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Abstract: Due to its favorable structural properties and biocompatibility, alginate is recognized as a
suitable versatile biopolymer for use in a broad range of applications ranging from drug delivery,
wound healing, tissue engineering, and food formulations such as nanodispersions. Rheological
analysis plays a crucial role in the design of suitable nanoemulsion based coatings. Different
essential oil and alginate nanodispersion compositions stabilized by Tween 80 were analyzed for
rheological and conductometric properties. The results confirmed that the nanoformulations shared a
pseudoplastic non-Newtonian behavior that was more evident with higher alginate concentrations
(2%). Nanodispersions made of alginate and essential oil exhibited a slight thixotropic behavior,
demonstrating the aptitude to instantaneously recover from the applied stress or strain. Oscillatory
frequency sweep tests showed a similar fluid-like behavior for 1% and 2% alginate nanodispersions.
Finally, it was demonstrated that advantages coming with the use of the essential oil are added to the
positive aspects of alginate with no dramatic modification on the flow behavior.
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1. Introduction

Alginates are abundant in the environment since they are present both as a structural component
in marine brown algae, and as capsular polysaccharides in soil bacteria. Alginate is recognized
as a versatile biopolymer used in a broad range of applications [1-5]. Alginate is a linear binary
copolymer made of blocks of mannuronic acid (M) and guluronic acid (G), covalently linked together
in different sequences. This anionic polyelectrolyte, due to its ability to form different types of
gel has exclusive properties compared to other neutral macromolecules. Alginate in a hydrogel
form has been particularly attractive in drug delivery, wound healing and tissue engineering
applications [6]. Further applications have also been developed due to the favorable structural
properties and biocompatibility sharing technological relevance as gelling agent in the food, cosmetic
and pharmacological industries [7].

Among the new trends of the food industry, the interest in ready-to-eat fresh products like fruit
and vegetables is increasing. To guarantee the safety of this kind of product, different strategies
have been proposed [8], like storage in modified atmospheres, the use of active packaging and the
application of edible coatings onto the fruit surface. Each of the proposed strategies is oriented to
preserve product appearance and freshness. Minimal processing operations like peeling and cutting,
could alter the integrity of foodstuff bringing about negative effects on products such as enzymatic
browning, production of off-flavors or texture breakdown [9]. The application of edible coatings or
films could be classified as a mild technology that allows the extending of food product shelf life
without affecting its original characteristics. Alginate-based edible coatings have been successfully
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used to preserve postharvest quality of fruits and vegetables [10-12]. To date, the importance of this
polymer has been highlighted because of its involvement in food technologies as a nanoformulation
ingredient [13,14]. Nanoformulations, nanoemulsions or nanodispersions represent a strategy to
solubilize lipophilic ingredients in aqueous media and to design new products with an enhanced
functionality [15]. Nanodispersions like 0il in water (nanoemulsions) enable the improvement of
physical stability and performance of active lipophilic ingredients within a hydrophilic edible coating,
give the possibility of enhancing quality and/or nutritional value of food products [16-19]. Typically,
the dispersed phase of oil in water nanoemulsions is made of oil droplets and the addition of a polymer
like sodium alginate in the continuous phase, this makes these systems more stable because alginate
acts as a thickening agent.

The use of nanoemulsions in the field of food-grade packaging plays an important role because
it promotes the development of a new generation of active edible coatings, that can conjugate the
structural properties of the polyelectrolytes in the continuous phase with the characteristics of the oil
fraction that provides a partial barrier to moisture loss and allows the solubilization of active lipophilic
compounds. Moreover, if oils with outstanding properties, like essential oils, are used as oil phase the
features of the essential oil, like the antimicrobial and antioxidant characteristics, will be added to the
edible coating [16].

Rheological analysis plays a crucial role in the design of suitable coatings. The study of interconnected
parameters is useful to foresee or develop performances of the analyzed materials. [20-22]. Generally,
the viscosity of an emulsion is strongly dependent on the concentration of the dispersed phase [23],
and for such systems the relative amounts of polymer and oil phases become a key development issue in
influencing the rheological properties of a nanoemulsion [24].

In the present study different nanodispersions have been prepared and characterized to analyze
the rheological properties of formulations having alginate 1% or 2% in the continuous phase and
essential oil concentrations varying from 0% to 2%. Considering the use of alginate as edible coating,
the goal of this investigation was to understand how the essential oil dispersion in alginate suspension
affects the structural and fluid behavior.

2. Materials and Methods

Materials: Food-grade sodium alginate was purchased from Farmalabor, Tween 80 was purchased
from Sigma Aldrich, lemongrass (Cymbopogon nardus) essential oil (100%) was purchased from Erbamea
(Lama di San Giustino, PG, Italy).

Nanodispersions preparation: Dispersions made of different concentrations of sodium alginate
(1-2% w/v) were prepared by dissolving polyelectrolyte powder in a water bath at 70 °C through
gentle stirring with a magnetic bar. Nanodispersions were prepared using sodium alginate dispersion
(1 or 2% w/v) as the continuous phase and lemongrass essential oil (EO) at different concentrations
(0, 0.5, 1, 2% v/v) as the dispersed phase. All the nanodispersions were stabilized by Tween 80
(1% v/v). Coarse emulsions were prepared by mixing the aqueous phase with EO and Tween 80 using
a laboratory mixer, T25 digital Ultra-Turrax, working at 24,000 rpm for 4 min. All the emulsions were
then sonicated using an Ultrasonic Homogenizer (Model 300 VT) for 1 min at 120 W with 50% pulsed
frequency to reduce particle dimensions.

Rheological ~ characterization: ~ Rheological measurements of alginate suspensions and
nanodispersions were made through a rotational rheometer, Haake MARS III (Thermo Scientific,
Karlsruhe, Germany) two days after their preparation.

All rheology measurements were made using a 60-mm diameter parallel plate geometry (PP60).
The temperature was controlled by a Peltier system in combination with a water bath system (Phoenix
II, Thermo Scientific, Karlsruhe, Germany). The samples (2.9 mL) were carefully poured onto the
surface of the lower plate and the upper plate was lowered to 1 mm gap distance. Before testing,
samples were left equilibrating for 10 min to allow for mechanical and temperature equilibrium.
Flow curves were made in control rate mode (CR) varying the shear rate (0.1-150 s~ 1) at 25 °C.
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Frequency sweep tests were carried out using a fixed shear stress from the linear viscoelastic
(LVE) range previously determined (through amplitude sweep measurements), and in a frequency
range from 0.01 to 100 Hz.

Thixotropy curves were obtained through hysteresis loop experiments carried out in three steps:
(1) rotational CR test with the shear rate varying from 0 to 100 s~ 1in 100 s; (2) plateau curve at the
maximum shear rate (100 s~ 1) for 30 s; (3) downward curve from 100 to 0 s~! in 100 s.

Conductivity measurements: Conductivity values were recorded using a CDM230 conductivity
meter (Radiometer Analytical) equipped with a two-pole conductivity cell tailored for small volumes
(CDC 749), calibrated with a standard solution of KC1 1 x 102 M. The conductivity was measured
at25°C.

3. Results and Discussion

Food grade nanodispersions were prepared by mixing different concentrations of lemongrass
essential oil with suspensions containing either 1% or 2% alginate. The effect of the oil mixing with
alginate was measured with ionic conductivity. Figure 1 illustrates the conductivity values according
to variations of essential oil concentration in 1% and 2% alginate dispersions. Shown in the graph,
the conductivity of the dispersions decreases with the oil content increase. Among the nanodispersions,
alginate, being a polyelectrolyte, is the only one bearing charges and as can be seen from Figure 1,
the ionic conductivity of the nanoemulsions based on 2% alginate was higher than conductivity at
1% alginate. However, the addition of essential oil was able to reduce the alginate charge mobility,
regardless the alginate concentration.

From these results, the relevance of the amount of polymer that influences the phase behavior of
the system appears obvious. Such changes in electrical conductivity can be interpreted as a consequence
of polymer-induced increase in connectivity of aqueous domains [25]. These results indicate that the
hydrocolloid and the lipid fraction interact with each other.
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Figure 1. Jonic conductivity as function of lemongrass essential oil concentration. Nanodispersions
having 1% and 2% alginate as continuous phase are represented with black and blue
symbols, respectively.

The rheological behavior was investigated according to the increasing oil concentration through
both rotational and oscillatory tests. Native alginate suspensions (without oil and surfactant) exhibited
a non-Newtonian pseudoplastic behavior (data not shown) showing shear rate dependence of
the apparent viscosity. As reported in Figure 2A,B, an analogous behavior was observed for the
alginate/essential oil nanodispersions. The flow curves of all the o/w nanodispersions showed the
apparent viscosity values decreasing along with the shear rate increase. In the insets of Figure 2,
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the shear stress values as a function of the shear rate are reported. Apparent viscosity curves for
1% alginate nanodispersions (Figure 2A) presented a small increase for essential oil content of 0.5%
(A1-EO 0.5) and overall, the values measured were one order of magnitude smaller than the values
of the 2% alginate nanodispersions (Figure 2B). Among the nanodispersions made with 2% alginate,
loading 1% of essential oil (A2-EO 1) gave the lowest viscosity values.
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Figure 2. Apparent viscosity curves of alginate/lemongrass essential oil nanodispersions as a function
of the shear rate. Nanodispersions having 1% and 2% alginate as the continuous phase are represented
with black (A) and blue (B) symbols, respectively. Insets of (A) and (B) are the flow curves (shear stress
as functions of the shear rate) for nanodispersions based on 1% and 2% alginate.

Flow curves of all the nanodispersions were fitted to the Ostwald-de Waele model [26,27]

according to Equation (1):
T=ky" (1)

where T is the shear stress (Pa), y is the shear rate (s 1), k is known as the consistency index (Pa x s™)
corresponding to the fluid consistency and # as the flow behavior index (dimensionless number).
When the value of n equals 1 the fluid behaves as a Newtonian fluid and the consistency index will
coincide with the viscosity value, for n values smaller than 1 the fluid is considered a shear thinning
or pseudoplastic fluid; for n values higher than 1, the fluid rheogram will show the behavior of a
shear thickening or dilatant fluid. The values of the consistency and flow indices, calculated from the
flow curve for all the nanodispersion systems at either 1 or 2% of alginate, are shown in Figure 3A,B,
respectively. As shown, the flow index values are all smaller than 1, indicating a deviation from
the Newtonian behavior that was higher for 2% alginate based nanodispersions. On the other hand,
the trend observed for the viscosity values is replicated in the trend seen in the index of consistency
values. These values indicate that the flow behavior of the nanodispersions was more influenced by
the hydrocolloid concentration than by the o0il content. This aspect together with the shear thinning
behavior is important since the continuous phase prevents the creaming phenomena.
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Figure 3. Consistency index (A) and flow index (B) as function of the nanoemulsion oil content
calculated by fitting the nanodispersion flow curves to the Ostwald-de Waele model. Nanodispersions
at 1 and 2% of alginate are represented with black and blue dots, respectively.

A relevant aspect regarding the handling of fluids is their time dependent behavior that can
result in a thixotropic (viscosity decrease) or rheopectic (viscosity increase) response to shearing
time. A common method for studying the thixotropic behavior of fluids like paints and coatings is a
loop experiment including a Controlled Rate (CR) ramp up from low to high shear rates (structure
breakdown), followed by a steady shear rate phase at the highest shear rate and a CR ramp down to
a zero shear rate (structure recovery). For thixotropic materials the difference in the area defined by
the upward and the backward curve is the hysteresis area that represents the energy to breakdown
the fluid structure. A non-thixotropic material would exhibit identical viscosity curves for ramp up
and ramp down and therefore no hysteresis area. This kind of material recovers instantaneously
from an applied stress or strain. The larger a hysteresis area the more a material is considered as
thixotropic. The nanodispersions made of alginate 1% and 2% and essential oil (varying from 0 to
2%) all exhibited slight thixotropic behavior as shown in Figure 4, and therefore it can be claimed
that the nanodispersions viscosity is barely time dependent, but it is mostly a function of shear
rate and temperature. This means that the nanodispersions have a fast structure recovery. A very
similar thixotropic behavior was previously observed on aqueous suspensions of alginate at different
concentrations [26].
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Figure 4. Curves of hysteresis loop at 1% and 2% alginate (black and blue symbols respectively) and
essential oil concentration ranging from 0 and 2%.

To gain a better understanding of the nanodispersion structures, rheological oscillatory analyses
were carried out. Frequency sweep tests, performed within the linear viscoelastic region of each
fluid, enabled the determination of the viscoelastic behavior in a frequency range from 0.1 to 100 Hz.
As shown in Figure 5A,B, the storage modulus (G”) and loss modulus (G”) were both increasing
along with the frequency applied to either 1% or 2% alginate dispersions. The high frequency
zone of the mechanical spectra corresponds to short-time behavior that is simulated by the rapid
motion, while, the low frequency side, characterized by a slower motion, simulates the long-term
behavior. The nanodispersions considered had G” values higher than the G” values, particularly
at low frequencies. Additionally, the G’ and G” moduli approached each other at high frequency,
indicating that the viscous-like behavior dominated, even if in the short term, the dispersions become
less liquid-like.
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Figure 5. Dynamical oscillatory frequency sweep test curves for alginate/lemongrass essential oil

nanodispersions. Storage modulus (G’) and loss modulus (G”) of 1% alginate nanodispersions (A) are

shown with black and grey symbols respectively. G’ and G” of 2% alginate nanodispersions (B) are

represented with dark blue and light blue symbols, respectively.

By comparing the elastic moduli G of nanodispersions prepared with 1% (Figure 5A) and

2% alginate (Figure 5B) it was evident they were more frequency dependent using 1% alginate
nanodispersions, showing it provided a more fluid-like material compared with the samples containing

2% alginate.
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Overall the rheological investigation on alginate-based nanodispersions has demonstrated that
the nanodispersions studied had similar flow properties to the parent alginate suspension free from oil.
This shows that the positive features of alginate in the continuous phase were added to the advantages
given by the addition of essential oil, with no dramatic modification on the flow behavior.

The practice of coating food products involves the formation of a protective layer on the surface
avoiding draining or dripping phenomena to ensure the realization of a continuous film. To achieve
this, a step of gelation of the coating on the food surface is usually provided. In this regard, alginate
is known for its gelling properties, in the presence of divalent cations (like calcium ions). Therefore,
considering the similar properties shown by the alginate and essential oil enriched nanodispersions
proposed here, similar gelling aptitudes are also expected for the latter.

4. Conclusions

In this study the rheological and conductometric properties of nanodispersions based on alginate
and lemongrass essential oil were determined and analyzed. Different alginate and essential oil
concentrations were considered. A small variation on the ionic conductivity was observed by adding
up to 2% oil to the alginate suspensions. The flow curves of all the nanodispersions were fitted to the
Ostwald de-Waele equation and all the preparations shared a pseudoplastic non-Newtonian behavior
that was more evident with the higher alginate concentration (2%).

Through the analysis of thixotropic behavior, it was found that the nanodispersions had the ability
to return to their initial structure after the application of a high shear rate. Additionally, through
oscillatory frequency sweep tests, the samples showed a similar fluid-like behavior for 1% and 2%
alginate nanodispersions. This investigation demonstrates that nanodispersions containing essential
oils can be handled like alginate suspensions, with the added value of the benefits offered by the
properties of the oils.
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