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ABSTRACT

Artichoke harvest waste is rich in phenolic compounds, which we retrieved with green extractions to exploit this
otherwise undervalued material. Here, to protect these labile compounds, we encapsulated the extract into Ca(II)-
alginate beads and optimized their physico-chemical and structural properties via response surface methodology.
Moreover, we corroborated the carryover of predominant phenolic compounds from waste to bead via high-
performance liquid chromatography coupled with diode-array detection and mass spectrometry (HPLC-DAD-
MS). We found that maximum bioactive capacity is obtained at higher concentrations of alginate precursor and
lower gel consolidation times and that strength, size, and roundness of the beads were influenced mainly by
the alginate precursor concentration. Additionally, through small angle X-ray scattering we revealed a deep
relationship between synthesis conditions and the microstructure of the gel, related to the crosslinking degree
and ramification of the final arrangement, which in turn impacts its strength. We validated the model by running
an optimal point of 2 min of gelling time and 2.25 % of alginate and obtaining satisfactory experimental errors
for the parameters analyzed. This holistic approach enables modulation and bottom-up tuning of the structure of

beads for advanced delivery applications.

1. Introduction

United Nations Sustainable Development Goals (SDG) call society for
action to guarantee the protection of the planet and the lives of people.
Specifically, SDG #2 and #3 set goals of zero hunger and good health
and well-being, respectively. Approximately one-third of all the food
produced for human consumption is wasted every year regardless of the
level of development of countries. Moreover, in developing countries,
40% of those losses occur at post-harvest and processing levels (FAO,
2019). In this regard, researchers and manufacturers should make efforts
to bolster the supply chain from the early stages and intend to exploit
every bit of what is produced. Furthermore, to contribute to a more
holistic approach to human health, efforts should be made to develop
and promote functional foods with an aim not only in the enhancement
of nutritional values but also in bioactive properties.
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Bioactive compounds are substances that exhibit biological activity
related to their ability to modulate metabolic processes (Santos et al.,
2019; Serrano et al., 2016) and can help prevent diseases such as coro-
nary heart disease, cancer, gastrointestinal and neurodegenerative con-
ditions (Astley & Finglas, 2016). They include carotenoids, phytosterols,
glucosinolates, vitamins (Santos et al., 2019) and phenolic compounds
(Tungmunnithum et al., 2018; Zazzali et al., 2021). However, these com-
pounds have been reported to present low stability and poor absorption
in the digestive tract and can be susceptible to environmental conditions
such as light, temperature, pH, oxygen and enzymes (Madalena et al.,
2019). For these reasons, encapsulation methods are studied to preserve
their integrity and to tailor and enhance their release behavior. Algi-
nate, a natural anionic and hydrophilic linear biopolymer, is commonly
used to encapsulate labile bioactive compounds (Aguirre Calvo et al.,
2018). In presence of divalent cations such as Ca*, crosslinking occurs
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(Stokke et al., 2000) leading to the formation of an hydrogel widely
used for immobilizing bio-entities, mostly in the form of beads (He et al.,
2016; Narayanan et al., 2012; Perullini et al., 2014).

While encapsulation efficiency is a paramount criterion to establish
and optimize an encapsulation procedure, variations in the method may
also induce changes in the physical properties of the beads such as their
size, appearance, and mechanical strength. It is well known that appear-
ance is a critical aspect in the appeal of food products and ingredients,
as is the shape which can also alter how we perceive the food both
visually and gustatorily (Spence & Ngo, 2012). Beads should also be
able to withstand shear stress and not break during industrial process-
ing for their incorporation into other products such as functional foods.
Some studies have focused on the optimization of synthesis parame-
ters in Ca(Il)-alginate encapsulation by Response Surface Methodology
(RSM) analyzing the response of a variety of physical and chemical prop-
erties (Jeong et al., 2020); however, little work has been done on the
analysis of the variations in the fine internal structure of the gel matrix.

Several key properties of the material (i.e., the release rate of the
encapsulated compounds, beads strength, etc.) are highly dependent
on the supramolecular alginate network (Aguirre Calvo et al., 2020,
Jeong et al., 2020). The study of the microstructure-function relation-
ships in alginate-based capsules requires a microstructure characteri-
zation technique suitable for the elucidation of the alginate network
parameters in native hydrogels (i.e., without drying or other pretreat-
ments that could affect their microstructure and texture) (Agulhon et al.,
2012). Small angle X-ray scattering (SAXS) is a powerful method for the
analysis of hydrogels and has been employed previously to elucidate and
assess microstructural changes in alginate-based beads for variations in
the encapsulation procedure (Traffano-Schiffo et al., 2018; Zazzali et al.,
2019). This technique is based on the correlation between the fluctua-
tions in the electron density of the hydrogel lattice and its X-ray scat-
tering pattern and allows inferring information about the structure of
the pristine hydrogel on a scale of 1 to 100 nm (Traffano-Schiffo et al.,
2018).

Globe artichoke (Cynara scolymus L.), an herbaceous plant belong-
ing to the Asteraceae family, is very rich in phenolic compounds,
mainly caffeoylquinic and dicaffeoylquinic acids (Lattanzio et al., 2009;
Zazzali et al., 2021) as well as the prebiotic inulin, minerals, and fibers.
In a previous study (Zazzali et al., 2021) we characterized every part of
the artichoke agricultural waste (bracts, stem and leaves) of three vari-
eties (Sampedrino, Gallego, Gringo) produced in the INTA experimental
station in San Pedro, Argentina, and we optimized the extraction of their
bioactive compounds with a green and cheap water-based extraction
method. Based on that research and in an effort to conserve the bioac-
tive compounds and introduce them in a medium suitable for functional
foods and delivery applications, this work aimed to optimize its encap-
sulation in Ca(II)-alginate beads via a response surface methodology.
This method allowed for the study of the influence of some synthesis
variables on the macro- and micro-structure of the gel matrix and the
obtainment of desirable physicochemical attributes. Finally, an HPLC-
MS analysis was employed to identify the phenolic compounds present
in the artichoke fresh sample and their carry-over to the aqueous extract
and the Ca(Il)-alginate beads.

2. Materials and methods
2.1. Materials

Sodium alginate: Algogel 5540 (Cargill S.A San Isidro, Buenos
Aires, Argentina), MW of 1.97 (+ 0.06) 10° g mol~! and man-
nuronate/guluronate ratio of 0.6; CaCl,.2H,0 (98 %, Cicarelli S.A., Ar-
gentina).

HPLC grade acetonitrile and methanol were purchased from J. T.
Baker (Phillipsburg, NJ). Formic acid was purchased from Merck (Darm-
stadt, Germany). Methanol (P.A.) was purchased from Neon Comercial
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(Sao Paulo, Brazil). Ultrapure water (Milli-Q) was generated by the Mil-
lipore System (Molsheim, FR). The samples and solvents were filtered
through cellulose acetate (aqueous solutions) or polytetrafluoroethylene
(organic solutions) membranes of 0.22 ym.

2.2. Artichoke sample collection and post-harvest treatment

Artichokes of the Sampedrino variety were cultivated in the INTA
establishment in Buenos Aires, Argentina, in 2018. They were collected
in September 2018 throughout various harvests. Once collected, leaves
(L), bracts (B) and stems (S) were separated. They were washed and a
portion of the samples was blanched for 5 or 10 minutes with steam. Af-
terward, all samples were stored in an ultra-freezer (Thermo Scientific,
model forma 900 series, USA) at -70°C until analysis.

2.3. Extraction procedure

One gram of sample was thawed at 40°C in a sand bath for 30 min-
utes. Then, the sample was finely cut with a knife, crushed with pestle
and mortar and 10 mL of double distilled water at 25°C were added.
Extraction was carried out in the dark for 1 hour under constant mag-
netic stirring as optimized in our previous work (Zazzali et al., 2021).
After the extraction, samples were filtered, diluted to 50 mL with double
distilled water, centrifuged for 15 minutes at 11200 g and collected for
later encapsulation.

2.4. Beads preparation

Sodium alginate was dissolved in 4.00 mL aliquots of the artichoke
selected aqueous extract (pH = 5.5) under constant stirring to obtain so-
lutions in concentrations ranging from 1.25 % to 2.25 % (w/v). Calcium
chloride solution (2.50 % (w/v) was prepared under constant stirring in
a 1.0 M acetate buffer pH 5.5. Beads systems for the RSM were prepared
by ionotropic gelation using a dropping method (Zazzalli et al., 2019).
Succinctly, 4 mL of the alginate solutions were dripped using a peri-
staltic pump model BT50-1J JY10 (Baoding Longer Precision Pump Co.,
Ltd., China) with a 0.40 mm extrusion tip connected to a silicone tube of
1 mm internal diameter at 6.0 (+ 0.1) cm over 40 mL of CaCl, solution
under constant stirring. The complete extrusion of the alginate solution
took approximately 2 minutes. Once the last bead was generated, they
were maintained in the gelling bath between 2 and 6 min according to
the RSM points. Subsequently, beads were collected and washed out 3
times with distilled water and stored without residual solution, as pre-
viously optimized (Zazzali et al., 2019). A total of 9 systems containing
encapsulated phenolic compounds corresponding to the RSM points and
1 additional control (the central point of the RSM without phenolic com-
pounds) were prepared. Systems were kept at 4 (+1) ° C until use.

2.5. Total phenolic content (TPC)

An adaptation of the procedure proposed by Singleton & Lamuela-
Raventoés (1999) was followed for the determination of the total pheno-
lic content of extracts. Briefly, 3 beads of each system were dissolved in
50 uL of 20% (w/v) sodium citrate solution under agitation in a vortex
for 40 min. Samples were then mixed with 800 uL of double-distilled
water, 125 uL of sodium carbonate solution (20 % (w/w)) and 125 uL
of Folin-Ciocalteau reagent (Biopack, Zarate, Buenos Aires, Argentina).
After reaction at 40°C in the dark for 30 minutes, samples were cen-
trifuged at 11200 g for 5 min and absorbance was measured at 765 nm.
Gallic acid (GA) standard was used to make a calibration curve. TPC
was calculated as mg gallic acid equivalents mL~! and results were ex-
pressed as loading efficiency of total phenolic content (TPC L.E) as in
the following equation, where TPCy,q, is the total phenolic content of
liquefied alginate beads normalized by volume and TPC,y;,.; is the total
phenolic content of the extract:

TP Cbeads
TPC

extract

TPC L.E (%) = + 100
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2.6. ABTS®** radical cation scavenging ability (ABTS SA)

A technique described by Re et al. in 1999 was used to determine
the ability of samples to scavenge the radical ABTS®** (2,2-azinobis-(3-
ethylbenzothiazoline-6-sulfonate)). ABTS (7 mM) was left to react 16
hours in the dark with potassium persulfate (2.45 mM). After this pe-
riod, the solution was diluted with 0.01 M phosphate buffer at pH 7.4
until an absorbance 0.7 at 734 nm was obtained. Three beads of each sys-
tem were dissolved in 100 L of sodium citrate solution (10% (w/v)) for
40 min under agitation in a vortex. An aliquot of 1.9 mL of the ABTS®*+
reagent was then added to each sample and this mixture was incubated
at 25°C for 30 min in the dark. Afterward, the absorbance of the reaction
mixture was measured at 734 nm and the percentage of color inhibition
was confronted against gallic acid calibration curve. Scavenging ability
(SA) for the ABTS®** free radical was calculated as mg gallic acid equiva-
lents mL~! and expressed as residual ABTS SA (RSA) as in the following
equation, where SA;.,q4s is the scavenging ability of liquefied alginate
beads normalized by volume and SA.,. is the scavenging ability of
the extract:

SA
RSA (%) = —2eads 4 100

extract

2.7. Ferric reducing antioxidant power (FRAP)

The ferric reducing antioxidant power of the samples was obtained
according to the method explained by Benzie & Strain in 1996. To form
the FRAP reagent, 25 mL of 0.3 M acetate buffer at pH 3.6, 2.5 mL of
aqueous 20 mM iron chloride (III) solution and 2.5 mL of 10 mM 2,4,6-
Tris(2-pyridyl)-s-triazine (TPTZ) in 40 mM HCI were mixed. Shortly, 2
beads of each system were dropped in 840 uL of newly prepared FRAP
reagent and after 30 min of incubation in the dark at 25°C, absorbance
was read at 595 nm. The calibration curve was constructed in the same
fashion using 2 empty beads dropped into standard solutions of different
concentrations of gallic acid. Ferric reducing antioxidant power (FRAP)
was calculated as mg gallic acid equivalents mL~! and expressed as
residual FRAP (RFRAP) as in the following equation, where FRAP,, 4
is the ferric reducing antioxidant power of liquefied alginate beads nor-
malized by volume and FRAP,,,... is the ferric reducing antioxidant
power of the extract:

RFRAP (%) = ———7——
FRAP,

extract

2.8. Macroscopic characterization

Feret’s diameter and roundness were analyzed with the free license
software ImageJ by executing the “analyze particle” command as de-
scribed by Zazzali et al. (2019). Roundness represents how far the shape
is from sphericity, by relating the area to the major axis of the beads. A
digital camera (Canon digital camera, 3.2 Mpix PowerShotA70; Canon
Inc., Malaysia; with zoom fixed at 3x) coupled with a binocular micro-
scope (Unitron MS, Unitron Inc., New York, USA, magnification at 7x)
was used to take pictures of at least 30 beads for each point of the RSM.

2.9. Microstructural analysis

Traffano-Schiffo and co-workers (2018) modeled the structure of the
Ca(II)-alginate matrices as a mass fractal system of interconnected algi-
nate rods characterized by SAXS. Three parameters were obtained from
the analysis: the fractal dimension at low q values (< ~0.28 nm~1), de-
noted as a;, describing the connectivity between rods in the network
at a large scale (>10 nm); the fractal dimension at intermediate q val-
ues (a,) describing the degree of compactness within the rods and the
density of alginate dimers («3) at high q values (> ~1.9 nm~1). SAXS
experiments were carried out at the LNLS SAXS1 beamline in Campinas,
Brazil, working at 1 = 0.1488 nm and wave vector (q) was selected in
the range 0.142 nm~! < q < 5.040 nm~!.
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2.10. Beads strength

A compression assay was performed to determine the maximum
force that was applied to each of the Ca(Il)-alginate beads. A Texture
Analyzer (model 3345, Instron, USA) was employed with a 3.0 mm di-
ameter probe by applying compression of 25 % to a single bead, using
a test speed of 0.1 mm/minute at room temperature (20 + 1°C), with a
loading charge of 50 N. Beads were placed centrally, under the probe
and 10 individual samples were analyzed for each system.

2.11. Phenolic compounds analysis by HPLC-DAD-MS

The phenolic compounds were exhaustively extracted from freeze-
dried samples (0.50 g) using 5 mL of a mixture of methanol:water (8:2,
v/v, acidified with 0.35% formic acid) and vortexing for 3 minutes. The
extract was centrifuged at 3000 g for 5 minutes (4°C) and the super-
natant was transferred to a flat bottom flask. This procedure was re-
peated until exhaustive extraction of the compounds (8 times). All ex-
tracts were combined and concentrated in a rotary evaporator to re-
move methanol (around 8 mL) before the LC-DAD-ESI-MS/MS analy-
sis. Samples were analyzed in a Shimadzu (Kyoto, Japan) HPLC appara-
tus equipped with two LC-20AD pumps, a DGU-20A online degasser, a
SIL20AHT automatic injector, a CTO-20A oven connected in a series to a
DAD detector (SPD-M20A) and a mass spectrometer with a Quadrupole-
Time-Of-Flight (QTOF) analyzer and an electrospray ionization source
(ESI) (Bruker Daltonics, micrOTOF-Q III model, Bremen, Germany). The
ESI source was operated in negative mode with conditions previously
described by Rodrigues et al., (2013). The separation was carried out
with a Phenomex C18 (250 mm x 4.6 mm) column with 4 um packing.
Solvents were classified as A (water acidified with 0.1% formic acid)
and B (acetonitrile acidified with 0.1% formic acid). The samples were
eluted according to the following binary gradient: 1% B as initial condi-
tion, 50% B from 1 to 50 min, 99% B from 52 to 57 min and 1% B from

60 to 67 min. The flow rate was 0.7 mL min~?.

2.12. Response surface methodology and statistical analysis

The RSM used for the optimization of the encapsulation process was
devised as a hexagon design with 9 points on the Design-Expert 11 soft-
ware (Stat-Ease Inc., Minnesota, USA), as shown in Fig. S1 of the Sup-
plementary File. The central point was repeated three times. The re-
sponse of relevant factors for industrial applications and performance
(TPC L.E, RSA, RFRAP, strength, roundness, and size of beads) as well
as microstructural parameters (aq, a5, and a3) on two independent syn-
thesis factors (alginate concentration and gel consolidation time) was
studied using three levels for the gel consolidation time (2 - 6 min) and
five levels for alginate concentration (1.25 - 2.25 % w/v).

All measurements were analyzed by one-way ANOVA with Tukey’s
post-test by using Prism 6.01 (GraphPad Software Inc., San Diego, CA,
USA) to assess the significant difference between mean values for each
point in the RSM.

3. Results and discussion
3.1. Extraction of phenolic compounds

In a previous work (Zazzali et al., 2021) we characterized and quan-
tified the phenolic content and biological properties of agricultural
waste (stems, leaves and outer bracts) of three varieties of artichokes
(Sampedrino, Gallego and Gringo) cultivated during 2017. We found
that the stems of all varieties exhibited the highest quantities of pheno-
lic compounds as well as antioxidant capabilities and Sampedrino was
the most convenient variety to be further studied and exploited, both
in terms of crop yield and phenolic compounds content. In this work,
we analyzed samples of all the wastes of the Sampedrino variety culti-
vated during 2018 and found that stems showed the highest values of
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Table 1
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Regression coefficient table for the model of each response analyzed via RSM. Bold numbers indicate statistical significance in each model (p<0.05). The corre-

sponding ANOVAs for each model are shown in Tables S1-S9.

Alginate concentration (%

Alginate concentration  Gel consolidation w/v) * Gel consolidation Alginate Gel consolidation
Intercept (% w/v) time (min) time (min) concentration? (% w/v) time? (min)
TPC L.E (%) 30.53 5.31 -3.66
p-values 0.0011 0.0031
RSA (%) 15.68 3.88 -3.7
p-values 0.0066 0.0044
RFRAP (%) 22.94 0.33 -1.7
p-values 0.51 0.0089
Roundness 0.93 0.03 0.0022
p-values 0.0007 0.52
Feret’s diameter (mm) 2.70 0.12 -0.013
p-values 0.0056 0.52
Alpha 1 1.49 -0.004 -0.017
p-values 0.13 0.0076
Alpha 2 3.53 0.056 -0.046
p-values 0.038 0.024
Alpha 3 1.24 0.1 -0.025 -0.16
p-values 0.0081 0.29 0.013
Strength (gf) 14.43 0.4256 0.5525 0.1328 0.3123
p-values 0.0001 0.0001 0.0325 0.0005

TPC, ABTS SA and FRAP confirming them as the major phenolic source
among the waste (Fig. S2 of Supplementary File). We also implemented
a post-harvest blanch procedure on the Sampedrino stem samples that
further improved the TPC, ABTS SA and FRAP values of the samples,
both for the 5 minutes and the 10 minutes procedure, as shown in Fig.
S3.

3.2. Optimization of phenolic compounds encapsulation by RSM

The green extraction procedure was carried out on the Sampedrino
stems with 5 minutes of blanching to obtain an aqueous extract. The
TPC of the extract was 0.78 + 0.03 mgg,/mL, ABTS SA 0.22 + 0.01
mgga/mL and FRAP 0.21 + 0.01 mgg,/mL. Subsequently, this extract
was encapsulated in nine different Ca(Il)-alginate bead systems follow-
ing the conditions indicated by the RSM design. This form of encapsula-
tion provides the phenolic compounds, otherwise free in solution, a vehi-
culization medium suitable for delivery applications and protects them
from degradation during storage and human digestion (Aguirre Calvo
et al., 2020).

In this work, we focused on the optimization of two fundamental
and easily adjustable parameters of the dripping encapsulation process:
the concentration of the alginate precursor solution and the gel consol-
idation time. Models proposed for the analyzed responses ranged from
linear to 2FI, as can be deduced from Table 1. Statistical significance
was achieved (p < 0.05 for the model) in all cases as well as a non-
significant lack of fit, which indicates suitable modeling, as reported
for each ANOVA in Tables S1-S9 of the Supplementary File. A differ-
ence of less than ~ 0.2 was also achieved between the predicted R?
and adjusted R? in each model, and low CV% values. As can be seen in
Table 1 and Fig. 1, the models obtained for the response of TPC, ABTS SA
and FRAP were all linear functions of the synthesis parameters. While
TPC and ABTS SA were influenced both by gel consolidation time and al-
ginate concentration (p < 0.05 for both factors, Table 1), FRAP was only
influenced by gel consolidation time (p < 0.05). Although in previous
studies we have found a direct correlation between the TPC, ABTS SA
and FRAP of our aqueous extracts obtained from artichokes, the FRAP
is influenced by non-phenolic bioactive compounds as well, which in
a Ca(Il)-alginate environment could present different interactions than
phenolic compounds with the gel matrix, thus not presenting analogous
correlation when encapsulated. Furthermore, it should be noted that,
due to interferences between the FRAP reagents and the sodium citrate
used for beads dissolution, the methodology used for this assay relies
on the diffusion of the bioactive compounds into the sample solution

rather than a complete dissolution of the beads. Therefore, in this assay,
most compounds responsible for the FRAP response are those able to
diffuse through the beads thus decreasing the relative importance of in-
termolecular interactions in the gel matrix of those that are not capable
of diffusing.

On the one hand, it was expected that a higher gel consolidation
time would lead to less bioactive compounds encapsulated since more
diffusion into the gelation bath would be permitted. Aguirre Calvo and
co-workers (2018) found similar results even getting to the point of col-
oration of the gelling bath due to diffusion of pigment if beads were
allowed to stay in it for enough time. On the other hand, higher concen-
trations of alginate, especially at elevated consolidation times, lead to
bigger and more compact rod-like microstructures (Posbeyikian et al.,
2021) which could enhance the interactions between the gel matrix and
the encapsulated bioactive compounds. This phenomenon is upheld by
the increase in the obtained microstructural parameters a;, a5, and a;
as will be further discussed.

3.3. Structural modifications produced by changing RSM variables

As shown in Fig. 2-a and Table 1, the strength of the beads formu-
lated in the RSM experiment showed a strong positive correlation with
the gel consolidation time. As the droplet of alginate solution comes into
contact with the gelling bath containing Ca?* ions, gelation on the sur-
face begins to occur and a spherical shape is developed to reduce the
surface tension of the system (King, 1983). In consequence, the incipi-
ent network of Ca(Il)-alginate forms and rearranges in the periphery of
the initial droplet volume and free Ca®* ions in solution diffuse through
this incipient gel front into the interior of the bead leading to the geli-
fication of the entire bead in a concentric manner generating a highly
inhomogeneous microstructure (Sonego et al., 2016). Posbeyikian et al.
showed in 2021 that it took 11 minutes for the complete gelification
of a Ca(Il)-alginate bead under very similar conditions to the present
work. Consequently, it is plausible that, in the gel consolidation times
studied here, beads had not reached a complete gelification leading to
substantial differences in the proportion of liquid core to gel network
for each RSM point. Regardless of the short times studied in this work,
gels allowed to consolidate for longer times were stronger, possibly due
to a higher availability of Ca?* cations leading to a higher degree of
crosslinked chains as also showed by Posbeyikian et al. (2021).

The concentration of the alginate solution was also found to be
directly proportional to the strength of the beads (Table 1) possi-
bly related to a more compact and consolidated internal structure as
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Fig. 2. RSM 3D surface for mechanical and morphological properties: a) Strength of beads, b) roundness, and ¢) Feret’s diameter.

shown and further explained by microstructural parameters (Fig. 3). der similar conditions to this study. For most industrial uses, beads
Rayment et al. (2009) found a direct correlation between the microstruc- should exhibit high values of strength which permits them to withstand
ture of the beads and their Young’s modulus, obtaining higher val- shear stress during food processing. However, changes in microstruc-
ues of strength for beads with denser internal structures. Jeong and ture, which in turn affect the strength, can have effects on the release
coworkers (2020) also found that the strength required to rupture Ca(II)- of compounds in gastrointestinal conditions (Rayment et al., 2009). If
alginate beads was directly proportional to alginate concentration un- beads were to be introduced as they are in ready-to-eat food, further
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Fig. 3. RSM 3D surface for microstructural parameters: a) alpha 1, b) alpha 2 and c¢) alpha 3.
complementary sensory studies should be conducted as some food prod- guluronic sites available in the alginate polymer chains (i.e. the ra-
ucts could require stiffer and crunchier beads which broke easily while tio Ca2*:G-sites is under the stoichiometric relation). As reported in
others could favor more chewy ones. Another important parameter that Posbeyikian et al., 2021, for similar Ca(II)-alginate systems, the com-
contributes to the mouthfeel of food is roundness which should be max- plete gelation of the bead occurs in approximately 11 minutes in contact
imized to obtain beads as close as possible to perfect spheres. Studies with the gelling bath. In these conditions, the initial process in the nucle-
demonstrate that shape is an influential factor in the perception of food, ation and growth of Ca(II)-alginate structures generates single “egg-box”
and it could also be associated to specific flavors and combinations of structures, randomly dispersed in an interconnected structure, that can
taste (Velasco et al., 2018). In this study, roundness was strongly depen- be modeled as rods with a higher fraction of free G-sites (Salvati, Santa-
dent on alginate concentration, being directly proportional to it, while gapita, & Perullini, 2022). These unsaturated rods which still hold un-
gel consolidation time did not have a significant effect (Table 1). Fig. linked G-sites are expected to form a highly interconnected network due
S4 of the Supplementary File shows pictures of beads for each point in to the presence of abundant free branches of non-linked polymer. The
the RSM model. Zazzali and co-workers (2019) found no statistical dif- fractal dimension of the alginate rods network which is related to the
ferences in roundness for beads synthesized that had been allowed 5 ramification of rods is represented with the ¢; parameter and its value
minutes of hardening time with respect to beads that had remained in depends on the ability of the incipient rods to interconnect with each
the gelling bath for days before being analyzed. Alginate concentration, other. With the synthesis conditions used in this work, the main con-
on the other hand, has been linked to the roundness and sphericity of tribution is observed for the variable of gel consolidation time, directly
beads as it affects the viscosity of the dropping solution which deter- related to the availability of the crosslinker, Ca?*, varying from 1.46-
mines the shape of the alginate droplet when impacting the gelling bath 1.47 for the longest consolidation time explored (6 min), to 1.50-1.51
(Jeong et al., 2020). At lower alginate concentrations, or i.e., the vis- for the minimum consolidation time (2 min), as shown in Fig. 3-a. Re-
cosity of the dropping solution, the form of the alginate droplet may be ducing the gelling time hampers the cross-linking of alginate chains with
easily reshaped when hitting the gelling bath, while increasing the algi- Ca®* ions and forms structures whereby free branches of unlinked poly-
nate concentration could increment the surface tension thus maintain- mer are favored, thus resulting in a more interconnected 3D network
ing a more spherical shape of the droplet without suffering many surface (higher values of a;). Posbeyikian and co-workers (2021) described an
alterations. Finally, a similar trend was found between strength, round- analogous effect in the microstructure obtaining higher values of a; de-
ness and Feret’s diameter, especially in relation to their response to vari- creasing the ratio of Ca%*:G-sites by increasing the concentrations of the
ations in alginate concentration. Considering these results and similar alginate precursor from 2% to 3%. In this work alginate concentration
findings obtained by Zazzali et al. (2019) and Jeong et al., (2020), these only had a weak effect on «; (which is not statistically significant), sim-
phenomena could be subsumed under a broad category that is influ- ilar to the conclusion found in Kuhn et al., (2021) for alginate concen-
enced and can be modulated by the concentration of the precursor. trations between 1% and 1.25%, being time the predominant factor at
When analyzing the modulation of microstructural parameters with these operational conditions. As mentioned above, in the time frame of
alginate concentration and gel consolidation time, it is worth mention- our synthesis, time has a predominant role since the proportion of water
ing that all the hydrogels studied here, as a result of the concentrations in the core is greatly affected during the nascent stages of gel formation.
of initial solutions and the short contact time of beads in the gelling However, especially at higher gelling times, a decrease in alginate con-
bath, present a deficit in cross-linking cation with respect to the total centration generates beads with lower strength and higher interconnec-
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Table 2
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Model and experimental values obtained for the validation of the experimental design. The graph for the desirability function is shown in Fig. S5 of the Supple-

mentary File.

Alginate Gel consolidation Strength Feret’s
Number concentration (%) time (min) TPCL.E (%) RABTS (%) RFRAP (%) (gf) Roundness « diameter Desirability
Model 2.25 2 39.50 24.30 24.96 14.75 0.96 1.50 2.84 0.95
37.06 25.97 20.90 14.65 0.95 1.41 2.76
Experimental
Error % 6.18 6.90 16.27 0.71 1.07 6.25 2.66

tivity. Zazzali et al. found in 2019 that beads generated at lower pH, i.e.
with strong pre-existing alginate-alginate interactions, exhibited higher
interconnectivity and lower strength. These findings suggest that condi-
tions that favor strong preexisting interactions between alginate chains
-due to hydrogen bonds- over Ca®* crosslinking may lead to structurally
weaker alginate gels.

The fractal dimension within the rods (a,) is attributable to the de-
gree of order in which dimers nucleate and aggregate during the forma-
tion of these primary structures. For this parameter, the concentration
of the precursors (alginate polymer and Ca2*, the latter being function
of gelling time) has an important consequence in the kinetics of the pro-
cess. In general terms, a higher concentration of precursors will gener-
ate a higher concentration of nucleation sites, where smaller and denser
rods would result (higher values of parameter a,). On the other hand,
due to the strong electrostatic interaction between Ca®* and G-sites,
at a high concentration of divalent cations, the reordering of polymer
branches to maximize weak interactions is hindered by a rapid crosslink-
ing of the initial structure by Ca?*. As predicted from this, in Fig. 3-b,
the values of parameter «, increase from 3.42-3.47 to 3.54-3.63 with
increasing alginate concentration, and show a slight decrease when in-
creasing the time of consolidation in the CaCl, solution (i.e. increasing
the availability of Ca2* during the formation of rods and diminishing
the possibility of rearrangement and densification of the rod structure).

At the smallest scale, parameter a3 (shown in Fig. 3-c) denotes the
fractal density of alginate dimers being a typical value a3 ~1. This value
is generally obtained when the concentrations of both precursors (algi-
nate and Ca2*) are either high or low. A relative excess of one precursor,
especially when alginate is in excess, is expected to lead to a more in-
homogeneous arrangement of dimers and thus a higher value of 5. As
shown in Fig. 3-c, a3 values are increased in zones of the RSM of max-
imum alginate concentration and minimum gel consolidation time and
vice versa.

To the best of our knowledge, no works have been published on the
encapsulation of phenolic compounds optimized for microstructural pa-
rameters. As we have shown, these parameters are significantly affected
by the variation of some of the most important synthesis conditions and
they are related to the studied physical and chemical properties. Hence,
having a complete understanding of microstructural phenomena and be-
ing able to optimize for it in a Ca(II)-alginate encapsulation process al-
lows for highly accurate and sophisticated tailoring necessary for precise
delivery applications.

3.4. Optimal point and validation of the model

To identify the optimal experimental point, synthesis parameters
were set to be in range with values used during this work, while TPC,
ABTS AA, FRAP, strength, roundness and Feret’s diameter were set to
maximize due to their importance in potential applications of the beads.
No goals were set for micro-structural parameters since as much corre-
lation as they may have on the aforementioned responses; maximizing
or minimizing them does not represent per se an improvement in the
synthesis protocol for this particular work. However, a; was included
in the optimization due to its significance regarding the microstructure
of the gel and its discussed implications in the strength of beads. Table 2
shows experimental and model values for the best solution which cor-

responded to the maximum value of desirability (0.95). Other possible
solutions for point predictions of the model are shown in Table S10
and Fig. S5 of the Supplementary File. The experimental encapsulation
efficiency of TPC and residual antioxidant capacities obtained for the
optimized beads synthesized during this work are in line with reports in
the literature for Ca(Il)-alginate beads without additives (Aguirre Calvo
et al., 2018).

3.5. Phenolic compounds retention: from stem to Ca(ID)-alginate

HPLC-MS analysis was performed on fresh artichoke sample,
water extract according to the optimized procedure described by
Zazzali et al. (2021) and freeze-dried alginate beads containing the wa-
ter extract as reported in this work. This allowed us to evaluate the
carryover of phenolic compounds from the initial sample to the algi-
nate beads. These compounds boast many positive properties for hu-
man health including hypocholesterolemic, choleretic and antidyspeptic
(Lattanzio et al., 2009). In a previous work (Zazzali et al., 2021) we per-
formed a thorough analysis on phenolic compounds present in this vari-
ety of artichoke and found that isomers of the monocaffeoylquinic acid
and dicaffeoylquinic acids were the most abundant phenolic compounds
as has also been reported by several authors (Lattanzo et al., 2009;
Mudau et al., 2018). In this work the monocaffeoylquinic and dicaf-
feoylquinic acids were the major phenolic compounds found. Mass spec-
tra of monocaffeoylquinic acids showed the deprotonated molecule [M -
H]~ at m/z 353 and the MS? spectrum showed a peak at m/z 191 (quinic
acid). Mass spectrum of dicaffeoylquinic acids showed the deprotonated
molecule [M - H]~ at m/z 515 and the MS2 spectrum showed peaks at
m/z 353, 191 and 179 which are typical of dicaffeoylquinic acids (Abu-
Reidah et al., 2013). Our results showed that 3-caffeoylquinic acid, 5-
caffeoylquinic acid, and two isomers of a dicaffeoylquinic acid, which
account for most of the bioactive properties of the artichoke, are present
in all samples thus confirming that preservation was achieved during the
water extraction and further encapsulation process. Chromatographic
and MS data of phenolic compounds from raw artichoke, water extract
and encapsulated water extract are shown in Table $11-S13 of the Sup-
plementary File.

4. Conclusions

To achieve sustainability and SDG, it is mandatory to consider sev-
eral points of view. From a technological perspective, the complete val-
orization of a waste includes not only its fundamental chemistry, but
also the means to its inclusion in apliccations with a versatile technol-
ogy. The present work deals with to the optimization of a cheap and
scalable encapsulation technology that can be used in pharmaceutical,
nutraceutical and food industries. Satisfactory models have been pre-
sented for the optimization of a Ca(II)-alginate encapsulation of bioac-
tive compounds from artichoke waste, achieving the maximum values
of bioactive properties (TPC, RSA and RFRAP) as well as mechanical
and morphological parameters (strength and roundness of beads). In
addition, the most abundant and important phenolic compounds are
successfully carried over from the artichoke waste to the encapsulated
extract. While higher values of bioactive properties and roundness are
almost always desirable, the strength of the beads should be evaluated
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on a case-by-case basis according to the application of the beads and
possibly complemented by sensory studies for nutraceutical and food
uses. The model was also optimized for microstructural parameters and
microstructural phenomena was explained as a function of precursor
concentration and gelation time. Given these considerations, studying
the a; parameter could be useful to predict and modulate the strength
behavior of beads from a microstructural standpoint by varying the con-
centration of the precursor solutions and synthesis parameters related
to their availability. This profound understanding of the internal struc-
ture of the gel matrix could allow for state-of-the-art optimization and
modulation of the fine structure in advanced applications.
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