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ARTICLE INFO ABSTRACT

Keywords: The aim of the present research was to optimize the generation of Ca(Il)-alginate beads containing extracts from
Antioxidants by-products using a blocking design, with a concomitant evaluation of the microstructural changes of the hydrogel
Waste network assessed by SAXS. Two main industrial parameters were used as variables: sodium-alginate and calcium-
]l;\lzngissurface methodology chloride concentrations. Multiple responses related to the loading efficiency of the bioactive compounds, their
SAXS activity by two methods (ABTS and FRAP) and a macroscopic property (roundness) were analyzed through the

experimental design. The blocking design was efficient compared to a randomized design as confirmed by F-
value>1, highlighting the differences among the extracts. Besides, both synthesis variables significantly affected
each response, showing the concentration of sodium alginate a higher impact. On the other hand, the extracts
increased the interconnectivity of the rods (changing the fractal dimension from ~1.80 to ~2.10) due to the
presence of trivalent cations since they induce a larger coordination of the network. The compactness and size
of the rods and the characteristic size of the dimers were more influenced by the extracts than by the increase
of alginate and calcium concentrations. The optimized combination of alginate (1.5% w/v) and calcium (2.5%
w/v) achieved two goals: highest loading efficiency and activities of bioactive compounds, and stabilization of
the microstructural modulations due to extract changes.

1. Introduction

Sodium alginate is a natural ionic polysaccharide typically ex-
tracted from the cell wall of brown algae, brown seaweed, and bacteria
(Agiiero, Zaldivar-Silva, Pefia & Dias, 2017). The ability to undergo an
almost temperature-independent sol/gel transition in presence of some
bi or trivalent cations (e.g. Ca®*, Sr%*, Ba2*, AI3*, Ce3*) (Dodero et al.,
2019; Posbeyikian et al., 2021; Sonego, Santagapita, Perullini & Job-
bagy, 2016) is widely used to prepare hydrogels. The gelation process is
conventionally described in terms of the “egg-box” model, where ionic
cross-linking interaction occurs between the carboxylic acid groups of
alginate and cations, being a fast, simple, and mild-condition process,
featuring qualities that make alginate a suitable choice as an encap-
sulation agent (Bennacef, Desobry-Banon, Probst & Desobry, 2021). As
the concentration of alginate increases in the formulation, the number
of apparent cross-linking points also increases (Kaur, Singh & Sharma,
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2018). Calcium is the main divalent cation widely used due to being
clinically safe, easily accessible, and economical (Reis, Neufeld, Vilela,
Ribeiro & Veiga, 2006). Therefore, the control of the concentrations of
sodium alginate and calcium may involve the optimization of the syn-
thesis process entailing to enhance desired characteristics for a certain
product. Additionally, analysis of the nanostructure and morphology of
the associations of alginate chains have been conducted by SAXS reveal-
ing the different scales and arrangements within Ca(Il)-alginate beads;
the presence of natural extracts prompts important structural changes in
the alginate network, from the molecular (arrange of alginate polymer
dimers) to the supramolecular (interconnection of the rods composing
the microstructure of the hydrogel) level (Aguirre Calvo, Perullini &
Santagapita, 2018, 2019).

By-products of fruits and vegetables represent a source of sugars,
minerals, organic acids, colorants, and phenolic compounds, that usu-
ally represent large amounts of wastes. Therefore, the recovery of
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these valuable compounds has gained significant economic interest as
a good and cheap source of bioactive compounds, being also in line
with United Nations Sustainable Development Goals (SDG) number 2
and 3 (United Nations, 2021). Besides, a wide range of benefits in
humans was already documented, such as their important biological
activities, including antioxidant, antibacterial, cardio-protective, anti-
carcinogenic and anti-mutagenic effects (Brewer, 2011; Llorach, Espin,
Tomas-Barberan & Ferreres, 2003; Shrikhande, 2000). To prevent unde-
sirable changes in the properties of labile substances under adverse envi-
ronmental conditions, encapsulation represents a very useful technique
aimed to improve the stability and release of bioactive compounds such
as food ingredients, enzymes, cells, or other materials by entrapping
them within a coating agent or a matrix (Najafi-Soulari, Shekarchizadeh,
& Kadivar, 2016; Stojanovic et al., 2012). Several researchers have been
studying the versatility to encapsulate the bioactive in Ca(Il)-alginate
based matrices, contributing to an increase in stability and also pro-
moting a controlled release of the bioactive compounds (Fang & Bhan-
dari, 2010; Nedovic, Kalusevic, Manojlovic, Levic & Bugarski, 2011;
Rijo et al., 2014). Previous works of our group demonstrated that the en-
capsulation of natural extracts into Ca(Il)-alginate systems (commonly
in the form of beads) provides advantages that contribute to the develop-
ment of ingredients for functional foods (T. R. Aguirre Calvo, Molino, Pe-
rullini, Ruffian-Henares & Santagapita, 2020b; Traffano-Schiffo, Calvo,
Avanza & Santagapita, 2020, 2018). Furthermore, the microstructural
stabilization of the beads allowed to elucidate and evaluate the changes
not only related to the encapsulation process but also to the physical
characteristics and release properties during operative conditions (T. R.
Aguirre Calvo, Molino, Perullini, Ruffian-Henares & Santagapita, 2020a;
Traffano-Schiffo et al., 2018; Zazzali, Aguirre Calvo, Ruiz-Henestrosa,
Santagapita & Perullini, 2019).

Response surface methodology (RSM) is known as a collection of
statistical and mathematical techniques, useful for the development, im-
provement, and optimization of products and processes (Carley, Kam-
neva & Reminga, 2004; Deepak et al., 2008). By means of an RSM
analysis, the combined effects of some factors involved in the beads
production process can be evaluated, analyzing the influence and im-
portance of independent variables to one or several dependent vari-
ables to improve a process and obtain an optimal response (Ji, Cho,
Gu & Kim, 2007; Sumi¢ et al., 2016). To the best of our knowledge,
experiment design has been used focusing on some cases only in one
or two responses of the Ca(Il)-alginate matrices, such as encapsulation
efficiency (Najafi-Soulari et al., 2016; Narsaiah, Jha, Wilson, Mandge
& Manikantan, 2014), encapsulation efficiency and loading capacity
(Celli, Teixeira, Duke & Brooks, 2016), evaluation of crosslinking de-
gree (Dodero et al., 2019), and encapsulation efficiency and drug release
(Nayak, Das & Maji, 2012). While loading efficiency allows to establish
and optimize an encapsulation procedure, changes related to the physi-
cal properties of the beads are parameters that must also be considered,
especially for fine-tuning the final application of them. Apart from per-
formance parameters related to the quality and bioactivity of functional
ingredients, additional desired properties are related to the acceptance
of the beads in food systems, such as their sphericity (roundness), being
key factors responsible for the appearance and texture of the product
(Ha, Jo, Cho & Kim, 2016; Jeong, Kim, Lee, Cho & Kim, 2020). Partic-
ularly, it has been suggested that roundness is an appropriate measure
to differentiate spherical particles as a shape descriptor (Lee, Ravindra
& Chan, 2013) as well as a possible indicator of acceptance by con-
sumers (Velasco, Beh, Le & Marmolejo-Ramos, 2018). Hence, the aim
of this work was to optimize the generation of Ca(I)-alginate beads
containing extracts from beet by-products (leaves and stems) using a
blocking design, with a concomitant evaluation of the microstructural
changes of the hydrogel network from the molecular to the supramolec-
ular scale (1-100 nm) assessed by SAXS. Two main industrial parameters
were used as variables: sodium alginate and calcium chloride concen-
trations, which were related to multiple responses as loading efficiency
of the bioactive compounds, their activity as well as the roundness of
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Table 1
Experimental levels of the independent variables.
Factor ~ Name Unit Levels
X1 Na-alginate % w/v 0.5-1.5
X2 CaCl, %w/v  1-4
X3 Extract Leaf — Stem - Mix

the beads. The optimized formulation was not only related to the max-
imum responses, but also considering the microstructural modulations
due to the interaction of the extracts and the synthesis variables on the
Ca(ID)-alginate bead, being the first time that all these parameters are
contemplated altogether.

2. Materials and methods
2.1. Materials

Sodium alginate (Algogel 5540) from Cargill S.A. (San Isidro, Buenos
Aires, Argentina), with mannuronate/guluronate (M/G) ratio of 0.6
and molecular weight of 1.97 x 10° g/mol. Calcium chloride (CaCl,)
from Laboratorios Cicarelli (Reagents S.A., San Lorenzo, Santa Fe, Ar-
gentina). Folin-Ciocalteau and sodium citrate from Biopack (Biopack,
Zéarate, Buenos Aires, Argentina), TPTZ and ABTS from Sigma (Sigma-
Aldrich Co., Ltd., Saint Louis, USA).

2.2. Preparation of the extracts

Stems and leaves of Beta vulgaris were purchased in a local mar-
ket, then scalded and homogenized in a blender. Three different purees
(stems, leaves, and mix — 1:1 of the formers-) were obtained and then
mixed with water (1:1.5) for 5 min at 20 °C; afterward, they were cen-
trifuged at 6000 rpm for 30 min. Extracts were kept in the dark at
4 + 1 °C until used. The extracts were characterized, and the main results
are showed in Table S1 of the Supplementary File I.

2.3. Beads synthesis with bioactive extracts

Beads were prepared by ionotropic gelation according to the drop-
ping method described previously (Aguirre Calvo et al., 2018; Traffano-
Schiffo, Aguirre Calvo, Castro-Giraldez, Fito & Santagapita, 2017) fol-
lowing the experimental design commented in the next section. Briefly:
sodium alginate (Na-alginate) solutions were prepared in each extract
(leaf, stem, or mix) (0.5, 1.0 and 1.5% w/v) under gentle agitation at
room temperature until complete dissolution. Calcium chloride (CaCl,)
solutions (1.0, 2.5 and 4.0% w/v) were prepared in 0.1 M acetate buffer
pH 5.5. Each Na-alginate solution (2 mL) was dripped over 20 mL CaCl,
solutions (stirred in an ice bath) at 6 cm by using a peristaltic pump
(model BT50-1J-JY10, Baoding Longer Precision Pump Co, Ltd, China)
at 9.0 + 0.1 rpm. After beads generation, they were maintained for 5 min
in CaCl, solution, and then they were washed 2 times with bidistilled
cold water to remove free Ca%*. Finally, beads were maintained at 4 °C
until their use.

2.4. Experimental design

The response surface method was used to estimate the effect of three
variables on five dependent responses (L.Etpc; R.Apprs; R-Aprap; L.-Epc
and roundness). A complete randomized block design was built, taking
the extract as a blocking factor, to control the optimal response of Na-
alginate:CaCl, for each extract. Table 1 summarizes the experimental
variables selected and the variation range. To validate the theoretical
models, an additional experiment was carried out. The response surface
is based on the model generated from the blocking design.
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The experimental data were fitted to a second-order polynomial
model to obtain the regression coefficients. Regression analysis was per-
formed with Eq. (1):

k k k k
Y=o+ D BXi+ D BXE+ DD XX, 1)
i=1 i=1

i=1 j=i+l

where Y, is the dependent variable analyzed (Y;-L.Etpc; Yo-R.AppTs,
Y3-R.Apgap, Y4-L.Epc, Y5-roundness); g is a constant coefficient; pi, ii
and pij are the coefficients for linear, quadratic and interaction effect,
respectively; and X; and X; are the independent variables. The linear
terms analyze the effect of one factor at a time over the response stud-
ied, while the interaction terms evaluate the effect of two factors simul-
taneously. The quadratic terms investigate a non-linear response. The
sign and magnitude of each significant factor in the quadratic equation
denote its relative influence on the dependent response evaluated. At
the same time, each response is transformed to obtain a normal dis-
tribution, in case it be needed. A totally randomized block experiment
was designed in which the extract is used as a blocking factor. A to-
tal of 33 experiments were performed and are presented in Fig S1 of
the Supplementary File. Multiple response optimization was analyzed
by Design-Expert statistical software (Version 11.0, StatEase, Inc, Min-
neapolis, MN, USA). The average of three runs for the optimal point in
each extract was conducted and introduced on the model for the point
prediction following the criterion of desirability.

2.5. Dependent variables measurements

2.5.1. Loading efficiency of betacyanins (L.Egc)

L.Epc was calculated with the protocol followed by Aguirre Calvo
et al. (2018-2019). Particularly, beads were liquefied with sodium cit-
rate (30 beads mix with 0.5 mL of 20% w/v sodium citrate). Spectra
from the samples were obtained with a Jasco V-630 UV-VIS spectropho-
tometer (JASCO Inc., Maryland, USA) working from wavelengths of 300
to 800 nm.

2.5.2. Loading efficiency of total phenolic compounds (L.Eqpc)

L.Eppc was calculated with the protocol followed by Aguirre
Aguirre Calvo et al. (2018)-2019). Briefly, beads were liquefied with
sodium citrate and absorbance was read at 765 nm. Results were ex-
pressed as mg gallic acid/mL through a calibration curve following the
Folin-Ciocalteau method.

2.5.3. Remaining activity by ABTS®* radical (R.Apgrg)

R.Apprs was calculated with the protocol followed by Aguirre
Aguirre Calvo et al. (2018)-2019). Particularly, beads were liquefied
with sodium citrate. Then, absorbance was read at 735 nm and results
were expressed as mg eq gallic acid (GAE)/mL following the ABTS pro-
tocol (Wootton-Beard & Ryan, 2011).

2.5.4. Remaining ability for reducing ferric (R.Apgap)

The ferric reducing ability of the extract and beads was determined
following the technique of Benzie and Strain (1996)), with a modifi-
cation. Briefly, FRAP reagent was prepared using buffer acetate (0.3 M,
pH=3.6), TPTZ (10 mM in 0.04 M HC]) and FeCl;#6 H,0 (20 mM), were
mixed together in a ratio of 10:1:1 (% v:v:v). An aliquot of the extract
(40 uL) was mixed with 60 uL of water and 600 uL of freshly prepared
reagent and incubated in the dark at 30 °C for 30 min and then read at
563 nm (FRqyrac)- For beads, 10 beads were mix with FRAP reagent and
incubated in the dark at 30 °C for 30 min, also read at 563 nm (FRy,e,qs)-
The ferric reducing ability was calculated against a control (water or
blank beads), compared to a gallic acid standard curve and expressed as
mg eq gallic acid (GAE)/mL. The remaining activity was calculated:

[FR] beads

>* 100 % )
[FR]extract

RA(rrapy = (
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2.5.5. Roundness

The shape of the beads was analyzed through digital analysis of
images captured by a digital camera (Canon digital camera, 3.2 Mpix
PowerShotA70; Canon Inc., Malaysia; with zoom fixed at 3x) coupled
to a binocular microscope (Unitron MS, Unitron Inc., New York, USA,
magnification at 7x) and analyzed by the free license software ImageJ
(http://rsbweb.nih.gov/ij/), as described by Aguirre Calvo and Santa-
gapita (2016) and Zazzali et al., 2019. Roundness gives an idea of how
far the shape is from sphericity, by relating the area and the major axis of
the bead. The equation that the software used to determine the round-
ness is: 4*area/(z*major_axis"2). At least 50 beads were analyzed by
applying the “analyze particle” command of the software. The ImageJ
software was calibrated to transform the measured pixels in length units
(mm) by taking pictures of a caliper section.

2.6. Microstructural analysis

Microstructural parameters were analyzed as described in previous
works (Aguirre Calvo et al., 2020a; Traffano-Schiffo, Calvo, Avanza and
Santagapita, 2020; Traffano-Schiffo et al., 2018). Beads formulated for
each point of the experimental design were measured at the LNLS SAXS1
beamline in Campinas (Brazil) working at 4 = 0.1488 nm with a vector
(q) range of 0.142 nm~! < g < 5.035 nm~1. The obtained parameters
were the degree of interconnection of the alginate rods (a;), the degree
of compactness within the rods (a,), the connectivity between the asso-
ciated polymer chains that blend alginate dimers (a53), the size related to
the outer radius of the rods (R;) and the size related to the outer radius
of the basic units of polymer dimers (R,). Statistical differences were
assessed by one-way ANOVA with Tukey’s post-test by using Prism 6.01
(GraphPad Software Inc., San Diego, CA, USA).

3. Results and discussion
3.1. Optimization for loaded bioactive compounds in Ca(Il)-alginate beads

The optimization of the two main variables on the synthesis of Ca(II)-
alginate systems loaded with antioxidants and betacyanin by RSM is an
advantage as a decisive step for obtaining beads for their subsequent use
as functional ingredients but employing the minimum of experimental
tests. The effect of both Na-alginate and calcium chloride concentrations
as formulation variables in three different extracts on the betacyanins
(BC) and total phenolic compounds (TPC) content, antioxidant activities
by ABTS and FRAP, and roundness (as macroscopic property) of Ca(Il)-
alginate beads was studied. Table 2 shows the regression coefficients for
the model of each response and p-values adjusted to a quadratic model
(p-value <0.0001). The correspondent ANOVA for each variable is in-
cluded in Table S2 in the Supplementary Files. It is worth noting that
to adjust the normality of the R.Asprs and L.Ep¢ responses, the use of
transformations (power and square root, respectively) was required to
obtain a normal distribution. The influence of the synthesis variables is
especially clear in each of the obtained responses, particularly the con-
centration of sodium alginate (p <0.05 for each variable). In the case of
calcium chloride concentration, it was an important factor and although
for L.Erpc response the linear regression does not present p <0.05, the
quadratic term does. Table 2 also shows all responses with a significant
relationship for the AB (Na-alginate:CaCl,) interaction, indicating an
effect related to the interplay of both variables.

The blocking experiment provides a perfectly identifiable classifica-
tion criterion that at the same time allows groups of experimental units
to be made homogeneous with each other. The advantage lies in con-
verting unplanned systematic variability into planned systematic vari-
ability (Goos & Donev., 2006). It is observed from Table S2 of the Sup-
plementary File that using a blocking model was effective since in all
the responses the variable "extract' shows a high sum of squares, which
generates F-value > 1, indicating that blocking is efficient. At the same
time, the loading efficiency of total phenolic content showed in Fig 1
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Table 2
Regression coefficient table for the model of each response and p-values (in italic under each coefficient) from ANOVA analyzed
via RSM.
Responses  Extract intercept A AB A? B?
L.Eqpc leaf 6.93 15.67 11.48 -5.52 -1.17
stem 12.79 0.0292 0.6581 <0.0001 0.0002
mix 14.42
(RApgrs)>  leaf 3925 569 2462 —2435 6016 ~134
stem -1108 <0.0001 <0.0001 <0.0001 <0.0001 0.3038
mix 939
R.Aggap leaf -3.52 16.55 10.73 -1.91 -1.55
stem -3.44 <0.0001 <0.0001 <0.0001 <0.0001
mix 1.71
Sqrt(L.Egc)  leaf -0.67 5.05 1.23 —0.38 -1.68 -0.14
stem 2.73 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
mix 1.28
Roundness  leaf 0.60 0.426 0.029 0.0360 —0.024 -0.134
stem 0.59 <0.0001 0.1410 <0.0001
mix 0.61

(A: Na-alginate concentration and B: calcium chloride concentration).
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Fig. 1. Surface responses plots for the response of loading efficiency of total phenolic content (L.Eppc) as a function of the sodium alginate concentration and calcium
chloride concentration, for the by-product beet extracts of Ca(II)-alginate beads. a. Leaf b. Stem c. Mix. Please see Supplementary II, Fig S4 for animation of this

figure.

reveals that each extract is represented at a different level in the same
response surface (i.e. same function), demonstrating the effectiveness of
the blocking experiment.

Fig.1 also shows that the minimum loading efficiency for TPC corre-
sponds to low concentrations of both Na-alginate and calcium chloride.
This behavior is closely related to the surface graphs that are presented
for R.Apts, R.Aprap, and L.Epc in Fig. 2abc, indicating in each case the
same trend: loading efficiencies are low when the concentrations for
both Na-alginate and CaCl, are 0.5% and 1.0%. On the other hand, as
can be observed in Fig. 2d, these synthesis conditions also generate low
values of roundness. This can be understood from the competing effects
to maintain the drop shape between the viscous-surface tension and
impact-drag forces acting when an alginate liquid drop hits and enters
the gelling bath (Chan, Lee, Ravindra & Poncelet, 2009). As the alginate
concentration is increased, the encapsulation efficiency improves signif-
icantly, as confirmed by the significance of the Na-alginate variable in
Table 2 for the ANOVA of each response. For a low alginate concen-
tration (<1.0%), the viscous and surface tension forces are lower than
the minimum ones required to counteract the effect of impact and drag,
and almost no spherical particles are formed, probably due to the lack
of enough carboxyl groups for gelation. This probably leads to higher
diffusion rates from the beads to the external media, reducing loading
efficiencies. In contrast, when sodium alginate concentration is higher,
the viscosity of the aqueous phase increases, giving in larger droplets
with a wide distribution (Liu et al. 2004).

Finally, regarding the effects attributable to the presence of the dif-
ferent extracts in the formulations, the leaf extract (Fig 1a) presents
the lower L.Erpc response, which correlates with the response for L.Epc
and R.Appap (Figs S2 of the Supplementary File). On the other hand,

samples with stem and mix extracts presented higher levels for their
loading efficiency responses (as shown in Fig. 2 and S3 of the Sup-
plementary File, respectively). Similar loading encapsulation using the
same extract was observed by Aguirre Calvo and co-workers (2018),
generating beads with important antioxidant values that can be applied
as ingredients in functional food. Considering other works, it is impor-
tant to highlight that the loading efficiency also depends on the nature
of the encapsulated molecule. Among the aqueous loaded compounds,
Najafi-Soulari et al. (2016) also obtained lower values (between 5 and
31%) for an aqueous lemon balm extract rich in phenolic compounds;
Narsaiah et al. (2014) between 20 and 39% for encapsulating nisin (a
small, cationic, hydrophobic peptide used as antimicrobial), but also em-
ploying guar gum, which often increases the encapsulation efficiency.
Finally, Nayak et al. (2012) obtained between 54 and 74% for gliben-
clamide (a sulfonylurea used for non-insulin dependent diabetes treat-
ment), but they also add arabic gum in almost 1:1 proportion with re-
spect to alginate.

3.2. Microstructural analysis for Ca(I)-alginate beads

The microstructure of the beads was analyzed by SAXS, a technique
that has been widely used to characterize the specific fractal regions of
the alginate gel structure, generating insight into the interactions with
the encapsulated compounds or among components ((Aguirre Calvo
et al., 2020a)Traffano-Schiffo et al., 2020; Traffano-Schiffo et al., 2018).
The parameters are obtained by analyzing the log-log SAXS plots (rep-
resentative samples are included in Fig S9 of the Supplementary File
II as an example) allowing to fully understand the microstructure of
the hydrogel for the Ca(II)-alginate network, from the rods-like struc-
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Fig. 2. Surface responses plots for a. remaining activity by ABTS radical (R.Aagrg), b. remaining ability for reducing ferric (R.Apgap), €. loading efficiency of
betacyanin (L.Eg;) and d. roundness as a function of the sodium alginate concentration and calcium chloride concentration, for the stem extract in the of Ca(ID-
alginate beads. Figures for leaf and mix extracts are presented in Supplementary Figures S2 and S3 of Supplementary File I, respectively, and their animations in

Figures S5-S8 of the Supplementary File II

tures to the basic units (dimers) that built up those rods. Further insights
into the gelling process can be found elsewhere (Bennacef et al., 2021;
Zazzali et al., 2019).

The microstructure at the level of the basic structures (dimers) that
self-associate to compose each of the rods in the alginate network is an-
alyzed by parameters a5 (density of dimers) and R, (characteristic size
of dimers) and is presented in Fig 3. The presence of the extracts sig-
nificantly affects the characteristic size of the basic structures (Fig 3B),
generating dimers with higher sizes when any extract is added. Con-
versely, the density of the alginate dimers (Fig. 3A) does not present any
trend (sustained increase or decrease) due to the addition of the extracts,
agreeing with the results presented by Aguirre Calvo et al. (2018). When
increasing the alginate concentration, beads with stem extract showed
an increase both in the characteristic size of the dimers and in their
compactness. This increase is also observed although to a lesser extent
in the beads that have mix extract. Control beads presented an increase
in the characteristic size of the dimers when increasing the alginate con-
centration, although this behavior is not seen in their compactness. No
general trend is observed at this scale and for these parameters with the
calcium concentration.

The compactness and size of the alginate rods are represented by
parameters a, and R,, respectively. Fig 4 shows that both parameters
are influenced by the addition of the extracts and are less affected by
the increase of alginate and calcium concentrations. Parameter a, takes

values between 3.1-3.8, and leaf extract promotes the main effect
observed in the compactness. This behavior is in line with previous
works (Aguirre Calvo et al., 2018, 2019). A similar trend is observed
for the size of the rods (R;) that increases with the addition of extracts.
This effect is attributed to the concentration of trivalent cations (mainly
Fe3*) that offer a more versatile and broad coordination environment
(Sonego et al., 2016). The extract from beet by-products contained rele-
vant concentrations of trivalent cations, in particular Fe3*, which were
more than 2 times higher in the leaf than in the stem extract (14. 4 + 0.3
vs. 6.4 + 0.6 mg Fe3*/ kg sample, being the mix between them), in ac-
cordance with Aguirre Calvo et al., 2019. This same phenomenon is
observed for the beads containing mix extract, although in a smaller
proportion since this extract contains a portion of the leaf. On the other
hand, a subtle modulation is found for the synthesis variables studied:
as the alginate concentration increases, the compactness of the rods de-
creases, especially in the control samples, and there is a tendency to
lower compactness for the lowest Ca%* concentration (1.0%) which can
be attributed to fewer and less extended junction zones.

Fig. 5 shows a; parameter, which reflects the fractal dimension at
distances greater than the characteristic size of the rods that intercon-
nect the structure of the alginate network. The addition of the extracts
generates a network with greater compactness, particularly in the leaf
extract, in comparison with those beads that do not have any extract
(control). It has been demonstrated that the addition of the extract is a
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Fig. 3. Microstructural parameters for Ca(ll)-alginate beads containing extracts (leaf, stem, and mix) as a function of the concentration of sodium alginate and
calcium chloride. Control Ca(Il)-alginate beads without extract were also included for comparative purposes. A. Parameter a5 corresponding to the fractal dimension
at distances lower than the size of the dimers derived from log-log SAXS profiles. B. Parameter R, as the characteristic size of the Ca(II)-alginate dimers deduced

from the minima obtained on Kratky plots. Standard deviation values are included.

Table 3
Predicted and experimental values obtained for the validation of the regression model in the design.
Na-alginate (% w/v)  Calcium chloride (% w/v)  Extract L. E.pc R.A.zp1s R.A.prap L.E.5¢ Roundness  Desirability
1.5 2.5 Mix Predicted 38.62 39.15 36.53 33.75 0.926 0.85
Experimental 35.18 40.07 37.3 32.95 0.945
Error% 9.8 2.3 2.1 2.4 2.0
1.5 2.5 Stem Predicted 36.99 36.26 31.38 52.63 0.915 0.83
Experimental 34.86 36.86 30.64 54.89 0.927
Error% 6.1 1.6 2.4 4.1 1.3
1.5 2.5 Leaf Predicted 31.17 42.89 31.29 14.88 0.925 0.81
Experimental 29.67 43.24 33.23 15.44 0.932
Error% 5.0 0.8 5.8 3.6 0.7

highly influential factor in generating a more interconnected structure in
the alginate network (Aguirre Calvo et al., 2019; Traffano-Schiffo et al.,
2020) due to the presence of trivalent cations. By incorporating Fe3+
ions, there is an incidence of tripartite nodes which generates a pre-
established cross-linking in the alginate branches in solution producing
triple coordination and therefore a higher level of disorder in the net-
work, which increases the value of «;. When the alginate concentration
is increased, a dilution effect of the Fe3+ from the extract is reached. The
Fe®*/alginate ratio decreases, which also dilutes this triple knot effect
that iron ions do. Increasing the alginate concentration reduces the de-
gree of interconnection, which in turn decreases the fractal dimension of
that network. On the other hand, at high concentrations of Na-alginate
not only the effect of Fe3* is diluted (as mentioned above), but also the
concentration of Ca®* has no significant effect. In this way, an interest-
ing balance is observed: when there is a higher concentration of Fe3*

(pre-coordinating Na-alginate chains), «; changes significantly regard-
less of the concentration of Ca%* ions in the cross-linking solution. With
a higher concentration of cations, it is expected that finer rods will be
quickly formed with the less alginate polymer present (as confirmed by
R; values, Fig. 4B), and at the same time, these rods are expected to be
more interconnected with the abundant Ca* present.

3.3. Validation

According to this design and with the goal of maximizing the phe-
nolic compound content and their antioxidant activities, the betacyanin
content and the roundness, the optimal combination of alginate and cal-
cium for each extract with desirability > 0.8 (desirability plots and all
the solutions for the optimization of the design are presented in Fig
$10 and Table S3 in the Supplementary File II, respectively) is alginate
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were also included for comparative purposes. Standard deviation values are included.
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1.5% w/v and calcium 2.5% w/v, as shown in Table 3. After the con-
firmation, the experimental values were included in the model, being
the difference between predicted and experimental values less than 6%
(with an exception reaching 9.8%), which indicates that the regression
models are adequate to predict these responses, as shown in Table 3.

The optimized condition is also consistent with the microstructural
stability observed at calcium chloride concentrations higher than 1%
w/v, and the high concentrations of alginate which allow not only to
dilute in some extent the effect of Fe3* from the extracts (as mentioned
above) at the higher scale (~100 nm), but also to stabilize the structure
of the rods observed at the scale ~10 nm, resembling the structure from
the parent gels (controls).

Conclusion

In the present research article, extracts from beet by-products were
encapsulated in Ca(I)-alginate beads by ionotropic gelation method
and optimized through a blocking experimental design with two vari-
ables (concentration of sodium alginate and calcium chloride), showing
that the best condition is the 1.5% w/v of sodium alginate and 2.5%
w/v of calcium chloride. Under these conditions, the highest values for
the bioactive properties (TPC, ABTS, and FRAP) are achieved. On the
other hand, they decreased as the concentration of sodium alginate is
reduced and the same trend occurred in the analyzed macroscopic prop-
erty, roundness. The microstructural study showed that the structural
parameters were explained as a function of sodium alginate concentra-
tion more than calcium chloride, as well as the modifications that the
extract generates in the alginate network. This manuscript is the first re-
port which combines the optimization of the encapsulation of extracts
in Ca(ID-alginate beads with known antioxidant properties during both
digestion and fermentation with the evaluation of the microstructural
effect at molecular and supramolecular scale. The understanding of the
internal structure of the gel matrix, as well as the optimization of the
synthesis variables, could allow the modulation of advanced applica-
tions in the formulation of functional ingredients.
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