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A B S T R A C T

In the present research, valuable bioactives such as betacyanin and polyphenols of beetroot leaf and stem (a food
waste) were extracted and encapsulated in Ca(II)-alginate beads, using sucrose, arabic and guar gums, and low
and high methoxyl pectins as excipients. A complete SAXS evaluation from the molecular to the supramolecular
changes (1–100 nm) produced by excipients and extracts on the microstructure of the hydrogel network was
performed. Thus, combining structural-functional information allows for the design of Ca(II)-alginate systems
based not only on functional aspects. Here we demonstrate that the presence of hydrocolloids affected the
alginate dimers size and density, the rods size and compactness as well as their interconnectivity. Nevertheless,
these modifications can be overlied by the presence of an extract, which leads to alginate coordination prior to
gelation, strongly affecting the resulting microstructure. Among the used hydrocolloids, only guar gum achieves
the two proposed criteria: increasing functional properties and generating stable microstructural modulations.

1. Introduction

The encapsulation process consists of the incorporation of food in-
gredients, enzymes, cells or other biocompounds in a matrix to preserve
their stability and protect them against environmental stresses over
extended periods (Galanakis, 2012; Quintanilla-Carvajal et al., 2010).
The encapsulation must be designed to form a barrier between the in-
ternal phase and its surroundings by using a protective wall or matrix
agents (Wandrey, Bartkowiak, & Harding, 2010). The rapid and con-
solidated formation of an alginate gel in the presence of calcium ions
and the relative gentle gelation process as well as the elucidation of
structure-function relationships of this versatile material explains its
increasing use for the immobilization of biological compounds (Aguirre
Calvo, Busch, & Santagapita, 2017 and, 2018; Thu et al., 2000; Ćujić
et al., 2016; Deladino, Navarro, & Martino, 2013; Traffano-Schiffo,
Castro-Giraldez, Fito, Perullini, & Santagapita, 2018, 2017; Vicini,
Castellano, Mauri, & Marsano, 2015).

Co-materials such as sugars and hydrocolloids provide additional
advantages in Ca(II)-alginate systems. It has been demonstrated that the
addition of guar gum increases the entrapment efficiency of

alginate–guar gum hydrogels used in drug delivery as matrix forming
material (George & Abraham, 2007; Krishnaiah, Karthikeyan, &
Satyanarayana, 2002) and improves the activity of an entrapped en-
zyme in operational conditions (Traffano-Schiffo et al., 2018). The
combination of alginate-arabic gum has been used for the protection of
probiotic bacteria, vegetable extract and drugs during drying, storage,
and in the gastric tract (Nami, Haghshenas, & Yari Khosroushahi, 2016;
Nayak, Das, & Maji, 2012; Tsai, Kitamura, & Kokawa, 2017). En-
capsulation in alginate-high methoxyl pectin hydrogel significantly
reduced the photodegradation rate of bioactive compounds (Guo,
Giusti, & Kaletunç, 2018). Moreover, the combined use of alginate with
low methoxyl pectin improves microbeads mechanical properties
(Bekhit et al., 2018). Therefore, new formulations incorporating guar
gum, arabic gum, low methoxyl and high methoxyl pectin have been
studied, in order to improve the loading efficiency and protect bioactive
compounds.

Bioactives from food waste can be extracted and used for the de-
velopment of nutraceuticals and functional food additives (Kumar,
Yadav, Kumar, Vyas, & Dhaliwal, 2017; Silveira, Daroit, & Brandelli,
2008; Wilkins, Widmer, Grohmann, & Cameron, 2007). It was reported
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that food waste can contain high values of polyphenols concentration
which have antioxidant activity and diminish the risk of developing
certain types of cancer (Baiano, 2014; Day, Seymour, Pitts, Konczak, &
Lundin, 2009). The growing demand for daily intake of fruits and ve-
getables has generated a greater global consumption guiding to a
healthy diet. Beetroot (Beta vulgaris) is considered a source of vitamins,
minerals and biocompounds such as polyphenols and betalains (Baiao
et al., 2017; Jackman & Smith, 1996; Sawicki & Wiczkowski, 2018).
Despite being a vegetable of mass consumption around the world it is
usually commercialized without stems or leaves, in most cases being
discarded or used as organic fertilizers and animal feed (Amaral,
Anghinoni, & Deschamps, 2004; Mello, Franzolini, Fernandes, Franco,
& Alves, 2008). Stems and leaves become a sub-product of high nutri-
tional and chemical value being wasted.

Approaches have been pursued to analyze the structure and mor-
phology of the associations of alginate chains to reveal structure-func-
tion relationships. Small-angle X-ray scattering (SAXS) is a non-invasive
technique that has proven to be an accurate and powerful tool for ex-
ploring the nanoscale morphology of hydrogels. It reveals subtle dif-
ferences in electron density within the reticulated networks of hydro-
gels in the range of 1–100 nm, providing information on the
supramolecular structure formed by biopolymers (Traffano-Schiffo
et al., 2018; Wu et al., 2018). Ca(II)-alginate structure can be modu-
lated with the addition of different encapsulating agents, in order to
tune properties such as mechanical strength or leakage of entrapped
biomolecules (Aguirre Calvo et al., 2017; Chawda, Shi, Xue, & Young
Quek, 2017; Santagapita, Mazzobre, & Buera, 2011). Moreover, the
possible structural changes are driven not only by the presence of ex-
cipients adhered to the Ca(II)-alginate structure but also by the pre-
sence of extracts. Changes in certain microstructural parameters go
from the molecular (arrange of alginate polymer dimers) to the supra-
molecular (interconnection of the rods composing the microstructure of
the hydrogel) structure of Ca(II)-alginate beads (Aguirre-Calvo,
Perullini, & Santagapita, 2018; Traffano-Schiffo, Aguirre Calvo, Castro-
Giraldez, Fito, & Santagapita, 2017).

In the present research, efforts are gathered to recover valuable
bioactives from food waste and encapsulate them in Ca(II)-alginate
beads, using sucrose, arabic and guar gums, and low and high methoxyl
pectins as excipients. The subsequent evaluation performed by SAXS
analysis shed light on changes produced by excipients and extracts from
the molecular to the supramolecular microstructure of the hydrogel
network. At the same time, it provides a valuable solution to the pre-
paration of nutraceuticals not only considering functional aspects as
loading efficiency and remaining antioxidant activity, but also com-
bining structural-functional information leading to the development of
improved Ca(II)-alginate beads.

2. Materials and methods

Materials employed are listed below: sodium alginate (Algogel
5540) from Cargill S.A. (San Isidro, Buenos Aires, Argentina), molecular
weight of 1.97 (± 0.06)·105 g/mol and mannuronate/guluronate ratio
of 0.6; D(+) Sucrose p.a. (A.C.S) (Biopack, Zárate, Buenos Aires,
Argentina) molecular weight of 342.30 g/mol; guar gum (Cordis S.A.,
Villa Luzuriaga, Buenos Aires, Argentina), molecular weight of 2.2
(± 0.1)·105 g/mol and a mannose/galactose ratio of 1.8; arabic gum
(Biopack, Zárate, Buenos Aires, Argentina), molecular weight of 2.5
(± 0.1)·105 g/mol and a purity of 99%; low methoxyl pectin (Degusta
Meath & Nutrition Argentina S.A. Bs. As. Argentina) esterification de-
gree between 26 and 31%; and high methoxyl pectin (Cargill Inc.,
Mineapolis, Minnesota, USA). Table 1 summarizes relevant physico-
chemical properties of each biopolymer. Leaf and stem extract from
beetroot were prepared according to Aguirre-Calvo et al., 2018. Briefly,
leaves and stems were scalded, mixed in a blender with water (1:2) for
5min at 20 °C and then centrifuged at 10,000 rpm for 30min at
5 ± 1 °C. Samples were kept in the dark at 4 ± 1 °C until used. Ta
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2.1. Bioactive extract encapsulation: Ca(II)-alginate bead generation

Aqueous extract of leaf or stem were mixed with 10 g kg−1 of so-
dium alginate and 200 g kg−1 of sucrose (AS) and then stirred until
complete dissolution. Formulations were prepared by adding the algi-
nate-sucrose solution with 2.5 g kg−1 of four different hydrocolloids,
generating the following systems: alginate-sucrose-guar gum (ASGG);
alginate-sucrose-arabic gum (ASAG); alginate-sucrose-LM pectin (ASL);
alginate-sucrose-HM pectin (ASH). Each formulation is then dropped
with a needle (Novofine 31G, 0.25mm diameter) with a peristaltic
pump at 9.0 ± 0.1 rpm (model BT50-1J-JY10, Boading Longer
Precision Pump Co, Ltd, China), on 25 g kg−1 CaCl2 solution with
200 g kg−1 of sucrose (Cicarelli S.A., Argentina) in 0.1 M acetate buffer
pH 5.5. The distance between the needle and the CaCl2 solution was
6.0 ± 0.1 cm. After beads generation, they were maintained for 5min
in CaCl2 solution and then washed 2 times (for 5 s each wash) with
bidistilled cold water, obtaining beads of Feret's diameter= 1.6 ±
0.1mm. Beads were kept at 5 ± 1 °C until its use. Control beads
without extracts were also produced following the same conditions for
comparative purposes.

2.1.1. Loading efficiency of betacyanins
Loading efficiency of betacyanins was calculated based on the

spectrophotometrically quantification by Aguirre-Calvo et al. (2018).
Briefly, concentrations obtained from absorbance readings of 30 beads
mixed previously with 0.175mL of 100 g kg−1 sodium citrate by means
of a spectrophotometer (JASCO Inc., Maryland, USA), [BC]beads, were
related to the concentration of main extract, [BC]extract, as described in
equation (1) (eq (1)).

⎜ ⎟= ⎛
⎝

⎞
⎠

∗L E bc BC
BC

. ( ) [ ]
[ ]

100beads

extract 1

As described in Aguirre-Calvo et al., 2018, the concentration of
betacyanins in the beads, [BC]beads, was calculated taking into account
the size and number of beads used in the determination, considering the
volume =Vol πrbead

3
4

3 for each of the systems, where [r] is the half of
the Feret's diameter, and the dilution factor in the sodium citrate so-
lution used for liquefaction. Thus, the [BC]beads values are expressed as
mgBC/mL of liquefied beads and can be compared to the concentration
of BC in the extract, [BC]extract.

2.1.2. Loading efficiency of polyphenols
The loading efficiency of polyphenols was calculated following

Aguirre-Calvo et al. (2018) based on total polyphenols content of the
beads ([TP]beads) related to the concentration of main extract
([TP]extract), following equation (2) (eq (2)). Concentration was calcu-
lated with the technique of Singleton et al. (1999) using Folin Cio-
calteau reagent (Biopack®, Zárate, Buenos Aires, Argentina). Briefly, 30
beads were mixed previously with 0.175mL of 100 g kg−1 sodium ci-
trate. Then, 125 μL of a solution of Na2CO3 (200 g kg−1), 800 μL of
distilled water and 50 μL of sample (disintegrated beads or extracts)
were added to 125 μL of the Folin Ciocalteau reagent. The absorbance
at 765 nm was measured after 30min of reaction at 40 °C in the dark.
Results were expressed as mg GAE/mL through a calibration curve,
being GAE: gallic acid equivalents.

⎜ ⎟= ⎛
⎝

⎞
⎠

∗L E polyphenols TP
TP

. ( ) [ ]
[ ]

100beads

extract 2

As described in Aguirre-Calvo et al., 2018, the total polyphenol
content of the beads, [TP]beads, was calculated taking into account the
size and number of beads used in the determination, considering the
volume =Vol πrbead

3
4

3 for each of the systems, where [r] is the half of
the Feret's diameter and the dilution factor in the sodium citrate solu-
tion used for liquefaction. Thus, the [TP]beads values are expressed as
mgGAE/mL of liquefied beads and can be compared to the concentration

of TP in the extract, [TP]extract.

2.1.3. Remaining antioxidant activity by ABTS•+ radical
Remaining antioxidant activity was calculated by detecting the

ability of the beads ([AnA]beads) to scavenge the ABTS•+ free radical
related to the extract ([AnA]extract), as reported in equation (3) (eq (3)).
Antioxidant activities of the samples were analyzed by ability to sca-
venge the ABTS•+ free radical using a modified methodology previously
reported by Re, Pellegrini, Proteggente, Pannala, & Yang, 1999 and
Aguirre-Calvo et al., 2018. Thirty beads were mixed with 0.175mL of
100 g kg−1 sodium citrate; then 100 μL of the sample (liquefied beads
or extracts) were mixed with 1.9mL of activated ABTS•+ (7.0 mM ABTS
previously mixed with 2.45mM potassium persulfate and left for 16 h
in the dark). Samples were measured at 734 nm after incubation at
30 °C for 30min in a water bath. The percentage of inhibition was
calculated against a control sample (without extracts) and compared to
a gallic acid standard curve and expressed as mgGAE/mL (Wootton-
Beard, Moran, & Ryan, 2011). The ABTS•+ remaining antioxidant ac-
tivity was calculated:

⎜ ⎟= ⎛
⎝

⎞
⎠

∗+R A A AnA
AnA

. . . (ABTS ) [ ]
[ ]

100beads

extract

•

3

As described in Aguirre-Calvo et al., 2018, the antioxidant activity
of the beads, [AnA]beads, was calculated taking into account the size and
number of beads used in the determination, considering the volume

=Vol πrbead
3
4

3 for each of the systems, where [r] is the half of the Feret's
diameter, and the dilution factor in the sodium citrate solution used for
liquefaction. Thus, the [AnA]beads values are expressed as mgGAE/mL of
liquefied beads and can be compared to the antioxidant activity of the
extract, [AnA]extract.

2.2. Fe3+ determination

Extract samples (10.00 mL) were brought to ashes and diluted with
10mL of 1M HCl, then filtered. The supernatant was mixed (1:1) with
1M of ammonium thiocyanate for 15min to generate the iron(III)
complex. An external calibration curve was prepared by taking known
amounts of standard Fe(III) solution (ferric ammonium sulfate).
Absorbance was monitored at 490 nm. Results are expressed as mg of
Fe3+ per kg of fresh sample (Chemteach, 2019).

2.3. Beads characterization

2.3.1. Macrostructural characterization
Area, perimeter, circularity and Feret's diameter described the

macrostructural characterization of the beads. As described by Aguirre
Calvo and Santagapita (2016), thirty beads were analyzed through di-
gital analysis of images captured with a digital camera coupled to a
binocular microscope and analyzed by the free license software ImageJ
(http://rsbweb.nih.gov/ij/) by applying the “analyze particle” com-
mand of the software.

2.3.2. Microstructure characterization
The microstructure characterization was performed at the LNLS

SAXS2 beamline in Campinas, Brazil, working at λ=0.1488 nm with a
vector (q) range of 0.096 nm−1 < q < 2.856 nm−1. All the para-
meters were analyzed as described in Traffano-Schiffo et al., 2018 and
Aguirre-Calvo et al., 2018.

2.4. Statistical analyses

The statistical analyses were performed by one-way ANOVA with
Tukey's post-test by using Prism 6.01 (GraphPad Software Inc., San
Diego, CA, USA) in order to determine significant differences between
the mean values of beads of different compositions on the measured
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parameters. When the analysis of variance indicates differences among
means, a t-test was used to differentiate means with 95% of confidence
(p < 0.05).

3. Results and discussion

3.1. Hydrocolloids effect on encapsulated betacyanins and polyphenols

Aqueous extracts were obtained from leaves and stems of beetroot
as optimized in a previous work (Aguirre-Calvo et al., 2018). The leaf
extract contained 6.0 ± 0.2 g.L−1 of betacyanin (BC) and 0.43 ± 0.02
ggallic acid equivalents

.L−1 of polypohenols (TP). Stem extracts have greater
BC content (40.6 ± 0.9 gbetacyanin.L−1) and lower content of TP
(0.17 ± 0.03 ggallic acid equivalents

.L−1). Both extracts were encapsulated
in Ca(II)-alginate beads with sucrose and pectins or gums. Table 2
shows the loading efficiencies of BC and TP and the remaining anti-
oxidant activity of ABTS (RAA). Beads containing sucrose were used as
the baseline systems, since it was already established that its inclusion
enhanced the loading efficiencies of the co-encapsulated compounds
(Aguirre-Calvo et al., 2018). Loading efficiency of BC for leaf extract
was higher than in stem extract, although the absolute content values of
BC for stem (between 1.71 and 4.14 g.L−1) was approximately 3.5
times higher than leaf (between 0.59 and 1.33 g.L−1), as showed in
Table S1 of the Supplementary File. This higher content was also evi-
denced by direct observation of beads color. Conversely, loading effi-
ciency for TP of stem extract was higher than leaf extract, but the beads
containing the later extract have 2.7 times more polyphenols (between
0.18 and 0.22 ggallic acid equivalents

.L−1) than those with stem extract
(between 0.05 and 0.08 ggallic acid equivalents

.L−1), as reported in Table S1
of the Supplementary File. Beads containing stem extract showed
higher remaining antioxidant activity (RAA) than those containing leaf

extract regardless of the bead composition, as expected by the TP
loading efficiency.

Addition of guar gum showed an important effect on entrapment of
BC and TP regardless of the encapsulated extract. However, when
analyzing the RAA for these systems, although both present the higher
values, only the beads with stem extract showed a significant increment
by guar gum addition.

All gums increased BC loading efficiency for stem extract, but al-
most no significant differences were observed for TP, with even lower
values in the presence of arabic gum.

Both low and high methoxyl pectins showed severe reductions on
the RAA of beads containing any of the extracts. These changes can be
related to the presence of the additional polygalacturonate groups that
can interact directly with the TP and BC, as well as by promoting
modifications of Ca(II)-alginate associations forming the network, as
will be further analyzed.

3.2. Hydrocolloids effect on Ca(II)-alginate bead structure

Fig. 1 shows the intensity plots as a function of the scattering vector
(q) derived from SAXS experiments for representative samples of Ca(II)-
alginate hydrogels containing sucrose (AS) in the presence of the ex-
tracts or without them (Fig. 1A) and for samples with all the co-poly-
mers without extracts (Fig. 1B). From these plots, several relevant
parameters can be obtained to evaluate both the molecular and su-
pramolecular structure formed within the Ca(II)-alginate network. This
network is modeled as a mass fractal system and the scattering curve is
divided into three regions, which allow the characterization of the
system at different length scales. The interconnectivity of the rods that
build up the alginate network (parameter α1) can be obtained from the
slope of the power law at values of q < 0.28 nm−1. For intermediate
values of q (0.55 nm−1 < q < 1.5 nm−1), the slope (parameter α2)
represents the compactness within the rods, and the slope for values of
q > 1.5 nm−1 (parameter α3) characterizes the interconnectivity of
the basic units that built up the rod (alginate dimers). The intersection
of α1 and α2 gives the radii of gyration of the rods (R1), and the in-
tersection of α2 and α3 corresponds to the outer radius of the dimers
inside the rods (R2). The last two parameters were evaluated from the
maximum or minimum values of the Kratky plot, scattering intensity
multiplied by the square modulus of the scattering vector, I(q).q2, as a
function of the modulus of q (Aguirre-Calvo et al., 2018; Agulhon,
Robitzer, David, & Quignard, 2012).

Starting from the smallest structures observed in the Ca(II)-alginate
network, the interconnectivity and size of the alginate dimers that self-
associate to compose each rod, α3 and R2, respectively, are shown in
Fig. 2. As a general trend, there are no significant differences in the
interconnectivity by the presence of the extracts, analyzing each system
individually. However, the system with high methoxyl pectin (w/o
extract) and the system with guar gum in the presence of leaf extract
showed an increase in the density of the dimers, revealing specific ef-
fects. It is worth noting that this last effect is also linked with the in-
crease in R2, and it can be correlated to the higher loading efficiency of

Table 2
Loading efficiencies of betacyanin (L.E.BC) and polyphenols (L.E.TP) and re-
maining antioxidant activity (RAA) of different formulations of Ca(II)-alginate-
sucrose beads containing leave or stem extracts.

L.EBC (%) L.ETP (%) RAA(ABTS) (%)

Leaf extract AS 26.6 ± 0.2 c,A 38 ± 4 b,B 22 ± 4 a,B

ASGG 35.1 ± 0.3 a,A 47 ± 1 a,B 26 ± 4 a,B

ASAG 15.46 ± 0.01 e,A 28 ± 2 c,B 20 ± 2 a,B

ASL 21.6 ± 0.4 d,A 37 ± 2 b,B 10 ± 2 b,B

ASH 28.7 ± 0.2 b,A 38 ± 2 b,B 7 ± 2 b,B

Stem extract AS 10.6 ± 0.4 c,B 58.2 ± 0.3 ab,A 48 ± 9 b,A

ASGG 25.7 ± 0.4 a,B 60 ± 1 a,A 66 ± 3 a,A

ASAG 20 ± 3 b,A 43.3 ± 0.9 c,A 38 ± 2 b,A

ASL 21 ± 2 ab,A 56 ± 2 ab,A 22 ± 2 c,A

ASH 16 ± 3 b,B 54 ± 3 b,A 38 ± 3 bc,A

A: alginate; S: sucrose; GG: guar gum; AG: arabic gum; L: low methoxyl pectin;
H: high methoxyl pectin. Different lowercase letters on the columns (a−e) in-
dicate significant differences between systems of the same extract (p < 0.05).
Different capital letters on the columns (A-B) indicate significant differences
between extracts on the same bead system (p < 0.05).

Fig. 1. log–log SAXS profile plots of A. re-
presentative Ca(II)-alginate-sucrose (AS) beads
loaded with leaf (solid-dark gray curve) and stem
(solid-gray curve) extracts and without them (da-
shed-black curve) and B. Ca(II)-alginate without ex-
tracts containing sucrose (dashed-black curve), and
sucrose with biopolymers: high methoxyl pectin
(solid-dark gray curve); arabic gum (dashed-dark
gray curve); guar gum (dotted-black curve); low
methoxyl pectin (solid-light gray curve), from top to
bottom. Inset in Figure A corresponds to Kratky plot.
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TP, indicating that the interactions of the bioactive compounds with
their encapsulation matrix can be mediated by the guar gum additive.

Fig. 3 shows parameters α2 and R1, representing the compactness
and size of the alginate rods. The main effect observed is the size in-
crement of the rod (R1) promoted by the presence of the leaf extract,
which is in line with previous results (Aguirre-Calvo et al., 2018). The
structural alterations can be attributed to the presence of trivalent ca-
tions in the leaf extract. Particularly, Fe3+ concentrations were more
than 2 times higher in leaf than in stem (14.4 ± 0.3 and 6.4 ± 0.6
mgFe3+/kgsample, respectively). Compared to divalent cations, trivalent
ones offer a more versatile and larger coordination environment, ex-
panding the possible chain arrays within the crosslinked hydrogel, and
resulting in a more ramified network as previously reported (Sonego,
Santagapita, Perullini, & Jobbágy, 2016; Yang et al., 2013). It is worth
noting that the system with arabic gum and leaf extract presented a
particularly high value of parameter R1, indicative of an overly high
alginate rod size, suggesting specific interactions between this additive
and components of this natural extract. Further studies should be
conducted to clarify this issue. On the other hand, the addition of guar
gum generates a decrease both in the compactness and size of the rods.
This effect can be attributed to the steric hindrance of the guar gum on
the alginate polymer chains, causing an impeded diffusion which in

turn could result in a more disordered alginate network (decrease in α2)
and a lower multiplicity of the junction zones (lower R1), in accordance
to previous results (Traffano-Schiffo et al., 2017). This in turn can ex-
plain the higher entrapment of BC and TP regardless of the en-
capsulated extract observed in presence of guar gum. Conversely, the
addition of both types of pectins does not generate notorious changes in
these parameters, suggesting lower interaction with the alginate net-
work at this scale (∼10 nm).

At the largest analyzed scale, the level of interconnectivity of the
rods (parameter α1) increased in samples containing leaf extract
(Fig. 4), in line with the microstructural changes observed at the in-
termediate scale (density and size of the alginate rods). In this sense, all
the Fe3+ present is expected to coordinate triple alginate polymer
centers explaining a coordination of carboxylic groups from three dif-
ferent alginate chains, which in turn results in a higher incidence of
“tripartite junction nodes”. On the other hand, the addition of low
methoxyl pectin (L) showed an increase in the interconnectivity of the
alginate rod network in the systems without extracts. This effect can be
related to the ability of the carboxyl groups of the L to bind Ca2+ ions
inducing the assembly of the chains and network formation in a similar
way than alginate (Schuster, Cucheval, Lundin, & Williams, 2011).
However, L possesses an extraordinary more flexible signature than

Fig. 2. Microstructure parameters of Ca(II)-alginate beads with and without extract. A. Fractal dimension at distances lower than R2 defined as parameter α3 of the
microstructure derived from log–log SAXS profiles. B. Characteristic size of the Ca(II)-alginate dimers (R2) deduced from the minima obtained on Kratky plots.
Standard deviations values are included. A: alginate; S: sucrose; GG: guar gum; AG: arabic gum; L: low methoxyl pectin and H: high methoxyl pectin.

Fig. 3. Microstructure parameters of Ca(II)-alginate beads with and without extract. A. Fractal dimension at distances lower than the characteristic size of the rods or
parameter α2 of the microstructure derived from log–log SAXS profiles. B. Rod cross-sectional radius (R1) deduced from the maxima obtained on Kratky plots.
Standard deviation values are included. A: alginate; S: sucrose; GG: guar gum; AG: arabic gum; L: low methoxyl pectin and H: high methoxyl pectin.
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alginate, which allows being connected from single-chain sections
linked by dimeric associations to network filaments of even 32 chains
(Schuster et al., 2011). Even though several consecutive un-methyl-
esterified residues (between 8 and 15) are required to form stable
junction zones of pectin dimers (Morris, Powell, Gidley, & Rees, 1982),
the presence of pectin and its microstructural flexibility offers an extra
possibility to coordinate with alginate through Ca2+ ions, explaining
the observed higher interconnectivity.

Several aspects can be discussed considering the above-presented
information. Of the added hydrocolloids, only guar gum produced an
increase in the loading efficiency of both betacyanin and polyphenols,
increasing also the remaining antioxidant activity (only for stem ex-
tract). GG possess higher molecular weight and viscosity than the other
employed biopolymers. Besides, it produced changes in the micro-
structure at the smallest and intermediate scales, affecting both the
alginate dimer (increasing it) and the rod size and compactness (de-
creasing them) as a consequence of the steric hindrance, as previously
discussed. As a general rule, arabic gum and both pectins showed poor
functional characteristics in both extracts. Even though they all can be
used to increase the loading efficiency of betacyanin in stem extract,
they reduce the remaining antioxidant capacity. As commented earlier,
each of these polymers depicts some special microstructural features in
the absence or presence of one type of extract, but none of them
maintained these changes through all the experimental conditions,
which reveal the plasticity of the different structures generated on each
condition. On the other hand, the type of the extract produced strong
microstructural effects, related to the content of trivalent cations which
offers extra-coordination of alginate chains prior to gelation, being this
effect much stronger than any of the changes promoted by the addition
of any polymer. Thus, the addition of guar gum seems to be a very good
alternative for Ca(II)alginate-sucrose beads production since it in-
creases the functional properties and produces stable microstructural
modifications, independently of the employed extract. Conjointly, it
was already reported that the inclusion of guar gum maintained the
microstructural stability during processing conditions as well as pH
changes, as previously demonstrated by Traffano-Schiffo et al. (2018).

4. Conclusion

Typically, the strategy to increase the loading efficiency on Ca(II)-
alginate beads was the addition of excipients that have some affinity for
the alginate and at the same time for the compounds of interest
(bioactives). However, the effect of these excipients in the micro-
structure of the beads was often shallowed. In the present work, we
demonstrate that the presence of hydrocolloids in Ca(II)-alginate beads

supplemented with sucrose produced changes at different scales in the
1–100 nm range, affecting from the alginate dimers size and density,
the rods size and compactness as well as their interconnectivity.
Nevertheless, these modifications can be overlied by the presence of an
extract (such as the leaf one), which leads to alginate coordination prior
to gelation, strongly affecting the resulting microstructure.

Among the used hydrocolloids, only guar gum achieves the two
proposed criteria: increasing functional properties (higher loading ef-
ficiencies and remaining antioxidant activity) and consolidating mi-
crostructural modulations (on control and independently of the em-
ployed extract). Then, the addition of guar gum can lead to Ca(II)-
alginate beads with improved properties which constitute a promising
enhancement in terms of stability under processing conditions for in-
gredients used on functional foods.
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