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Abstract

In this study, calcium alginate beads immobiliziDgimonene (solid systems) have been
manufactured starting from emulsions of this flaworsodium alginate (liquid systems). The
effects of alginate concentration (0.02 and 0.08Lg/and flavor content (5 and 10 %w/w) on
viscosity, conductivity and stability of emulsiongere investigated. The flavor droplets in
emulsions are bigger as polymer solution is moreentrated and contains more of the flavour.
When emulsions have been subjected to electrostatiusion and upon N&Ca* ion exchange,

smaller (~960 to ~1450m) and less spherical beads were obtained (sptyeféztor 0.003 to
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0.21) compared to beads produced by simple drippgegnique (without electrostatic field).
When wet beads were air dried, they shrunk legself had higher content of the flavour. Novel
mathematical model describing swelling kineticsdaed beads is developed. In this work, D-
limonene was efficiently immobilized within Ca-atgite beads (immobilization efficiency ~50

to ~77%) and its thermal stability was confirmedTify/MS analysis.

Keywords: immobilization; alginate; electrostatic extrusi@imonene; swelling.

1. Introduction

D-limonene is the major flavour compound of citnilsand it has been widely used as a food
flavor (Burdock, 2004; Sahraoui, Abert Vian, El M&aui, Boutekedijiret, & Chemat, 2011) and
medicament for tumor treatment (Nakaizumi, Babahada, lishi, & Tatsuta, 1997; Uedo et al.,
1999; Del Toro-Arreola et al., 2005). Neverthelesfas highly lipophilic nature which results
in poor absorption and palatability. Besides, limioa is susceptible to oxidative degradation and
this results in the loss of lemon-like flavour endhormal storage condition (Soottitantawat,
Yoshii, Furuta, Ohkawara, & Linko, 2003). Aroma Buis limonene can be encapsulated in
order to improve its functionality and stability products. Apart from protection at ambient
conditions (air humidity, oxygen, etc.), encapsolatshould provide thermal protection during
food processing. Another possible benefit of are@aicapsulation is superior ease of handling,
as conversion of liquid aroma oil into a powdeadhieved. Various encapsulation methods have
been previously proposed for encapsulation of digaiomas such as limonene. Among them,

spray-drying is the most popular method of prodgdilavor powders (Soottitantawat et al.,



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

2005; Zuidam & Heinrich, 2010). However, it is rathdifficult to remove water by vaporization
while retaining the flavours that are much moreatitd than water (Soottitantawat et al., 2003),
and a lot of effort has to be invested in prevanfilavor losses during spray-drying. Instead,
extrusion/dropping techniques provide simple ande sarocessing for production of
microspheres as biopolymer gel microbeads embeddihglroplets. Moreover, extrusion
technigues have advantage when bigger particled1000um in contrast to small size 10-150
um spray-dried aroma powders) are needed in ordere@te special visible or textural effects
(for example in crunchy food products). Among egion techniques, electrostatic extrusion is
the one suitable for processing polymer solutionthe wide range of viscosities and production
of particles of desired and uniform size (Prissa.e2008). It is based on the use of electrastati
forces to disrupt the liquid filament at the tipaoheedle and to create a charged stream of small
droplets. The excessive investigations were perdrio determine the specific influence of
each of the processing parameters on the diametercmobeads (Bugarski et al., 2006). In this
study, calcium alginate gel was employed as theixniar D-limonene immobilization, as it has
been determined that calcium-alginate does notradiyeaffect the release of the flavourduring
consumption (De Roos, 2003; 2006). Also, alginaiebgads are suitable for application in food
products as they showed good properties during@agestinal evaluations (Rayment et al.,
2009). One of the critical points of the encapsatabf lipophilic flavours is low stability of
alginate-flavour emulsions. In order to conqueritigability induced by the high hydrophilicity
of alginate particles several strategies have h@eposed, such as addition of conventional
surfactants (You, Rafat, & Auguste, 2011) and captiwith chitosan to modify the
hydrophilicity of alginate particles (Nan et al, 120. However, the addition of any of this

compounds inevitable increases costs, furhermbee,usage of surfactants is limited in food
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applications and it unavoidably results in low lmoypatibility of alginate particles. Therefore, in
this work we tried to immobilize a flavour compouird alginate microspheres by internal
gelation in the absence of surfactants, so thafléiver is only roughly stabilized by developed
viscosity of alginate in aqueous systems.

The objective of the present study is to invesiigae characteristics of alginate as a matrix
material for immobilization of the liquid flavor shh as D-limonene.We intend to reveal the
interdependence of characteristics (such as vigcazinductivity, stability and flavor droplet
size distribution) of Na-alginate/D-limonene emafss (liquid systems) with the properties of
the corresponding Ca-alginate/D-limonene beadsid(ssystems) produced by electrostatic
extrusion technique. Thus, the effects of immohtian process on the flavour’'s physical and
thermal stabilities were examined. For assessmernheo thermal stability, the immobilized
flavor is tested by thermogravimetric/mass specétoynanalysis. Beside hydrogel beads, dried
forms of those were also investigated as they @&omger than non-dried hydrogel beads and
more convenient for long shelf life products. Relayn of air-dried beads was examined in
detail, as controlled rehydratability is importaatmany food applications (e.g. preparations of

instant products).

2. Materials and methods

2.1. Chemicals

D-limonene was obtained from HiMedia Laboratorieg.lRd (Mumbai, India). Sodium
alginate (fromMacrocystis pyriferamolecular weight: 80000-120000. M/G ratio: 1.56)swa
purchased from Sigma (St. Louis, USA). Calcium ddke dihydrate was purchased from Acros

Organics (New Jersey, USA), while n-hexane (HPL@dg) was suplied from Carlo Erba
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Reagenti SpA (Rodano, Italy). All other chemicalsrevof analytical reagent grade and they

were used without any further purification.

2.2. Preparation and characterization of the liqsigstems

The preparation of liquid systems was the firsp sté immobilization process. The liquid
systems used in this study were water solutionSastlginate (concentration of 0.02 g/mL or
0.03 g/mL) and Na-alginate/D-limonene emulsions (8%w or 10% w/w of dispersed D-

limonene in 0.02 g/mL or 0.03 g/mL Na-alginate)eTdompositions of the liquid systems which
are denoted aS. (wherea is the concentration of Na-alginate (in g/mL) wvetilis D-limonene

concentration in %w/w) and used in this study amammarized in Table 1.

Tablel

2.3. Preparation of D-limonene/Na-alginate emulsion

D-limonene was added into the Na- alginate solstionder vigorous mixing at 10.000 rpm
for 5 minutes using mechanical stirrer Ultra-Tu®aX25 (Janke and Kunkel Ika-Labortechnik,
Staufen, Germany).

2.4. Measurements of rheological features of licgyigtems

Viscosity measurements (in triplicate) were carrmt using a viscometer (Rheotest 2,
MLW, OT Medingen, Ottendorf-Okrilla, Germany,) ihet range of the shear rate from 0 to
1300s' during 7 min. The cylinder measuring configuratisas S/S1 which has the viscosity

range between 20 and°I®Pa-s. The experimental results were fitted witivét law model:
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r=kxy" (1)

and consistencyk], and flow index If) were determined. In power law equatiens the shear

stress and is the shear rate.

The thixotropic properties of the liquid samplesreveeharacterized by using hysterics
experiments which consisted of a three step omerafupward curve, plateau curve and
downward curve): an increasing shear rate ramp a@inatant shear rate of 3.10 fom 0 to
1300 §', followed by a plateau at the maximum shear rat&0 s, and thereafter, the ramp was
reversed (with the same rate) to measure downwavd ¢urve from 1300 to 0”5 For time-
dependent samples, the area enclosed betweenwgs @nd down curves obtained by increasing
and decreasing shear rate measurements was cattakathe difference between integrating the
area for forward and backward measurements fppifnitial shear rate) tg, (final shear rate):
Hysteresis loop area yf:ky” - Tk’y”' (2)

" "
Wherek, k’, andn, n’ are the consistency coefficient and flow indexawdr for forward and
backward measurements, respectively.
2.5. Conductivity of the liquid systems

The conductivities of the solutions and the emulsiovere measured (in triplicate) using
conductometer InoL&b720 (WTW GmbH, Weilheim, Germany), at room tempae
2.6. Stability of the emulsions

Stability of the emulsions was tested by applying procedure reported by Chan (2011a).
Briefly, ~ 50 mL of an alginate-flavour emulsion svéeft to stand for 1 hour in order to

investigate emulsion stability. The volume of plsaséich had been formed during the period of
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1 hour was measured (in triplicate). Emulsion ditslwas calculated as a quotient of the volume
of the remaining emulsion and volume of the iniéaiulsion and expressed in %.
2.7. D-limonene droplet size measurements

The flavor droplet size of the each of D-limonere/ginate emulsion formulations was
determined as a numeric average of 100 dropletghwvtliameters were measured under an
optical microscope (Olympus CX41RF, Tokyo, Japaqigped with a camera (Olympus U-
CMAD3, Tokyo, Japan) and coupled with the imagelysis program “Ceft” (Olympus,
Tokyo, Japan).
2.8. Preparation and characterization of the sdigtems

The solid systems were produced by the procedwel@®ed previously by Nedaviet al.
(2001) and Levic et al. (2013). The schematic pried®n of the immobilization process is
shown in Fig. 1a. Electrostatic immobilization u(MAR V1, Nisco Engineering Inc., Zurich,
Switzerland) used in this work is a compact sysegmipped with a high voltage unit, magnetic
stirrer and protective cage. Spherical dropletsewiermed by extrusion of the liquid systems
through a blunt stainless steel needle using anggripump (Pump 11, Harvard Apparatus,
Holliston, US). The needle was grounded, whiledbkecting solution (CaGlin water solution
with a concentration of 0.015 g/mL) was positivaelgarged. All samples (Table 1) were
extruded simply by dripping without applying anyltage (formulations no. 1 to 6), and the
samples with the same compositions were extruddterelectrostatic field maintained with a
constant voltage of 6.5kV (formulations no. 7 t9. brmations of liquid drops during extrusion
are shown in Fig. 1b (Fig. Hbormation of liquid drops without electrostaticrée; Fig. 1b-
formation of liquid drops by electrostatic forc&he distance between the needle tip (22 gauges)

and the collecting solution was 2.5 cm, while tleavfrate of the liquid systems was 70 ml/h.
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After formation of the beads, they were left indening solution without stirring for 60 min in
order to assure finishing of the gelling procedse Tormed alginate beads were removed from
the CaCJ solution by filtration and washed with distillateeater. In this way hydrogel beads
were obtained. In order to produce dried formsedds, hydrogel beads were air-dried at@5

for 48h.
Fig. 1.

2.9. Analysis of the beads dimensions and shape

Dimensions and shape of hydrogel and dried beads @aluated by binocular microscope
Leica XTL-3 400D (Leica, Wetzlar, Germany), equigpwith a camera (DC 300, Leica,
Wetzlar, Germany) and software for measuring (IN@,0Leica, Wetzlar, Germany). For each
formulation, a numeric average of average diametei®0 beads was taken as a mean diameter,
whereas the diameter for each bead was calculated average of the largest dimensidi.y
and the smallest dimensiot,) perpendicular to the largest diametkthe microbead.

The deformation of the beads from regular sphesbape was calculated and represented as
Sphericity factor (SF). Sphericity factor was cédted as described by Chan, Lee, Ravindra, &
Poncelet (2009). Briefly, the beads diameters weeasured as described above and Sphericity

factor was calculated by using Equation (3):

Sphericity factor(SF) = M

+d (3)

max min

where dnax IS the maximum diameter andmin is the minimum diameter of the beads

perpendicular t@max
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The reduction in the beads size after drying wasessed by Shrinkage fact®te(aring) and

calculated according the Equation (4) (Chan etall1b):

kSF( drying) — (dy = db(drybeads) )/d, (4)

whered, was the diameter of the wet beads dpgly neads\vas the diameter of the beads after

drying.
2.10. Scanning electron microscopy (SEM)

The microstructure of samples has been carriethpdEOL JSM-6390LV scanning electron
microscope. Prior to the analysis the samples wevered with Au using a sputter coater Baltec

scd 005 accessory.

2.11. D-limonene content determination

Half a gram of the dried beads was dissolved im40f sodium citrate (0.015 g/ml) in glass
bottles and 5 ml of hexane was added. The flavas @dracted with hexane by heating the
samples in glass bottles at 45 °C in a water bathl® min with intermittent mixing. The
samples were then cooled down to room temperahdéaxane was separated from the aqueous
phase by centrifugation at 4000 rpm for 20 min. Thetent of D-limonene in the samples was
determined by gas-chromatography and calculatedn fitbhe standard calibration curve.
Quantitative analysis was conducted using an AgH&90D gas chromatograph fitted with a
HP-5MS 30mx0.25mm capillary column, with hydrogertlee carrier gas (constant flow rate of
1 cn’min™) and flame-ionization detector (FID). The temperatprogram was: 40 °C for 9 min;
then 15 °Cmift to 150 °C and held for 2 min. The temperaturethefinjector and the detector
were maintained during the analysis at 250 and GP@8spectively. The calibration curve was

9
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obtained using seven standard D-limonene solutwh&h were analyzed under the same
conditions as the samples. Data acquisition wa®peed by GC Chem Station software.

Immobilization efficiency (E) was calculated on thasis of Equation (5):

E=m, /m x100% (5)
whereme is the mass of encapsulated D-limonenerand the initial mass of the flavor.

All samples were analyzed in duplicate and the detee presented as average values *

standard deviation values (SD).

2.12. The study of beads swelling

Swelling studies of the dried Ca-alginate beadsh(and without the flavour) were carried out in
two different swelling solutions: (1) distilled veatand (2) phosphate buffer (10 mM, pH 7.4).
The weighed amount of the dried beads was immens2d mL of the swelling solution at room

temperature under shaking at 100 rpm. At previoudfined time intervals, the beads were
separated from the swelling solution, gently wipgth filter paper and weighed. The swelling

ratio (M;) of the beads was calculated according to the tiayués):

M (t)=(w, —w, )/ w, (6)
wherew; was the weight of the beads in the swollen statevanwas the initial weight of the
dried beads.
2.13. Thermal analysis of the dried beads

Thermal analysis of samples was carried out intar&m’s TG/DSC111 apparatus coupled
with mass spectrometer (Thermostar from Pfeifestesy equipped with a capillary connection).

The measurements were realized employing the samemus thermogravimetry/mass

10



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

spectrometry (TG/MS) technique under dynamic helafma flow rate of 30 ml/min (presure 1
atm) using a heating rate of 5 °C/min. The targeteds spectra (i.e. water, D-limonene) were
selected according to data from the Spectral Dawfia Organic Compounds, AIST (SDBS).

2.14. Data analysis

D-limonene droplet size as well as beads dimensiere analyzed using the statistical
package PSS 17.0 (SPSS Inc., Chicago, IL, USA).ditained results were subjected to one-
way analysis of variances (ANOVA) in order to detere the differences between multiple
means in continuous variables. Statistical sigaifi® was set gt < 0.001. The means are
further analyzed with Tukey’s HSD test, to find secthat differEta-squaredif) was a measure

of effect size, ranging from 0 and 1.

3. Results and discussion
3.1. Characteristics of the liquid systems

The properties of the liquid samples (Table 2) wetamined as they play important roles in
droplet formation upon processing of liquids byragion-dripping technique under electrostatic

field.

Fig. 2.

Viscosities of all liquid samples (liquid formulatis presented in Table 1) were determined

in the range of shear rate from 0 to 1380As shown in Fig. 2, the viscosity decreased with

11
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increasing of shear rate for all liquid systemsidating shear thinning behavior. It can be
inferred that this behavior of alginate probablygmate from conformational changes and
orientation of rigid polysaccharide alginate chaimghe flow field, what is in accordance with
the published data (Lee, Bouhadir, & Mooney, 200@)jch demonstrate that alginate’s rigid
chain conformation affects mechanical propertiethef polysaccharide. Shear viscosity of Na-
alginate solutions and Na-alginate D/limonene ermontsincreased with increasing the alginate
concentration. This is a result of more intensitaic-chain interactions existing in the more
concentrated solutions that express more pronouncedNewtonian behavior (Manojlayi
bonlagi, Obradowve, Nedove, & Bugarski, 2006). The parameters of the Power heodel are
presented in Table 2. The flow indew) (varies from 0.51 to 0.63, which confirms the shea
thinning behavior. Moreover, an increase in theilsodalginate concentration (from 2 to 3%
w/v) at the same concentration of aroma confirmadr&rease in the shear thinning which
showed a decrease in the flow behavior indgxThe consistency coefficierit)(increased with
the concentration of sodium alginate, which is otadance to literature (Ma et al, 2014;
Oliveira et al, 2010). At the same time, higher @antration of the flavour within Na-alginate
caused slightly higher values of the viscosity; sequently,k values become higher with
increasing the flavor content. The dispersed flayoobably acts as an additional barrier for
conformational changes and orientation of rigidypatcharide chains in flow field. This is in
accordance with data reported in the study of $teaera, Lozano-Esquivel, Ponce de Leon-
Ramirez, & Martinez-Padilla (2012) where it waswshdhat dispersed oil particles also induced
increase in viscosity of Na-alginate aqueous meguiAs regarding the thixotropic properties,

the upward and downward flow curves superposelfdh@ samples with the exception 8§,

for which a small hysteresis loop was observed [8ge). According to Ma, Lin, Chen, Zhao,

12
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& Zhang (2014) and Tabeei, Samimi, Khorram & Mogirad(2012) sodium aqueous solutions
in general exhibit a certain thixotropic propertgnd the greater the sodium alginate
concentrations, the stronger the thixotropic proper However, this was not observed by some
authors, e.g. Oliveira et al. (2010) who claimeditthalginate solutions even at high

concentrations (up to 10 w/v %) did not presentdtropy. The hysteresis loop area ff, was

calculated according to eq. 2, with the consistecmsfficientk and flow indexn presented in
Table 2 and consistency coefficidtitof 10.40+1.01 Pa:¥", and flow indexn’ of 0.51+0.01
(both obtained by fitting the downward flow curvétwPower law model (eq.1)). Thus obtained
value was 12850 Pd's

Conductivities of all liquid samples were measurgd,order to examine the effects of
particles’ forming under electrostatic field. Frahe literature it is known that, by increasing
conductivity of the polymer solution (for examplg &dding a small amount of an organic salt) it
is possible to dramatically decrease the size ofiges produced by electrohydrodynamic
atomization (Xie, Lim, Phua, Hua, & Wang, 2006 tbrocess based on the same principles as
the one used here. However, the influence of candiychas not been explored yet on the
particular set-up of electrostatic extrusion. Tasults of conductivity measurements done here

are presented in Table 2. Sodium alginate is agbatyrolyte having high conductivity and the

values obtained for pure Na-alginate (sam@gs and S,) are very close to literature data (Li

et al., 2013). As expected, lower concentrated Iyeate solutions appeared to be less able to
conduct electricity. The results presented in shigly indicate that D—limonene induce dumping
effects and decrease in conductivity in the ligeigstems (Table 2). The conductivity of
solutions of sodium alginate is reduced by ~14%radtdding the flavour, indicating that the

flavour reduced the repulsive forces among thegrobnic sodium alginate molecules.
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The stability of all prepared emulsions was estadat h after they were left standing, as
within this time interval it was possible to contgléhe immobilization process, including the
formation of solid beads. In line with literatureports, emulsion stability is an important
property from the viewpoint of the encapsulatioficefncy as well as the product quality (Chan,
2011a). It could be expected that concentratiohdrighan 10 % w/w of the flavour would cause
destabilization of the emulsion. However, our otaaBon (screening for phase separation), as
well as the analysis (Table 2) showed that emudsieith both concentrations of D-limonene
(5% w/w and 10% w/w) were stable for a period o¢ tiour. For the sake of comparison, Chan
(2011a) has shown that emulsions of palm oil innalg were stable for 1h if the alginate
concentration was higher than 25 g/L. Furthermotg, measurements confirmed that stability

did not depend appreciably on the amount of theedseed phase (Table 2).

Table2

The influence of concentrations of both componemisthe size of D-limonene droplets
(obtained by light microscopy) is presented in BigThe size of droplets was measured in four

different solutions: 5% w/w flavor in 0.02 g/mL Ndginate &;,,), 10% w/w flavor in 0.02
g/mL Na-alginate §;7,), 5% w/w flavour in 0.03 g/mL Na-alginates{ .), and 10% w/w flavor

in 0.03 g/mL Na-alginateg.,). The size of D-limonene droplets within the simos ranged
from 1.0 pum to 14.5 um f&;,, from 1.5 pm to 24.9 pm fog,, from 1.6 pum to 38.5 pum for
Shes @nd from 1.9 pm to 52.1 pm f@,. The mean values for droplets size ranged from 4.9
pum for S5, to 11.7 um fors}),. The data were further analyzed with one-way ANQWAich

showed that the mean differences between dropiets ia four different solutions were

14
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statistically significant (F(3,384)=16.680, p<0.00The means are further analyzed with
Tukey's HSD test, to find those that differ. Postclcomparisons using the Tukey HSD test

indicated that the mean score for the dropletsssizes;?, was significantly different than the

mean of the droplets sizes in other three samflbs. droplets size irs},,, however, was

significantly different than the droplets size$f, only.

The results indicate that higher concentration Iginate influenced the appearance of D-
limonene droplets with higher mean droplet sizedisTis expected, as hydrophilic
polysaccharide hydrocolloid, such is alginate, $thdwave a low surface activity. However, the
opposite outcome is reported by Chan (2011a) whmodstrated that smaller oil droplets are
developed if alginate is more concentrated. It sedhat an increase in viscosity of the
continuous phase elevates resistance for effedig@ersion of flavour droplets. In order to get
smaller flavour droplets and consequently, to ereabre stable emulsions, higher power inputs
are needed and can be achieved, for example, tayhijh-pressure homogenization (Kaushik &

Roos, 2007).

Fig. 3.

3.2. Effects of the liquid systems structural ofgation and applied voltage on the beads

properties

The average size of the wet and dried beads isrsimotox-plots (Fig. 4).

Fig. 4.
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Without applying electrostatic field, wet beadshwitiameters in the range from ~2100 to
~2350um were produced. Under the applied voltage of 6/5(d&ther processing parameters
were the same) smaller beads were formed with demhé the range from ~960 to ~145%.
The mean differences between systems were testaddMOVA, which showed that groups of
data coressponding to different systems were sogmifly different (F(11,839)=75.739,
p<0.001). Tukey's post-hoc test showed significdifterence between dimaters of beads
produced with and without electrostatic force.

From the results presented so far it follows thatihcrease in alginate concentration leads to
statistically significant increase in hydrogel bgadiameter in case of those produced by
electrostatic extrusion (F(1,482)=8.009, p=0.005wet particles, F(1,367)=6.129, p=0.014 for
dried particles). These findings can be comprehgrdea consequence of increased viscosity of
more concentrated Na-alginate solutions/emulsiaestermined here and also elsewhere
(Manojlovi¢ et al., 2006); while obviously, conductivity didtcorrelate with the size of beads.
Also, it seems that the increase in viscosity detared the beads uniformity. The observed
increase in standard deviations is in agreemertt wiechanisms of droplet formation under
action of the electrostatic field (Bugarski et aD06). Namely, a detachment of the main drop of
the high-viscous solution at the tip of the nedadlaccompanied by detachment of the linking
filament, which then brakes up into a large numdfesmaller droplets resulting in non-uniform
size distribution. Since the size of dry partictess a direct relationship with the size of wet
beads, the results for the size of dry beads sedra gualitatively consistent with the correlation
laws established for hydrogel forms. Fig.5A andsbiBw microphotographs of the wet and dried
beads produced by simple dripping technique (withapplying electrostatic force) and

electrostatic extrusion (by applying electrostédice), respectively.
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Fig. 5.

Since systems differ in amount of D-limonene, thituence of this factor was also observed
and tested. ANOVA test showed that there is asdtedily significant difference between
diameters of beads with different content of D-limeoe, both among wet beads
(F(2,480)=3.912, p=0.021) and dried beads (F(2,)886033, p<0.001). Eta-squareg?)(
measure of the flavour concentration effect on beside was 0.02 for wet beads, which is
usually taken as small, and 0.22 for dried beatisciwis taken as a large effect.

Sphericity factor (SF) was used to quantitativelpress the roundness of the beads: the zero
value designates a perfect sphere, while as higleeBF value is, more pronaunced distortion of
shape occures. Sphericity factor for wet and doieads formed under electrostatic field and for
those formed by simple dropping under gravity (eithelectrostatic field) are shown in Table 3.
The results show that elongated forms of hydrogeds were produced when processing
flavour in 0.03 g/mL alginate based emulsions anky @ electrostatic potential was applied. It
has been reported that extrusion of high viscogdlymer solutions (i.e. high concentration
polymer solutions) gives deformed particles hawshgpe of eggs or drops (Prisse et al., 2008;
Levic et al.,, 2013). This is again the direct omteoof the polymer flow behaviour in the
electrostatic field: as a result of applied voltadpe spherical shape of the liquid meniscus at the
tip of the needle is deformed into a conical shapensequently, the alginate solution flows
through this weak area at an increasing rate, sguermation of a neck and the neck formation
is more pronounced as the alginate solution is m@eous (i.e. more concentrated). After its

detachment and disintegration, the falling linkilgments will solidify into elongated beads
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(Poncelet, Babak, NeufelGoosen, &Bugarski, 1999). After drying process, the sphgriof

the beads was changed toward irregular shapeshusiwticed by values for Sphericity factor
(SF) higher than 0.05, and the worst values arsetliound for empty beads. The last assertion,
together with the results for the effect of D-linem@ on size of dried beads, leads to a conclusion

that the flavour stabilizes beads morphology dudngng proces.

Table3

Additionally, the influence of drying process aheé taddition of flavour on morphology of beads

was evaluated by SEM (Fig. 6).

Fig. 6.

The images presented in Fig. 6 reveal that thel@mnolof the gel cracking upon drying which
is noticed in case of empty beads (Fig. 6a) is@waed by addition of flavour (Fig. 6¢), which,
obviously, acted as a filler. As it can be seemfase roughness of the 0.02 g/mL Ca-alginate
beads containing 5 % w/w of the flavor (Fig. 6d)swaore pronounced compared to the 0.02
g/mL Ca-alginate beads without flavor (Fig. 6b).

The shrinkage of beads upon drying is quantified 8hrinkage factor, the values are
presented in Table 3. It seems that the shrinkag®if correlates with the amount the flavor
compound so that the beads shrunk less if theyhigier content of the flavour, as there was a
less of water to evaporate. According to the respliesented in Table 3, D-limonene was

immobilized within Ca-alginate matrix with efficiep of 50 to ~77%. The values are lower in
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comparison with the literature data on encapsuiatib oily compounds in beads of calcium
alginate by extrusion-dripping technique (PenicHewland, Corrillo, Zaldivar, & Argtelles-
Monal, 2004; Chang & Dobashi, 2003; Chan, 2011a),itb a good agreement with reports on
encapsulation of some plant aqueous extract (Sivjaret al., 2012). One of the reasons is that
alginate used in this study is poor in guluronidda@&) residues (M/G= 1.56), having lower
gelling density at the emulsion droplet surfacestiielding a lower encapsulation efficiency in
comparison to high G alginates. The immobilizatiefficiency found for both alginate

concentrations showed the same trend, increasitigtiae increase in the flavor loading.

3.3. The rehydration study

The rehydration of the dried beads was performe@l)nwater and (2) phosphate buffer
(PBS). The results of rehydration tests indicatg gwelling of beads depended on the flavor
contents, bead size and alginate concentratione@ly, swelling depends on sub processes
such as: (1) transport of water and*Nans to gel bead by diffusion mechanism and (2) gel
disintegration caused by partial N@&* ion exchange in case of PBS induced hydration.
Actually, when calcium alginate beads are broughtantact with aqueous medium of higher
pH, ion exchange takes place between the gel-fayi@i#" ions and N&ions of the dissolution
medium. As the Cd ions are exchanged, electrostatic repulsion betwlee ionized carboxylate
anions of alginic acid accelerates the swelling aradion of alginate gel (Kikuchi, Kawabuchi,
Sugihara, Sakurai, & Okano, 1997). Moreover, upamzation, the counter-ion concentration
inside the polymeric network increases, and an tisnppessure difference exists between the

internal and external solutions of the beads (Sopfh, Kulkarni, & Aminabhavi, 2001).
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In water, swelling of the dry beads is mainly &ftited to the hydration of the hydrophilic
groups of alginate. Based on experimental resdlthis study, duration of reversible swelling
(tw) in water was ~20 min. It represented the timededefor elastic volumetric deformation of
gel caused by water input. After this time swellwfgCa-alginate gel in water was equilibrated
as it was shown in Fig. 7a-b. Our results sugdest reversible swelling was more evident for
the smaller (produced by applying voltage) than ttoe larger beads (produced by simple
dripping technique) and it should be related tgéarnterface, in the case of the smaller beads.
Reversible swelling was more intensive for 0.03 Ig/@Ga-alginate compared to 0.02 g/mL Ca-
alginate beads. This is in accordance with the faat higher concentration of hydrophilic
alginate chains per bead induced higher water ptisar Embedding of the flavor within the
beads caused decrease of reversible swelling. einsethat immobilized flavor acted as a
physical barrier for water transport through thé@eone side, and it also suggests that there is
no affinity between alginate and flavour via elestatic attraction that would otherwise hinder
side-by-side aggregation of alginate egg-box jumdti (Vreeker, Li, Fang, Appelqvist, &
Mendes, 2008). Addition of 5 % w/w flavor to 0.02mg Ca-alginate beads didn’'t have
significant influence on swelling process. Howe\adition of 10 % w/w flavour to 0.02 g/mL
in case of the smaller beads induced dispersioexperimental data (Fig. 7a-b). The results
indicate a destabilization of 0.02 g/mL alginaté gentaining such high amount of the flavor

which occurred during water input. The phenomenas not observable for the larger beads.

Fig. 7a-b.

Swelling of Ca-alginate gel in phosphate buffersisted of two contributions: (1) reversible

swelling caused by diffusion of solution into thel gnatrix and (2) irreversible swelling caused
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by partial disintegration of junction zones indudgdNa-C&" ion exchange. In the following
text, the kinetic equation for estimating the ieeible swelling of empty Ca-alginate gel beads
will be developed, followed by model modificatiofts describing the influence of the flavour
on irreversible swelling.

The stability of Ca-alginate can be explained bsirdegration of junction zones of the gel
(Pajic-Lijakovi¢, Plavsé, Bugarski, & Nedow, 2007). Partial NaCa" ions exchange and

corresponding disintegration of the junction zooesurred in the time intervdll] (O,tm) (where
t, =240 minwas the time up to which the beads kept their sirat integrity). Density of

disintegrated junction zones within the Ca-alginggéé was expressed agt)~M(t), wherey(t)
was the density of disintegrated junction zonesM(tJiwas the mass of the solution per mass of
dry gel which was related to irreversible swelling.

In this study, the first order kinetic model eqoatwas used for estimating the disintegration
of Ca-alginate beads without the flavor in phosphaiffer. The similar modeling equation has
been already applied for describing swelling ofimas gel types (Pasparakis & Bouropoulos,
2006; Ganji, Vasheghani-Farahani, & Vasheghanifiara 2010). The model equation was
expressed as:

M) - ., -m () ™

0

where k was the kinetic constant of gel disintegration &g was the mass of the solution at
equilibrium per mass of dry gel which induces igmible swelling i.eM_ =M (too). The initial

condition was: at t =0 the corresponding mass V\Ms(t:O):O. After solving the model

Equation (7) was expressed as:
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M(t)=M_fi-e™*] 8)
However, the model Equation (7) should be additignanodified for describing the
irreversible swelling of Ca-alginate gel which cns the immobilized flavour. The
modification should include the dumping effects sl by the immobilized flavour on the
kinetic of gel disintegration. Consequently, fraotl derivatives were introduced into Equation

(7) for modeling the dumping effects as:

oD M(t)=k(M., - M(t) )

where S D/ was Caputo’s fractional derivative operator areltodel parametef represented
the dumping coefficient in the rangé< 8 <1. Lower value of the dumping coefficient
indicated higher dumping effects (Podlubny, 199@je used Caputo’s definition of the

fractional derivative of the functiaw (t), given as follows (Podlubny, 1999): for< 8 <1 the

1 ‘j M ()

derivative i€o D/ (M (t)) = F(6-1) (-t) dt , where/ (8 - 1) is gamma function. When the
s (t-

dumping coefficient tends to one i.8. - 1, the fractional derivative becomgD/ — % For

such condition, dumping effects could be negleeted the model Equation (7) and Equation (9)

became the same. After solving the model Equa8dthe following expression was derived:

M (t) =M. [1- E,, (- kt?)| (10)
where Eﬁl(—ktﬁ) was Mittag-Leffler function (Podlubny, 1999) equalto

o _ktﬂk
SARTOR iy

k
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The model parameterhie kinetic constark and the dumping coefficieptwere determined
during fitting procedure by comparing experimerdata with the model predictions calculated
using Equation (8) for the gel without the flavandaEquation (10) for the gel with the
immobilized flavour.

The model predictions and experimental data onlI@aae gel swelling, with and without

the immobilized flavour, are shown in Fig. 8a-b.

Fig. 8a-b.

Similarly as in the case of swelling in water, &ncbe seen in Fig. 8a-b that swelling in
phosphate buffer was more pronounced for the sm@healginate beads, most probably due to
larger contact surface. Irreversible swelling di2Dg/mL Ca-alginate gel was approximately the
same as for 0.03 g/mL Ca-alginate gel for the samplith and those without the flavour. These
data are in accordance with the fact that bothsypiebeads contain approximately the same
concentration of junction zones, owing to the saocmmcentration of Caglused in all
experiments. Irreversible swelling seems to bepessounced as the amount of flavor increases.
It seems that droplets of the flavour have a rdidarrier for solute transport; thus making
impossible for Naions to fill some parts of gel and to induce disgration. Consequently, the
presence of flavor induced damping effects of tké disintegration process. Such complex
phenomenon was estimated based on the developbdmetical model.

The values oM(t), obtained from the previously explained mathematioadel correlate
satisfactory with the experimental data, with atigk error of 10% for the larger beads and 15%
for the smaller beads. The optimal model paramétetsenabled the best comparison between

the experimental and calculated data are showmloheT4.
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Table4

The kinetic constant for gel disintegratibnvas found to be dependent on the interface area.
Consequently, 1.42 times higher value kofs obtained for the smaller beads due to larger
interface. On the other side, the dumping coefficieis dependent on: (1) the bead size, (2) the
immobilized amount of the flavour within the beaatsd (3) the concentration of alginate. The
dumping effects were pronounced for larger beads tdulower interface. On the other side,
higher amount of the flavour induced more evidamingding effects which were quantified by
lower values ofs. These results indicate that, in the case of higingount of the immobilized
flavour, bigger parts of gel porous structure weoé available to disintegration process caused
by N&' ions diffusion. Dumping effects were slightly hagtfor 0.03 g/mL Ca-alginate compared

to 0.02 g/mL Ca-alginate beads.

3.4. Thermal stability of D-limonene within the @lginate beads

The thermal stability of immobilized D-limonene wasudied by using simultaneous
thermogravimetric/mass spectrometry (TG/MS) analy3ihe results of thermal analysis are

shown in Fig. 9.

Fig. 9.

Simultaneous mass spectrometry analysis of releagmesous products was used to

differentiate the steps in thermal release of theobilized flavour. Two characteristic mass-to-
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charge ratios (m/z) were monitored: (m/z) = 17viater release detection and (m/z) = 68 for D-
limonene detection. These m/z values were seldobed the mass spectra database as specific
for targeted compounds, as explained previouslyhéncase of beads with flavour, water release
was observed in the temperature range from 40°GB@5C, with a peak at around 75°C and a
decreasing signal up to 180°C. According to thexditure, it is related to evaporation of different
type of water from the polysaccharides (Laurieng@alinconico, Motta, & Vicinanza, 2005).
Our results indicated that the weight loss for gniggads was about 15%. According to leei

al. (2011), the majority of free D-limonene evapedaup to 200°C. As it can be seen from Fig.
9, the release of D-limonene occurs in temperatamge from 60°C to 200°C. This was verified
by observation of the characteristic m/z value @68) of D-limonene released during analysis.
The weight loss in the applied temperature range ¥85%. Our results pointed that most of the
immobilized D-limonene remained intact inside Cghate matrix during the applied
temperature regime. This is desirable effect of ohitization, especially because the applied
temperature range of thermal analysis is in accmelavith the temperature regime which

corresponds to the conditions for thermally proedssod (De Roos, 2003; 2006).

4. Conclusion

The results of this study showed that Ca-alginat@db are the suitable carriers for

embedding of D-limonene in order to keep its therstability. It is also in accordance with the

facts that the beads with up to 10 % w/w of D-lirana keep their structural integrity during: (1)

drying process, (2) reversible swelling in wated §B) irreversible swelling in phosphate buffer.
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Action of N& ions from phosphate buffer induces only partiaindegration of Ca-alginate
network.

However, dispersed D-limonene represents the phlybiarrier to: (1) water evaporation
during drying, (2) water diffusion during reverstdwelling and (3) Naions diffusion during
irreversible swelling. The partial disintegration@a-alginate network is modeled kinetically by
introducing the dumping effects in the form of tianal derivatives.

The size and shape of the beads depend on theogmel behavior of Na alginate/D-
limonene emulsions and could be regulated by apglyelectrostatic field during the
immobilization process. D-limonene influences dwwal ordering of alginate chains in flow
field and induces increase in viscosity and reducin conductivity of the liquid systems.

Dispersed D-limonene remains thermally stabile dasiCa-alginate matrix within the
temperature regime up to 2@ based on TG/MS analysis. It corresponds to thepéeature

regime for the bead application in food technology.
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Tablel

The composition of the liquid systems used for immobilization process.

Formulation no. | Sample | Na-aginate concentration D-limonene concentration | Applied voltage (kV)
(g/mL) (Yow/w)

1 S, | 002 0 0
2 S | 003 0 0
3 S, | 002 5 0
4 S | 003 5 0
5 v, | 0.02 10 0
6 o, | 0.03 10 0

7 S, | 002 0 6.5
8 S | 003 0 6.5
9 S, | 002 5 6.5
10 os | 0.03 5 6.5
11 v, | 0.02 10 6.5
12 Y 0.03 10 6.5

.03




Table 2 The properties of the liquid systems: conductivégulsions stability, the average droplet size poder-law model fitting

parameters.
Homogenous Parameters of the power-law model
Conductivit Emulsion Averag_e subsets of
Sample  ~(sicm)”  stability (%) dro(ﬂf;)s'ze oo k(Pa-§ n R
droplet size*
Soos 3.94+0.01 - - - 1.98+0.29 0.63+0.02 0.995
Soss 5.72+0.07 - - - 9.00+1.36 0.54+0.02 0.993
Soss 3.67+0.11 98.7+1.2 4,942.2 1 2.32+0.32 0.62+0.02 0.995
Soos 5.44+0.30 98.0+1.6 6.9+6.3 1,2 9.72+1.34 0.53+0.02 0.992
Stos 3.36+0.21 97.4£1.9 7.5+5.0 2 2.76+0.42 0.60+0.02 0.993
Shos 4.95+0.43 97.5+2.3 11.7411.0 3 11.80+1.17 0.5040.01 0.987

* Homogeneous subsets of flavour droplet meansdiferent solutions, obtained from Tukey's test.



Table 3 The morphological characteristics and immobilizatefficiency of beads produced with and withoytlgimg electrostatic

force
. Homogenous
Beads size Sphericity factor . I subsets (Tukey
Form- Shrinkage Immobilization oSty
ulation - Sample wet beads dried beads wet dried K factor*** efn%lency
no- beads* beads( SF (dnjing) (%)
*%
3 5(5)02 2331492 107865 0.023 0.051 0.54 545 +10.7 45
4 Sg.os 2173+46 1067156 0.01 0.032 0.51 63.4+4.4 45
5 5%,%2 2288184 1287179 0.012 0.019 0.44 70.3+0.7 5
6 Sw, 2247464 1285499 0.006  0.067 0.43 68.3+5.6 5
9 S%, 96851 442+38 0.016  0.048 0.54 60.6 5.5 1
10 5(5)03 13344248 649+139 0.16 0.165 051 52.7+3.0 2,3
11 sw, 96847 57150 0.016  0.055 0.41 77.3£3.7 1,2
12 Sé%s 1452+352 811+165 0.21 0.183 0.44 67.1+4.8 3

* the average absolute deviation less than 11%
** the average absolute deviation less than 23%

*** the average absolute deviation less than 23%
**** Homogeneous subsets of beads means for diffeselutions, obtained from Tukey's test.



Table4

The model parameters for irreversible swelling of the beads.

Formulation no. Sample k (min) B (-)
1 o, (1.2+0.1)x107? 1
2 - (1.2+0.1)x10 1
3 S (1.2+0.1)x1072 0.95+0.01
4 Shos (1.2+0.1)x1072 0.94+0.01
5 o (1.2+0.1)x10 0.92+0.01
6 e (12+0.1)x102 0.91+0.01
7 SR (1.7+0.1)x107? 1
8 - (1.7+0.1)x107? 1
9 So2 (1.7+0.1)x107 0.95+0.02
10 S (1.7+0.1)x107 0.92+0.02
11 o2 (1.7+0.1)x107 0.93+0.02
12 o (1.740.1)x107? 0.90+0.02

.03
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Figure Captions

Fig. 1. Electrostatic immobilization process: (a) schematicthe set-up; b) photographs of
emulsion flow and droplets formation under no vgdtg¢b1) and under applied voltage of 6.5 kV
(b2).

Fig. 2. Viscosity as function of shear rate for the liqugstems. Closed and open symbols
represent up-curve and down-curve, respectivelplg@sindicated by up-arrow and down-arrow,

respectively).

Fig. 3. Size distribution of D-limonene droplets in fouffdrent liquid systems of Na-alginate-

D-limonene: S ,, S, S5, and S, .

Fig. 4. Box-plots of wet (a) and dried (b) beads diamef€ne systems formulations and

preparation conditions are listed in Table 1 (du=va).

Fig.5. A. Beads produced without applying electrostaticdo, (1-wet, 2-dry); S, (3-wet,
4-dry), S;,, (5-wet, 6-dry),S; ., (7-wet, 8-dry),Si%, (9-wet, 10-dry),Sio, (11-wet, 12-dry).

B. Beads produced by applying electrostatic f¢écBkV): (1-wet, 2-dry); (3-wet, 4-dry),

(5-wet, 6-dry), (7-wet, 8-dry), (9-wet, 10-dryL1-wet, 12-dry).

Fig. 6. SEM images of the 0.02 g/mL Ca-alginate beads -wahout the flavour, low
magnification; b) without the flavour, high maguedtion, c) with 5 % w/w of the flavour, low

magnification, d) with 5 % w/w of the flavour, highagnification.
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Fig. 7a-b. a) Swelling kinetics in water: larger beads of20gdmL Ca-alginate (x-empty beads;
A-beads with 5%w/w flavour;-beads with 10%w/w flavour) and 0.03 g/mL Ca-altgnéo-
empty beads* -beads with 5%w/w flavoi*; -beads id%w/w flavour). b) Reversible
swelling of smaller beads of 0.02 g/mL Ca-algingteempty beadsA-beads with 5%w/w
flavour; o-beads with 10%w/w flavour) and 0.03 g/mL Ca-al¢ggné-empty beads* -beads

with 5%w/w flavour; ¥ -beads with 10%w/w flavour).

Fig. 8a-b. Swelling kinetics in PBS: a) Irreversible swellinglarger beads of 0.02 g/mL with
model predictions (given as lines):empty beads (solid line}z-beads with 5w/w flavor (dot
line), A-beads with 10%w/w flavour (short-long dashed hwiéh points). Beads of 0.03 g/mL
Ca-alginate:m- empty beads (dashed lin®sbeads with 5%w/w flavor (dot dashed linal -
beads with 10%w/w flavor (short dashed line withng®). b) Irreversible swelling of smaller
beads of 0.02 g/mL with model predictions (giveriass): o-empty beads (solid liney-beads
with 5w/w flavour(dot line) A-beads with 10%w/w flavour (short-long dashed livith points).
Beads of 0.03 g/mL Ca-alginate: empty beads (dashed lin®;beads with 5%w/w flavour

(dot dashed line)A - beads with 10%w/w flavour (short dashed line vadints).

Fig. 9. TG/MS profiles obtained for immobilized D-limoneria dried Ca-alginate beads

(Formulation S}, )-TG (o); MS signal (ion current intensity, A) - (m/z)=68 (gray line), (m/z)=17

(black line). TG 4) of blank dried alginate beads (Formulatigfy, ).
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Highlights

* Alginateisused as carrier for D-limonene immobilization.

*  Beadsloading D-limonene are produced by using electrostatic extrusion.

*  D-limoneneisimmobilized within Ca-alginate matrix with efficiency of 50 to ~77%.
* Thedried beads are rehydrated and mathematical model of rehydration is devel oped.
* Immobilization significantly affects thermal properties of D-limonene.



