, whereas samples 11 and 12 assumed
moisture content values of 0.52 gwatergdryﬁlm’l and 0.55 gwatergdryﬁlm’l,
respectively. In Table 5 GAB model parameters are shown. The value x,
corresponds to the moisture content in the monolayer; it is evidence of
the quantity of water that can be bound to a single layer per gram of dry
film. The lowest monolayer values were obtained for samples 11 and 12
(0.047 and 0.049 gwatergdryﬁlm’l, respectively) while the highest values
were observed for samples 9 and 10 (0.055 gwatergdryﬁlm_land 0.053
gwatergdryﬁlm’l, respectively). The increase in the monolayer moisture
content could be attributable to the greater number of sites available for
water adsorption; this result may be related to the low concentrations of
BW in samples 9 and 10 compared to 11 and 12, which lead to the
change in the overall hydrophobicity of the matrix. The sorption energy
constant C is related to the measure of the strength of binding of water to
the monolayer. The larger C, the stronger the water-substrate interaction
is in the monolayer, and the larger the difference in enthalpy between
the monolayer molecules and multilayer molecules (Cui et al., 2020;
Fabra et al., 2010). It seems that for sample 9 the water-substrate
interaction is slightly stronger in the monolayer. The parameter k is
related to the heat of the multilayer sorption; when it is close to one,
there is no distinction between the molecules in the monolayer and
liquid molecules (Quirijns et al., 2005). In our results, constant k
approached 1 for all the samples. C and k parameters were in the same
range as the value reported by Villalobos et al. (2006) for HPMC films
containing surfactant mixtures of sorbitan monostearate and sucrose
palmitate. Overall, the presence of lipids allowed to reduce the water
sorption since the beeswax corresponds to a fraction of solid with small
uptake of water. These results agree with Fabra et al. (2010) that found
that BW seemed to inhibit the water sorption capacity of the sodium
caseinate matrix probably due to the promotion of hydrophobic in-
teractions between lipid and protein. In our case the amount of BW (1%
or 2%), affected the water sorption; indeed, formulations 11 and 12
showed lower water absorbed at the equilibrium state compared to
formulations 9 and 10, most likely due to the higher concentration of BW
(2%). With the same amount of BW, the GG concentration seemed to
promote the water binding, due to a large number of hydrophilic groups
present in their structure. Based on the above results, sample 11 was
selected as the one with the best properties in terms of stability, PSD, and
WVP.

3.3. Coating thickness, transpiration and respiration rates of strawberries

The average liquid thickness (hayg) and the dry coating thickness
estimated on strawberries (Hayg) were found to be 63 & 8 ym and 4,5 &
0.6 pm, respectively. Valentino et al. (2020) reported that for SC at 8%,
the average dry coating thickness on fennel was 2 pm. Thus, blending
sodium caseinate with other polymers, allowed to increase the viscosity
of the solution and the thickness of the coating on the product. The
thickness of the coating on the fruits depends also on the wettability of
the coating solution on the fruits (Park, 1999). As reported by Ribeiro

Table 5
GAB Estimated model constant for films obtained from samples 9, 10 11 and 12.
Model parameters Samples
9 10 11 12
mg 0.055 0.053 0.047 0.049
C 5.8 4.9 5.1 4.3
k 0.964 0.964 0.960 0.961
RMSE 0.205 0.330 0.156 0.148
R? 0.9998 0.9995 0.9998 0.9999




N.A. Miele et al.

et al. (2007), because the strawberry surface is very irregular, the
wettability is optimized for liquids with a contact angle below 90°, that
is for hydrophilic material. Thus, the results showed that due to the
hydrophilic nature of the coating and the viscosity of the solution, the
solution was able to form a thin layer of film on the product.

The transpiration rate results are shown in Fig. 5a. In all experi-
mental conditions, the weight of strawberries decreased over time for all
the samples; TR ranged from 0.03 to 0.09 g kg~! h™! overall the com-
binations of RH studied. Higher values were found at 76% of RH, equal
to 0.09710.02 and 0.0710.01 g kg~ h™., for the control and coated
sample, respectively. At 76% RH, no differences were observed between
the coated and uncoated samples. By increasing the RH to 86% and 96%
the coating was able to reduce the TR by about 40% and 50%, respec-
tively. Thus, when strawberries are stored at relative humidity higher
than 86%, the coating provides a semipermeable layer, able to restrict
the moisture transfer from the interior of the strawberry to the
environment.

These values of TRs of strawberries are much lower than those found
by Sousa-Gallagher et al. (2013) for single uncoated strawberry, having
a range of 0.24-0.7 g kg~' h™! at 5 °C at the same range of RH, and by
Bovi et al. (2018) which reported TR values ranged from 0.13 to 0.7 g
kg~' h™! at 4 °C at the same range of RH. The differences in TR because
the TR is a phenomenon product or commodity-dependent; in fact, it is
affected by several factors, such as maturity stage, cultivar, the surface
to volume ratio, morphological characteristics etc. The respiration rate
results are shown in Fig. 5b. The uncoated and coated samples showed
consumption of Oy of 46 + 3 ml kg™ h™! and 38 + 3 ml kg™! h ™2,
respectively. Thus, the coating was able to reduce the respiration rate of
strawberries by 17%. Velickova et al. (2013) reported that the addition
of beeswax in the chitosan biopolymer, as a separate layer or as a
component of the composite coating, significantly reduced the respira-
tion rate and weight loss of strawberries. It is important to consider that
also respiration may impact water loss. Indeed, respiration produces
metabolic heat, which can increase the water lost in transpiration (Volpe
et al.,, 2018; Rux et al., 2015).For most commodities a weight loss of
3-10% is not acceptable, because the product loses its marketability; for
strawberries, the water loss at which the product becomes unsalable is
6% (Ben-Yehoshua et al., 1998). Thus, the coating should avoid an
excessive water loss, which leads to a reduction in the shelf life. This can
be obtained by reducing the transpiration rate.

4. Conclusion

The caseinate-based coating formulation can be properly optimized
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by blending it with guar gum and beeswax. Optimization of coating
composition required a deep investigation of the physical properties of
the dispersion system and the obtained film to reach the required
coating properties. Emulsifiers were needed to assure coating stability
and HLB played a fundamental role in the stability as well as uniformity
and size of the lipid phase in the film-forming blends, by using the same
emulsion preparation process. Thus, the HLB has to be properly chosen
for the type of lipid and the composition of the film-forming blend. In
our case, an HLB of 9.2 was necessary to obtain stable formulations with
small beeswax particles, uniformly distributed, and an adequate vis-
cosity. Moreover, only the formulation contained 8% SC, 0,2% GG, and
2% BW showed the lowest hydrophilicity and highest barrier property
against water vapor. The optimized coating reduced transpiration and
respiration rate of strawberries by 40% and 17%, respectively, at 4 °C
and high relative humidity (>86%).
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