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R-phycoerythrin alginate/shellac beads by external gelation: process
optimization and the effects of gastrointestinal digestion for nutraceutical
applications
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Abstract

Sarcopeltis skottsbergii is an endemic polar red alga species of South America. Around
20,000 tons of dried algae from this macroalga are produced and sold primarily in Europe
and Asia. Modifying the process variables of technologies to protect R-phycoerythrin from
macroalgal biomass and the methodology followed are extremely important for
maintaining the biotechnology properties of the extracts. This study aimed to evaluate an
alginate/shellac mixture as wall material to develop an aqueous phycoerythrin (R-PE)
encapsulation system by external gelation and to determine the effect of encapsulation on
the properties of R-PE released during simulated gastrointestinal digestion. The Taguchi
method was implemented to formulate beads with a high R-PE encapsulation efficiency
(EE). The effect of the variables: feeding flow (90 and 20 mL h!), distance (5 and 10cms),
and CaClz (5 and 15 g L'!) were optimized, and the bead size, sphericity factor (SF), and
total R-PE content were characterized. Finally, the optimal alginate/shellac beads were
subjected to in vitro dynamic gastrointestinal digestion. The results show that the beads
formed under optimal conditions reached an EE value of 97.5%. The CaClz concentration
and feeding flow most affected the R-PE EE. The release of R-PE from alginate/shellac was
affected at acid pH 1; however, the concentration was under 10% of the total R-PE
content. A second-order model was tested to describe the release of phycoerythrin from
the beads at 1, 3, and 5 pH values. The results showed that the release follows two stages,
wall release (stage 1) and core release (stage 2), showing promising targeting properties
in terms of time and pH. The R-PE extract and encapsulated R-PE were partially degraded
in gastric and intestinal conditions; the mouth did not detect signals from the protein
profile. The encapsulation of alginate/shellac led to higher R-PE contents at the end of
digestion than non-encapsulated R-PE, suggesting a protective role. Significantly, from
permeate streams, equivalent to the absorption of encapsulated R-PE, the bioavailability
was 2.5 times higher than non-encapsulated R-PE. NMR results indicate the presence of
R-PE and its methyl amino acids and oligosaccharides between 0.5-2.5 and 3.8-6.8 ppm,
respectively. A high selectivity index (> 10) was observed for the R-PE extract on the HCT-
116 human colon cancer cell line. The alginate/shellac as a wall material and ionic gelation
technology used may determine the release of the R-PE pigment at an intestinal site and

its antiproliferative effect on health.
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1. Introduction

The ability to create a biocompatible wall material that allows for high loading of bioactive
agents with no premature release of the payload before reaching the target is crucial to
the success of various nano/micro-encapsulation procedures [1,2]. Biocompatibility of the
wall matrix, high loading of desired bioactive components, and providing a controlled
release mechanism are some factors to consider in the selection of such matrices to serve

as an efficacious delivery vehicle [3].

As one of the important classes of food-based encapsulation systems, biopolymeric
nano/microparticles can be constructed via a single biopolymer matrix (through the

precipitation process of carbohydrates or protein desolvation mechanism) [4]; nanogels of
particular biopolymers (e.g., alginate, whey/soy protein, chitosan, etc.) [5,6]; nano-

tubes/fibrils of whey proteins [7], or a complexation mechanism of two oppositely charged

biopolymers (commonly a protein and a polysaccharide) [8].

Polysaccharide-based capsules are important in encapsulation [9]. Their main functions
are the successful encapsulation, transportation, and controlled release of the capsule
content to the external environment [10]. For example, alginate is a natural anionic
polysaccharide widely used to prepare capsule or pearl encapsulation systems due to its
appealing physicochemical properties, biocompatibility, widespread availability, and low
cost [11]. The functionality of alginate beads largely depends on their permeability and
physicochemical stability. This alginate capsule has a retention and selective release,
making it a suitable carrier for biotechnology applications; however, its relatively high
porosity is inadequate for some industrial applications [12]. To overcome this problem,
blends of alginate and other polymers, such as shellac, may be used to reduce wall porosity
[13,14]. Shellac is a natural polymer from the insect Kerria lacca and is considered a food
additive by the FDA (The United States Food and Drug Administration). In addition, it has
a protective effect on gastric fluid, which is an advantage when used in microcapsules to
improve probiotic resistance [15]. Thanks to its excellent film forming and protective
properties, nontoxicity, and biodegradability, this natural polymer is widely used in
adhesives, thermoplastics, sealants, insulating materials, and coating materials in the food

and pharmaceutical industries [16] and also used as an oleogelator [17]

In recent years, the shellac biopolymer has attracted significant interest in the
development of different encapsulation systems. Experiences have validated its
incorporation as an additional external layer to coat capsules [17,18]. The combination of

alginate and shellac has been used to protect the aqueous extract of riboflavin by internal
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and external gelation [18], microorganisms like probiotics [19] and lipophilic (sunflower

oil) compounds to develop an oil encapsulation system by external gelation [20].

Since the extracted algal proteins are intended for human consumption, it is crucial to
determine their digestibility under human gastric and intestinal conditions. High
digestibility would enable greater absorption of the protein, or its amino acids or short
peptides. Given that human digestive proteases have their specificity to bonds near certain
amino acids, it is important to verify that human proteases can digest algal protein. Protein
digestibility may be assessed by simulating gastrointestinal conditions with standard
protocols [21]. Moreover, it is important to highlight that the biological activity of algae
proteins may decrease or be modified by the digestive enzymes during their passage
through the gastrointestinal tract before crossing the intestinal barrier into the blood
circulation system [22]. Additionally, it is crucial to carry out in vitro and in vivo
bioavailability and bioaccessibility studies, as more scientific evidence is needed to support
the benefits of algae compounds described to date to validate their efficacy, especially in
vivo [23].

The phycoerythrin (R-PE) is an oligomeric protein of 240 kDa with three subunits a (about
16 kDa), B (about 21 kDa), and y (about 39 kDa), and they are bound to specific cysteines
by thioether bonds [24]. The study of phycobiliproteins focuses chiefly on therapeutic
(bioactive) applications, i.e., the anti-inflammatory, antiviral, hepatoprotective, and
anticarcinogenic capacities of R-PE [25-27]. In previous studies in our group, we optimized
extraction of R-phycoerythrin pigment from the red alga Sarcopeltis skottsberggi by high-
pressure homogenization (HPH-assisted extraction). The concentrated extract is

characterized by high yield, satisfactory purity, and antioxidant activities.

Considering the potential of the alginate/shellac model system to protect hydrophilic and
lipophilic compounds and the advantages of the extrusion and co-extrusion process, this
study aimed to develop alginate/shellac beads by external gelation as a model system to
encapsulate R-phycoerythrin efficiently, and to evaluate the effect of in vitro simulated
gastrointestinal digestion and cytotoxic effects on different human tumor lines on R-
phycoerythrin beads. The optimal process conditions to prepare beads with efficiency
encapsulation (EE) were determined by the Taguchi method with an orthogonal array
L4(23). The effect of the variables flow rate, distance, and concentration of calcium chloride
(CaCl2) solution on the EE was evaluated. The particle size, release properties, confocal
laser microscopy (CLSM), and scanning electron microscopy (SEM) were investigated. The
best results obtained under optimal conditions were selected and the parameters of
bioaccessibility and bioavailability processes on the simulation gastrointestinal system

(SIMUGIT), SDS-PAGE, NMR, and cytotoxic effects on various human tumor lines such as
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human colon cancer (HCT-116), human melanoma (G-361), human leukemia (U-937) and

in the human gingival fibroblasts cell line (1065SK) were assessed.

2. Materials and methods

2.1 Materials

Alginate and calcium chloride were purchased from Sigma Aldrich (St. Louis, MO). The
aqueous shellac solution NORELAC B20 was obtained from Norevo (Germany). NORELAC
B20 is a 25% solid ammoniated aqueous shellac solution based on a selected shellac of
high and uniform quality refined by solvent extraction. The bioactive, R-phycoerythrin
(biliprotein pigment), was obtained from the red alga Sarcopeltis skottsbergii after

optimization of extraction processes [28].

2.2 Formulation of wall material (WM)

Using a magnetic stirrer, a sodium alginate solution (20 g/L) was prepared by mixing the
alginate powder with distilled water under agitation at 700 rpm. The suspension was
maintained under gentle agitation (1 h) until complete hydration and left to stand for 60
min for deaeration. The WM was prepared by mixing an alginate solution (20 g/L) and
shellac solution (250 g/L), according to Ben Messaoud et al. (2016) with some
modifications. Then, the pH of the resulting solution was adjusted to pH 7.5 with 1 M NaOH

solution.

2.3 Formulation of beads by external gelation.

Fig. 1 illustrates the process of preparing the alginate/shellac bead system with the
bioactive (B). The B/WM ratios (80/20 to 20/80 %yv/v) were prepared by mixing the
bioactive (R-PE) with the previously prepared WM using continuous agitation (200 rpm for
15 min). The B/WM ratios were extruded by a controlled flow system pump (SyringePump,
Inc.) through a 0.3mm nozzle and dripped into 100mL of a gelling bath containing CaClz
(5-15 g/L) to produce the beads.

The gelling bath was prepared by dissolving the CaClz in an ethanol/water mixture (1:1
v/v). The flow rate (30-90 ml/h) and the distance (5-15 cm) from the tips of the syringe
to the surface of the gelling bath were evaluated. The beads formed were allowed to stand

in the gelling bath for 30 min to ensure crosslinking.
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2.4 Experimental design for aqueous encapsulation

An experimental Taguchi design optimized R-PE encapsulation with high EE (%). A matrix
L4(23) with three independent variables and two levels of work (L1 and L2) was used,
applying the criterion ‘bigger is better’: fed flow solutions of bioactive (R-PE)/WM (flow;
L1:20 mL/h; L2:90mL/h), distance to the surface of the gelling bath (distance; L1:5cms;
L2:15cms), and concentration of calcium chloride solution (CaClz; L1:5 and L2:15 g/L).
The optimized theoretical equation (OTE) was determined by considering the average of
the response with the greatest impact and identifying the most important variables and

levels of work.
OTE =T + [(V1,L1) = T] + [(V2,L2) = T] + [(V3,L2) — T] (Eq.1)

where V is the variable, T is the average of the experimental run responses, and L is the

working levels.
2.5 Determination of encapsulation efficiency (EE) of R-PE load.

The phycoerythrin concentration (R-PE) was determined spectrophotometrically using the

Bennett and Bogorad equations [29] as follows:

Abs650
Phycocyanin (R — PC) = Abs620 — [0.7 * ( 738 )] (Eq.2)
Abs620
Allophycocyanin (A — PC) = Abs650 — [0.19 * < = ec )] (Eq.3)

Phycoerythrin (R — PE) = Abs565 — [2.8 * R — PC) — (1.34) * (A — PC/12.7)] (Eq.4)

The encapsulation efficiency of the microcapsule was calculated following the method of
Ge et al. [30]with some modifications, by measuring the concentration of non-coated
phycoerythrin and the concentration of phycocyanin added at the beginning of the
microencapsulation process as follows:

initial concentration of Phycoerythrin — concentration of uncoated Phycoerythrin

EE(%) = X 100
(%) initial concentration of Phycoerythrin
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2.6 Sphericity factor (SF) of the beads.

The size and shape of the beads were determined using the Image] software (National
Institutes of Health, USA). A digital camera coupled to a binocular microscope was used
to capture the images of the beads. SF was used to indicate the roundness of the beads,
as described by [31], where a value equal to zero indicates a perfect sphere and higher
values indicate a greater degree of shape distortion. SF was calculated according to Eq. 5:

_ Dmax — Dper

SF (Eq.5)

" Dmax + Dper
where Dmax is the maximum diameter passing through the bead centroid (mm), and Dper
is the perpendicular diameter to Dmax passing through the bead centroid (mm). All
samples were assayed in triplicate to determine the mean and standard error. The bead

size and shape were determined based on the measurement of 50 beads per sample.

2.8 Mathematical Model of phycoerythrin release
A mathematical model was proposed to describe the results of phycoerythrin release tests.
The model proposed was a second-order differential equation which is presented as

follows:

y'@)+y' (ks +y®k, + x' (ks + x()ky + x'(t — tg)ks + x(t —tg)ke =0 (Eq. 6)

In (Eqg. 1), x(t) describes the time at which pigment is released from the beads into the
aqueous solution since the start at time t=0 up to the end of the experiment. In contrast,
y(t) represents the amount of phycoerythrin released measured in percentage units. The
starting conditions for x(t), y(t) and their derivative terms were all zero. The Laplace
transform was used for obtaining a transfer function (Eq. 2) between the input signal x(t)

and the output signal y(t) using (Eq. 1), with s representing the complex frequency.

—st

% - (silﬂ a(zse+c2;1 (Fq. 7)
Where:

ki=c+c (Eq. 8)
ky=1c¢1" ¢ (Eq. 9)
ks =a, (Eqg. 10)
ky=a; ¢, (Eqg. 11)
ks =a, (Eq. 12)
ke =a, ¢, (Eqg. 13)

The second-order transfer function shows a two-step first-order response, with the first

occurring at t=0 and the second at t,;. A series of parameters of the release response can
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be calculated from the equation, such as the maximum release (M.R) of the first (S1) and
second (S2) stage, the time to reach the maximum value or stabilization time (S.T.), and

the time delay (t;) between each phase, calculated as follows:

M.R.S1 = a,/¢, (Eq. 14)
M.R.S2 = a,/c¢,+ay/c, (Eq. 15)
S.T.S1 =5/¢ (Eg. 16)
S.T.S2 = 5/c, (Eq. 17)
Time delay = ¢, (Eqg. 18)

The parameters a4, a,, ¢;, ¢;, and t,; were adjusted to data showing phycoerythrin release
at three different pH values: 1, 3, and 5. The parameter adjustment was performed using
an evolutive algorithm. The evolutive algorithm considered five parameters, with the
minimization of the normalized root mean square error between data and model as the

evaluation function, following the algorithm presented by others [32].

2.9 Gastrointestinal-Tract-Simulating Membrane Bioreactor (GITSMB)—SimuGIT

The dynamic gastrointestinal simulator system used (SimuGIT) was developed by the
TEP025 Research Group in the Department of Chemical Engineering at the University of
Granada [33]. The dynamic in vitro Gastrointestinal-Tract-Simulating Membrane
Bioreactor GITSMB (SimuGIT), consists of a continuous stirred-tank reactor (CSTR)
connected in series to a continuous plug-flow tubular reactor (PFTR) equipped with a
monochannel tubular ceramic microfiltration membrane. The CSTR used to simulate
gastric digestion in the stomach is a benchtop fermenter supplied by Braun Biotech
International (Biostat B). It comprises a conventional autoclavable stirred tank glass vessel
equipped with an impeller stirrer (Rushton 180 W) and a proportional-integral-derivative
(PID) unit control system for the temperature, level, foam, dissolved oxygen, and pH. The
control system unit includes an RS-422 interface that enables the control of the CSTR with
a computer. The CSTR has an external jacket to maintain a constant temperature, such
that the temperature in the vessel is measured using a Pt-100 digital sensor and is
accurately controlled (Tsetpoint £ 0.1 -C) by the PID loop connected to a thermostatic
laboratory bath. The CSTR system also has sampling and reagent addition inlets using
several peristaltic pumps (Eyela, MP-3). The pH inside the CSTR is measured by a pH
electrode (Hamilton, Easyferm Plus K8) immersed in the vessel and adjusted by a pH
control system made by the authors based on data acquisition modules, which acts on two
different peristaltic pumps that dose the acid and basic solutions (HCI or NaHCOs). The
digested solution exiting the CSTR is continuously driven to the PFR. To this end, the PID

control system acts on impulsion and return peristaltic pumps (two of the four peristaltic
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pumps integrated into the benchtop fermented, as previously described), such that by
varying the flow rates of these pumps, the pressure inside the hydraulic circuits and the
product filtration rate can be regulated. In addition to this self-developed control pressure
mechanism, the operating pressure can be adjusted accurately (P setpoint £ 10 mmHg)
with a spring-loaded pressure-regulating valve (SS-R4512MM-SP, Swagelok) and
monitored by a digital pressure gauge (Endress + Hauser, Ceraphant PTC31). The
continuous PFR connected in series to the CSTR serves for the simulation of the conditions
in the intestine. It consists of a stainless-steel cylindrical tube (provided by Prozesstechnik
GmbH, Basel, Switzerland) equipped with a monochannel ceramic microfiltration (MF)
membrane in a tubular configuration provided by Atech Innovations GmbH. The MF
membrane used for the experiments is an inorganic one of a-Al203 active surface with a
mean pore diameter equal to 0.2 pm and molecular weight cut-off of 1.2 kDa (model 20N).
The dimensions of the selected membrane are 1000 mm in length, 6 mm in duct diameter,
and 2 £ 0.5 mm in thickness. This type of MF membrane also ensures a series of
advantageous characteristics, such as high resistance to temperature (suitable for steam
sterilization at 121-C) and pressure (up to 10 bar) during the cleaning protocols, pH
stability (0 to 14), possibility of back pulsing, very high abrasion resistance (against
aggressive chemical reagents), optimal permeability recovery, high selectivity and
performance, and long lifetime service. The PFR is integrated with the CSTR using a drive
and return system made of chemically resistant polyethylene tubes. Finally, a precision
electronic mass balance with USB connectivity (Sartorius, Quintix 5102, accuracy equal to
1 mg) is coupled to an automatic sampling and data registration system to register

permeate values (the bioaccessible fraction that crossed the membrane) over time.
2.9.1 GITSMB Conditions
e Gastric Phase

When the trial began, the bath temperature that kept the reactor jacket warm was set at
37.5 £ 1°C throughout the process, and the reactor stirring speed was set at 50 rpm to
simulate the peristaltic movements of the stomach. Next, 800 mL of GSF and 14 mL of
SSF were prepared using the reagents mentioned in Section 6.5. The concentrations of
each reagent for each fluid were pre-established according to Brodkorb et al. [34]. Once
prepared, the GSF was introduced into the reactor and heated to 37.5°C. The pH dropped
to 3 at this point, as the empty stomach was simulated before adding the food with the
microcapsules. At the same time, 20 g of mineral water were weighed, and 1g of
phycoerythrin was added. Two separate tests were carried out as two different samples
(encapsulated and nonencapsulated phycoerythrin) were chosen. The SSF was then mixed

with the food preparation + microcapsules; 1 mL alpha-amylase solution (75 U/mL), 0.1
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mL CaCl>*2H20 of concentration 0.3 M, and 4.9 mL distilled water were added (final
salivary fluid to food preparation ratio of 1:1). The mixture was shaken for 2 min, and the
pH was adjusted to 7 (if necessary). Once the GSF was hot, the mixture of the food with
the SSF was added to the reactor tank, stirred for a few seconds, and an initial sample
was taken. Then, a 10 mL solution of pepsin (2000 U) and 50 mg of phospholipid (Lipoid
p45) were added, and the pH was adjusted to 3 by controlled dosing of 6 M HCI. From

then on, a sample was taken every 5 min for the next 30 min.
e Duodenum Phase

When the gastric phase ended with the last sample taken, the pH of the GSF was raised
to 6.5 by dosing 1 M NaHCO3 at a rate of 2.05 mL/min, and a sample was taken after
adjustment. This pH simulates the action of pancreatic juices on the food being digested.
Intestinal enzymes were added: 10 mL solution of pancreatic lipase (2000 U/mL), biliary
salts (for a final concentration of 5 mM), 10 mL solution of pancreatin (10%), and 1 mL
solution of trypsin (50 mg/assay). Digestion in the duodenum takes about 10 min after
adding enzymes, and a sample was taken after that digestion period. The approximate
total duration of this phase (including pH rise, addition of enzymes, and digestion) was 30

min.

e Intestinal Absorption Phase

To simulate intestinal absorption, fluids from the bioreactor were pumped to flow through
the modular filtration system. A 0.2 ym membrane size was chosen for these trials based
on previous tests [35,36]. The system overpressure limit was set at 50 mmHg, so that the
diffusion of phycoerythrin through the membrane was due solely to passive transport. It
is important to remember that the ionization characteristics of a compound can profoundly
affect the rate of its transfer by passive diffusion because only the unionized species are
capable of passive diffusion across the membrane. Once the circuit was primed and fluids
began to fall into the bioreactor, the intestinal absorption phase was considered to have
begun and lasted 180min. Samples were taken at 30, 60, 90, 120, 150, and 180 min. Two
samples were taken each time, one from the fluid filtrated through the membrane
(permeate) and another from the retained fluid, which forms part of the colonic residue

(retained).

In summary, each simulation test lasted approximately 4 h: Gastric phase (30 min),
duodenal phase (30 min), and intestinal absorption phase (180 min). Each trial was
conducted in duplicate. Throughout the trial, the system program generated a data file
recording all the events and processes during the simulation. This file was then processed

in the computer to obtain information on all the variables.
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2.9.2 Analysis of the Samples

All samples collected during the assay were refrigerated. Subsequently, the concentration
of phycoerythrin present in the fluids in each sample was measured using
spectrophotometry analysis according to Bennett & Bogorad, [29], polyacrylamide gel
electrophoresis (SDS-Page) and nuclear magnetic resonance (NMR). The concepts of
release or bioaccessibility and bioavailability were used to measure the amount of
phycoerythrin released along the digestive tube in the chymus and the amount absorbed
by the membrane, respectively. The release corresponds to the pigment fraction delivered
by microcapsules to the gastrointestinal tract during the gastric and duodenal phases and
was calculated using Equation (6), adapted from Rivas-Montoya et al. [33]. When release
and precipitation processes took place simultaneously, the same equation was used to
calculate the bioaccessible percentage as the released and non-precipitated fraction in the
chymus. On the other hand, bioavailability corresponds to the pigment fraction absorbed
by diffusion through the membrane during the intestinal absorption phase and was
calculated using Equation (7), adapted from Ariza et al. [37].

pigment phycoerythrin in chymuss

Bi ibility (9 100 Eq.19
ioaccesibility (%) initial pigment phycoerythrin in microcapsules x (Eq.19)

. o phycoerythrin amount in IAS
Bioavailability (%) ———— —— x100  (Eq.20)
initial pigment phycoerythrin in microcapsules

where IAS means intestinal absorption samples. In both equations, the amounts of
phycoerythrin in the chymus and the microcapsules are expressed in milligrams of R-PE

by total biomass (mg g).
2.9.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE):

The hydrolysates of the encapsulated and non-encapsulated phycoerythrin were prepared
for SDS-PAGE using the protocol developed by [38], which combines TCA/acetone and
methanol washes and a phenol step for protein extraction. SDS-PAGE will be performed

according to Laemmli’s procedure [39].
2.9.4 Nuclear magnetic resonance (NMR)

A 400 MHz Plus Avance II NMR spectrometer (Bruker, Switzerland) was used for nuclear
magnetic resonance analyses. 'H NMR spectra were recorded at 400 MHz at room
temperature (21 °C). Samples (15-30 mg) were dissolved in deuterated dimethyl sulfoxide
(DMSO0-de, 0.75 mL), with residual solvent peaks at 6= 2.50 (DMSO) and 6= 3.42 (H20)

ppm for 'H. In some samples, D20 (3 drops) was added.
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3.0 Cell Cultures

To perform the cytotoxicity analysis, the five following cell lines were chosen: human
fibroblasts (1064sk, CIC-UGA, ES), human leukemia cell line (U-937, ATCC, USA), human
malignant melanoma (G-361, ATCC, USA), and colon cancer cell line (HCT-116, ATCC,
USA) stored in liquid nitrogen in the cell culture unit of the Central services for research
support (SCAI) of Malaga University (UMA). To maintain the cells, 1064sk, G-361, and
HCT-116s were previously cultured using Dulbecco’s modified Eagle’s medium (DMEM)
(Capricorn Scientific, ref. DMEM-HPSTA) supplemented with 10% fetal bovine serum
(Biowest, ref. S1810-500), 1% penicillin-streptomycin solution 100x (Capricorn Scientific,
ref. PS-B), and 0.5% of amphotericin B (Biowest ref. L0O009-100). U-937 were grown in
RPMI-1640 medium (BioWhittaker, ref. BE12-167F) supplemented with 10% fetal bovine
serum (Biowest ref. S1810-500), 1% penicillin-streptomycin solution 100x, and 0.5% of
amphotericin B. The cells in suspension (U-937) were harvested upon reaching 70-75%
confluence and centrifuged at 1500 rpm for 5 min at room temperature. Once centrifuged,
the corresponding test or the subculture of the cells was carried out. The cells were kept

under subconfluence in an atmosphere-controlled incubator with 5% CO:2 at 37 °C.

3.1 Analytic Method (MTT assay)

For the cancer and healthy cell viability assay, U-937, HTC-116, G-361, and 1064sk cells
were incubated at encapsulated R-PE concentrations of 5 to 4.76 x 107® mg mL~! in serial
dilutions (1:1) from the alga S. skottsbergii. The experiment was conducted individually
with each cell line in a 96-well microplate for 72 h (37 °C, 5% CO:z in a humid atmosphere).
The proliferation of these cell lines was estimated by the MTT (3-(4,5-dimethylthiazol- 2-
yD-2,5-diphenyltetrazolium bromide) assay [40]. Briefly, 10 yL of the MTT solution (5 mg
mL~! in phosphate-buffered saline) was added to each well. The plates were incubated at
37 °C for 4 h. The yellow tetrazolium salt of MTT was reduced by mitochondrial
dehydrogenases of metabolically active viable cells to form insoluble purple formazan
crystals. Formazan was dissolved by adding acid-isopropanol (150 pL of 0.04 N HCI-2
propanol) and measured spectrophotometrically at 550 nm (Micro Plate Reader 2001,
Whittaker Bioproducts, USA). The relative cell viability was expressed as the mean
percentage of viable cells compared to the untreated cells. Four samples for each tested
concentration were included in each experiment. Measurements were taken in independent

experiments in triplicate.
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3.3 Calculation of the selectivity index (SI)

The selectivity index determines the cytotoxic selectivity of the compounds tested and is

calculated by the ratio between the ICso as indicated in the following formula:

SI = (IC 50 OF health cell)/(IC 50 of cancer cell)

[41] state that a selective compound presents a SI over 3.
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4.0 Results
4.1 Optimization of the encapsulation process

The different combinations of alginate and shellac were tested for the liquid-core matrix.
Only the formulation alginate/shellac (75/25 %V/V) was satisfactory in determining the
basic process conditions of bead preparation. Thus, the effect of the process variables
(flow rate, distance, and concentration of CaCl2) on the EE of R-PE was investigated (Figure
1). For this, 80 % of alginate/shellac mixture (wall material) was mixed with 20 % of R-
PE extract, and then extruded and dripped into CaCl:z solution for 30min of gelation to form
beads. The R-PE encapsulation process was optimized where included the effect of three
independent variables, flow rate (90 and 20 ml min‘t), distance (10 and 5 cm), and CaCl>
(5 and 15 g L'!) on %EE were evaluated. Table 1 shows the results of EE (%), particle
size, and SF obtained under different conditions. The EE values ranged between 89 and
97%. From the Taguchi design, a higher CaCl. concentration, lower flow rate, and high

distance resulted in a high EE.

Figure 1 shows the effect of the working levels of each variable on the encapsulation
efficiency (degree of incline of the slope as a response to EE). The greater the difference
between levels 1 and 2 for a variable, the higher the change magnitude of the response.
The variable CaClz2 showed a greater influence on the EE with an average difference of 7.0
units between the responses of working-level 1 (L1:5 g L'!) and working-level 2 (L2:15 g
L1), followed by the variable distance, showed an influence on the EE with a difference of
1.50 units between the levels. The variable flow rate with a difference of 0.5 units between
the two working levels. Therefore, the variable CaCl. presented the highest difference
between flow rate and distance. Thus, the R-PE pigment can be more efficiently
encapsulated in beads coated with a low CaCl. (<15 g L!) due to the formation of an
encapsulating matrix where coating the capsules by Ca?* reticulation of shellac leads to
the formation of a uniform and smooth layer at the surface of alginate capsules compared
to capsules prepared at 15 g L! of CaClz, generating the formation of a non-uniform

external layer.

The coefficients of determination (R?) for the independent variables flow, distance, and
CaCl2 were 2.5, 4.2, and 90.7%, respectively. The coefficient of determination for these
three variables was significant (p < 0.05) with R? = 97.4% indicating a good affinity or
association of the independent variables with the EE. The optimized theoretical equation

(OTE) for EE was determined using Eq (1), where T is equal to 97 %, which is the total
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average of the response of experimental runs, and L is the working levels of the equation.
The OTE contributed to 97 % of the response, coinciding closely with the optimal
experimental value (Point N°1: 97.5 %). These results confirmed that combining the

control variables and working levels was sufficient to determine an optimum.
4.2 Sphericity factor (SF) and scanning electronic microscopy of the beads

The fluorescence observation and scanning electronic microscopy of the aqueous-core
alginate/shellac capsules are shown in Figures 2 and 3, respectively. Figure 3 shows SEM
images of optimal alginate/shellac beads from design point 1, which reached the highest
EE. The image shows that the bead surfaces are smooth and free of pores, which is
important for the stability of the beads because the pores facilitate the exit or loss of the
R-PE. However, the beads from design point 2 and 3 shows non-uniform particles and
rough surfaces. Figure 2 shows the R-PE distribution in the beads observed by CLSM. The
R-PE pigment was identified by the fluorescence of the chromophores group after the
external gelation process. A high-intensity fluorescence was emitted, homogeneously
distributed throughout the polymeric matrix in all design points. According to the design
points, the bead size was 10-50 mm. Additionally, the lowest SF value was found in design
point 1, reaching 0.04, whereas design point 3 showed the highest SF value at 0.358.
According to Chang et al. (2011), beads with an SF value lower than 0.05 are considered
spherical beads. Thus, semi-spherical beads were obtained in our study. Additionally, the
irregular head shape was observed with high distance (10 cm) and high CaCl> (15 g L),

which correspond to the EE decrease (Table 1).
4.3 Bioavailability and bioaccessibility of R-PE

Figure 4 shows the bioaccessibility of encapsulated and non-encapsulated R-PE during
intestinal digestion. The encapsulation of R-PE significantly influenced the bioaccessibility
and bioavailability of pigment R-PE. The bioaccessibility of R-PE extract was significantly
higher than alginate/shellac microparticles, reaching values around 30.4 % at 180 min,
whereas the bioaccessibility from encapsulated R-PE was detected in the gastric and
intestinal phases, and reached values of 20.25 % at the end of the intestinal digestion
(180min).

The bioavailability of encapsulated and non-encapsulated R-PE at the end of intestinal
digestion is presented in Figure 5. Comparing R-PE samples, we observed that
encapsulated R-PE presented the highest percentages (6.0%) of bioavailability when
compared to non-encapsulated R-PE (2.41%) at 180min of intestinal digestion. At the
beginning of the intestinal absorption phase (permeate samples), it was noted that small

percentages of non-encapsulated and encapsulated R-PE from the initial total content were
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available and passed through the membrane. We observed during each digestion time for
all samples was increased the R-PE content showed similar contents, but at the end of the
intestinal digestion, a significant difference was detected at 180min reached for non-
encapsulated and encapsulated R-PE 0.123 and 0.31 mg of R-PE g! of biomass,

respectively.
4.4 SDS-PAGE, phycoerythrin release, and NMR Spectra.

Figure 6 outlines the SDS-PAGE profile of the different stages of the digestion samples,
where multiple protein bands ranging from 20 to 100 kDa can be observed, except for the
mouth and stomach. More intense bands eluted in the duodenum and intestine at around
50, 20-37kDa, suggesting that some bands correspond to Phycoerythrin. Thus, it is
possible to understand that the matrix core of the encapsulation of the phycoerythrin has
good resistance to mouth and stomach levels because no signal was reported. However,
signals between the concentrated and permeated phases in the intestine are similar in the
intense bands at different reaction times (30 and 180min). Finally, it is feasible to suggest
that phycoerythrin has a good controlled release in the function of matrix encapsulation
formulated at the intestinal level. These results have a good coincidence with the release
test evaluated in different pH (1-5), where the encapsulated R-PE at pH 1 does not exceed
10% of release content, while at pH 3 and 5 it remains, which may suggest a controlled

release after 180 min of exposure from the encapsulating matrix (Figure 7A).

Figure 7B presents the phycoerythrin release as a percentage of the total value with
respect to time, modeled using a second-order differential equation representing a two-
step first-order release response. The image shows that the release takes place at two
different stages, each describing a first-order response, resulting in an overall second-
order response. The first stage occurs from t=0, corresponding to pigment release from
the wall. The pigment concentration from the wall release then reaches a maximum value
at a specific moment, after which no further release occurs until the next stage begins.
Stage 2 shows a release restart, which releases the remaining pigment from the bead
core. From Table 3 a series of parameters related to the response were calculated from
the Laplace representation and shown in Table 4. The results suggest that the release can
be described by two stages: wall release (stage 1), with maximum values 273.2+35.5%
higher in stages 1 than those of pH 3 and 5, and core release, with maximum values
294.0+36.8% higher than the values obtained for pH 3 and 5. Core release (stage 2) for
pH =1 started 26.3+£2.6 min after stage 2 started for pH 3, 5.

To carry out the 'H NMR analyses, samples E1/FI and E1/IP were dissolved in DMSO-ds.

The 'H NMR spectra recorded for both samples are very similar (Figures 8, A, and B). In
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both spectra, between 3.8 and 6.8 ppm, the singlets can clearly be seen due to the
hydroxyl group protons (OH) present in the oligosaccharide structure. In the interval 2.5
and 0.5 ppm, the signals associated with the aliphatic protons of methyl groups of amino
acids (alanine (Ala), leucine (Leu), isoleucine (Ile), and valine (Val)) are present in proteins
(Figure 8). Moreover, signals observed at 5.7, 6.7, 7.0, and 7.2 ppm can be assigned to
phycoerythrin double bonds (pyrrole skeleton). The presence of oligosaccharide hydroxyl
groups was confirmed by recording the 'H NMR spectra in a mixture of deuterated DMSO

and D20 as solvents. In this case, OH signals are not observed (Figure 8).
4.5 Cell Viability of Lines HTC-116, G-361, U-937 and 1064SK

The cytotoxicity of encapsulated and non-encapsulated R-PE (aqueous extract) was
determined in the human cancer cells (HCT-116; G-361; U-937) and healthy cells
(1064sk). After treating the cells with increasing concentrations of the two samples, cell
proliferation was evaluated using an MTT assay. As shown in Table 2, all the samples
exhibited relative inhibition ratios at all concentration levels and demonstrated a dose-
dependent inhibition in the growth of cancer cells. The lowest ICso value in G-361 with
encapsulated R-PE was 4132 + 10.86 pg mL™%, in U-937 IC50 cells was 1251 + 4.83 ug
mL~?, in HCT-116 ICso cells was 1076 + 8.46 ug mL~! (Table 2). For R-PE aqueous extract
(non-encapsulated), the lowest ICso value in HCT-116 cells ICso was 144.5 + 3.96 uyg mL™},
while in U-937 IC50 was 2788 + 11.5 ug mL~! and in G-361 was 2702 + 12.6 yg mL™!
(Table 2). On the other hand, in the healthy cells line in 1064sK, the encapsulated and
non-encapsulated R-PE were 3516 + 15.3 uyg mL~!and 4438 + 10.3 mg mL™!, respectively.
The highest SI values calculated for encapsulated R-PE also belonged to the three above-
mentioned cell lines, including HCT-116 (> 3.27), U-937 (> 0.86), and G-361 (> 0.26),
compared to the other cell lines (Table 2). The SI values calculated for the R-PE extract
for all the cell lines were high, ranging between 30.71 and 1.59, depending on the cell
line, indicating higher effectiveness of the R-PE extract on the cancer cell lines compared
to the encapsulated R-PE. These results have a cytotoxic effect on cancer and healthy
cells, where the R-PE aqueous extract presented relatively high antitumor activities against
HCT-116 cells.

5.0 Discussion

Algae, especially macroalgae, have recently emerged as a vast source of metabolites with
unique structures and nutritional and therapeutic activities, and this field is becoming one
of the hot challenges in food science and technology [23]. Our work is the first approach

in @ new generation of potential ingredients based on alginate/shellac as biomaterials for
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protecting R-PE to maintain biological activity and bioavailability under human
physiological conditions. To formulate the wall material, alginate/shellac has been
validated by other authors with good results in the efficiency of encapsulation for bioactive
like riboflavin [18], sunflower oil [20] and inclusive in a microorganism [19]. However, the
protection processes for phycobilin pigments have been little explored but have great
potential in the food industry, according to several studies [42-44]. In this sense, the R-
PE was successfully encapsulated by Taguchi optimization, which revealed that the high
efficiency is given with design point 1, reaching values close to 97.5 £ 0.71 % EE (Table
1). Similar results were obtained by Pan-tai et al. [45] for phycocyanin (C-PC), from the
microalga Arthrospira platensis (Cyanobacteria), under alginate formulation process to
beads by ionic gelation reached 98% EE. It was found that alginate and CacCl:
concentration have a significant influence on the EE (%) and bead properties. In the same
line, Yan et al. [46] developed a wall material by an extrusion method using alginate and
chitosan as coating materials for the protection of the phycocyanin from Arthrospira
platensis (Cyanobacteria), which reached values around 56 % of EE. These values are
lower than our results, where the differences may be due to the combination of the
materials and the low concentration of CaClz (2.5 %), in which the competition between
the two polymers to bind Ca?* calcium ions affects the final composite gel structure. The
observations of Messaoud et al. [18] found that coating the capsules by Ca?* reticulation
of shellac led to the formulation of a uniform and smooth layer that was closely related to
the amount of shellac and Ca?*, were recommended concentration of CaClz 2 % (%W/V).
Also, Henning et al. [47] suggest that concentrations of CaCl. over 2 % (%W/V) are
enough to ensure the formation of cross-linked hydrogel alginate/shellac membranes.
However, there found a shrinking phenomenon of the alginate hydrogels during the coating
process. This shrinking might be induced by the depletion of cross-linked calcium ions in
the alginate hydrogel due to chemical reactions between the calcium ions and the shellac.
From our observations, we suggest that the range of CaCl. between 5 and 15 % (%W/V)
depends directly on the interaction with shellac, found high EE values (97.5%) at 5 %
(%W/V). Further studies are needed for another aspect that could describe the differences
in the thickness of the shellac layers being linked to the total amount of H* ions in the

capsules (adjusted by the pH value).

The SEM and fluorescence observation of alginate/shellac beads exhibited a semi-spherical
shape thanks to the intrinsic properties surface tension, density, and viscosity of the CaClz
solution before the encapsulation stage [20,48]. According to Chan [31], beads with SF
values lower than 0.05 are considered spherical beads. Therefore, the beads in our study
are semi-spherical. The irregular bead shape was observed with a high distance (10 cm)

and high CaCl.. However, the bead morphology became spherical as the distance of
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extrusion and CaCl2 on the %EE increased. According to Chan et al. [48], SF was an
efficient tool as a sphericity indicator to study the shape of the beads. Additionally,
spherical beads as an encapsulation system are more stable than irregular or non-spherical
shaped beads, as spherical beads have a low surface/volume ratio, producing a lower
diffusion of bioactive in the beads. Dried microcapsules presented diameters ranging from
0.8 to 1.20mm (Table 1). Despite the large size, these microcapsules may be used in solid
foods such as chocolate and cereal bars where the texture is not affected by the particle
size [19].

The alginate/shellac beads with the highest EE were subjected to the in vitro dynamic
digestion method (SIMUGIT). The percentage of R-PE found in the permeate stream was
lower than in the encapsulated R-PE, where we found 6.0 % of bioavailability at 180 min
of intestinal digestion. The R-PE bioavailability differed significantly depending on the wall
material; after the gastric step, the alginate/shellac beads contained 0.58mg g-! of R-PE,
a decrease of 89.6 % compared to the initial concentration (5.58 mg g!). In the same
vein, in the intestinal stage, the content available and passed through the microfiltration
membrane (0.05 pm) more R-PE was seen to be released, showing a decrease of 94.5 %
of R-PE compared to the initial concentration. Thus, the alginate/shellac as wall materials
for R-PE has an acceptable mechanism for protecting the pigment, which allows it to pass
through the mouth, stomach, and duodenum barriers and releasing the compound in a
controlled intestinal phase. According to Pimentel et al[23], enriching protein extracts from
Porphyra dioica (Nori) released at the intestinal level is advisable because it is in the
intestine where the proteins are degraded by enzymes and peptides are absorbed into the
bloodstream, thereby improving the antioxidant activity. Our DGGE analysis showed that
the fraction of the final digest was between 25-50KDa, where the profile of the extracted
protein is consistent with previous results reported by Pimentel et al[23] and Stack et al.
[49] for red algae. Similar conclusions were reported by Wu et al. [50], who evaluated the
in vitro digestion of R-PE and found that the final intestinal digestion still contained high
antioxidant activity in proteins fraction of <3 kDa. They indicate that digestion-resistant
antioxidant peptides of R-PE may be obtained by in vitro gastrointestinal proteinase
degradation. Likewise, Yabuta et al. [51] found that the R-PE from Porphyra sp extract is
readily digested to release the phycoerythrobilin compound during the gastrointestinal
digestion process of mammals. They also suggested that the various therapeutic activities
of phycoerythrin appear to be associated with the phycoerythrobilin compound released
during mammalian gastrointestinal digestion. On the other hand, Teixé-Roig et al. [52]
reported that the other phycobiliprotein C-phycocyanin (C-PC) was protected by double
emulsions containing pectin and sodium alginate presented high %EE and the most

suitable to prevent phycocyanin degradation during the digestion process. This suggests
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that biological activity and safety can be enhanced after digestion. Also, Campos et al.
[53] reported that the same C-phycocyanin (C-PC) extract could be applied as a stable
blue dye in ice creams and highlight the increased antioxidant activity of the C-PC-added

products after in vitro simulated digestion.

A second-order model was proposed for describing the Phycoerythrin release into an
aqueous solution. The proposed model used differs from first-order models presented by
other researchers [18]. The second-order model described two stages, each described by
a first-order response and separated by a time delay. The first stage corresponded to wall
release diffusion, and the second to pigment release from the core. Regarding the
maximum release values, pH=1 showed a higher maximum 273.2 £ 35.5 % and 294.0 £
36.8 % in comparison to those of pH 3 and 5 for stages 1 and 2, respectively, with core
release (stage 2) starting 26.3+2.6 min after stage 2 have started for pH 3, 5, showing
promising targeting properties with respect to time and pH. The results suggest that time
and pH modify the release of the pigment from the alginate matrix, showing potential for
targeting areas characterized by certain pH and retention time. Regarding using a unit
step signal as input to the second-order differential equation for describing the release of
pigment, this input signal selection could have been changed to a more straightforward
Dirac impulse function. This is because the integration of the Dirac impulse function can
be made equivalent to the unitary function. However, this would have required using a
third-order differential equation to describe the release, making the proposed model more

complex.

Unfortunately, the changes in R-PE concentration through digestion have low reports in
the literature. But it is clear that the biological activities of R-PE are maintained after the
in vitro digestion stage demonstrated by Yabuta et al. [51], Wu et al. [50], Stack et al.
[49], and Pimentel et al. [23]. Our research shows that the amount of encapsulated R-PE
released in the final stage of intestinal digestion (0.31 mg g) is sufficient to cause a
cytotoxic reaction against human cancer cells. The ICso values for HCT-116 (1076 + 8.46)
and U-937 (1251 £ 4.83), as well as the SI values for the R-PE, encapsulated in these
cells (> 3.27 for HCT-116 and > 0.86 for U-937) suggest encapsulated as a promising
therapeutic candidate, particularly on gastro and blood cancers. Knowing that the greater
the SI value is, the more selective it is, and SI values over 3 indicate general toxicity [41],
we concluded that compared to encapsulated R-PE, (SI: 30.71), R-PE extracts non-
encapsulated are better candidates for growth suppression of all the examined cell lines
with SI values > 3. These observations can be attributed to the wall materials
(alginate/shellac) possibly affecting the growth factors of human cells, primarily due to

alginate, which has been shown to have catalytic characteristics in human cells [54]. Future
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studies in an in vivo system are needed to relate antiproliferative and antioxidant activities

as potential nutraceuticals.

6.0 Conclusions

This study provided insights into the process conditions to prepare beads with a high EE
of R-PE and the evolution under in vitro gastrointestinal digestion microcapsules. The
variables process for R-PE encapsulation was obtained using a feeding flow of 20mL h!, 5
cm of distance, and 5 gr L'! of CaCl.. The encapsulation under optimal conditions showed
97.5% showing a good coincidence with the predictive OTE values (97 %). The beads
presented a semi-spherical shape and were free of pores with a size of 1.2 mm. The in
vitro digestion showed that the alginate/shellac beads were 2.5 times higher in
bioavailability than non-encapsulated R-PE extract at intestine stage digestion with a
concentration of 0.31 mg of R-PE. Finally, the R-PE charged in the encapsulate can be
used as a potential delivery system for agueous extract and give a therapeutic response
according to the ICso (144 pg mL) values found for the R-PE for colon cancer. We suggest
that the encapsulation system of R-PE can be incorporated into a food matrix for

nutraceutical applications.
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Figure 1. Effect of the working levels of each variable on the encapsulation efficiency.

Figure 2. Confocal microscopic for 1) design point N°1 (97.5%EE) and 2) presence of R-

phycoerythrin by fluorescence.
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Figure 3. Morphology of the beads by scanning microscopy (SEM) for a) design point N°1,

b) design point N°4, and c) magnification of 500X for the surface of the beads of design
point N°4,
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1050 Table 1. Encapsulation efficiency of R-PE, sphericity factor, and particle size using the
1
21051  orthogonal matrix L4 (23).
3
4

51052
6

71053

8
9 Design Orthogonal Matrix L4 (23) Characterization of beads Encapsulation

10 point efficiency
11
12
13 (mL h1) (cm) (grLt) factor (SF)

ié 20 (L1)  5(Li)  5(L)  0.06+0.02 1.2£0.2 97.5 % 0.7
16 20 (L;)  10(L) 15(L;) 0.10+0.03 1.6 0.1 89 £ 1.41
L7 90 (L))  5(Li) 15(L) 0.09+0.05 1.1+0.2 90 % 1.41

90 (L))  10(L) 5(Ly)  0.07+001 1.1+0.1 955 +0.71

Flow Distance CaCl; Sphericity Size (mm) %EE
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Table 2. Cytotoxicity index (ICso) and selective index (SI) for encapsulated and non-

encapsulated R-PE on the different cell lines: 1064 sK (human gingival fibroblast cell line),

HCT-116 (human colon cancer), G-361 (human melanoma), U-937 (human leukemia).

Samples Health and Cytotoxicity Selectivity Index
Antiproliferative Index (SI)
active cell lines ICso (Mg mL1).
Encapsulated 1064sK 3516 £15.3 -
HCT-116 1076 + 8.46 3.27
U-937 1251 + 4.83 0.86
G-361 4132 +£ 10.86 0.26

Non-Encapsulated 1064sK 4438 £ 10.3 -
(R-PE extract) HCT-116 144.5 £ 3.96 30.71
U-937 2702 £12.6 1.59
G-361 2788 +£11.5 1.64

Table 3: Parameters for the second order model for Phycoerythrin release.

pH=1 0.125 0.995 0.075 0.243 101.573 15.944
pH=3 0.038 0.297 0.092 0.258 73.452 28.948
pH=5 0.130 0.239 0.273 0.266 77.107 24.870
Table 4: Response of release of pigment.
max release max value Stabilization Stabilization Time delay
stage 1 stage 2 time stage 1 time stage 2
(min) (min)
pH=1 1.657 5.758 66.490 20.617 101.573
pH=3 0.416 1.565 54.571 19.357 73.452
pH=5 0.476 1.371 18.315 18.765 77.107
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