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Abstract

The protein adsorption on the porous alginate microparticles was evaluated in regards to the coating ability and this
protective effect during gastrointestinal assay. The coating was performed at suitable pH for optimized electrostatic
interaction between protein and alginate. Concentrations of gelatin (HGE) and their hydrolysates (Collagel® (MGE)
(> 10 kDa) and Fortigel® (LGE) (3 kDa)) from 1 to 10% (w/w) were tested. Higher protein adsorption was observed
in the highest concentration of protein in solution and the amount adsorbed was inversely proportional to the degree
of hydrolysis with 47.3, 41.4 and 29.3% of protein adsorbed when HGE, MGE and LGE were used, respectively. The
particles that showed higher protein adsorption were submitted to gastrointestinal in vitro assay. In gastric simulation,
39.1,41.8 and 49.0% of protein from HGE, MGE and LGE were solubilized while 81.3, 61.5 and 95.2% were solubilized
after 5 h under enteric conditions.
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1. Introduction

Tonic gelation (IGEL) is one of the most used techniques
for encapsulation of sensitive, bioactive, and functional
compounds!!¥, cells and probiotic bacterial®®, due to the
mild conditions employed, ie, absence of heating or organic
solvents and moderated stirring rate conditions!". The
interactions of the anionic charge of the polysaccharide
(COO") with cationic ions lead to a tridimensional gel
network!”! which is highly porous!® and undesirable when
it is expected a controlled release. There are many examples
in the literature reporting on the rapid release of bioactive
compounds from gelled microparticle after simulated gastro-
enteric assaysi>*®.. Layer-by-layer protein deposition onto
gelled particles has been successfully employed aiming to
increase the resistance in gastric conditionst®!% or to reduce
the losses of hydrophilic compounds to the product!!l.

Gelatin (HGE) has a positive charge below its isoelectric
point (IEP) and can interact with alginate, an anionic
polysaccharide, above its pKa values!!!. It is obtained from
collagen through acid (type A, IEP, 7.0-9.0) or alkaline
hydrolysis (type B, IEP, 4.6-5.2)!"?) and its molecular weight
(MW) varies from 300-200.000 Da depending on the raw
material and the process conditions!'*. Globular proteins
explored for layer-by-layer deposition!!®!* present topological
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limitations which prevent their charged groups to optimally
contact the rigid anionic polysaccharide chains!'!. The
hypothesis is that unfolded protein structures, such as HGE,
can form a maximum number of contacts with the charged
polysaccharide chain, covering more efficiently particles
produced by IGEL. Moreover, the average molecular weight
of protein hydrolysates is one of the most important factors
which determines their biological properties. The reduced
molecular weight in the peptide fractions also better exposure
of the amino acid residues, being suggested as a factor that
facilitate the interaction with other polymers!'®. However,
in the context of layer coating formation, the changes in
the structures may reduce the contribution between protein-
protein adsorption, changing the organization of the layer
formed!'” and resulting in differences of protein adsorption.
Information published on electrostatic interaction (EI) as
a consequence of molecular weights are not prevalent. In
this work, the effect of the molar weight of gelatin (HGE)
was evaluated in regards to the protein adsorption on the
porous alginate microparticles and to their protective effect
during gastrointestinal assay. The conditions for EI between
type A HGE and two commercial hydrolysates of collagen,
Collagel® (MGE, > 10 kDa) and Fortigel® (LGE, 3kDa)

1/9


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3889-6837
https://orcid.org/0000-0003-4829-0425
https://orcid.org/0000-0002-8421-0712
https://orcid.org/0000-0002-4653-7669

Beraldo, J. C., Nogueira, G. F, Prata, A. S., & Grosso, C. R.

were initially established. Under optimized charge conditions,
protein concentrations varying from 1 to 10% (w/w) were
tested to perform the coating. The coated microparticles
were characterized with respect to morphology, average size,
adsorbed protein and moisture contents. The microparticles
that showed higher protein adsorption were evaluated for
resistance to gastrointestinal conditions in vitro (GIA) by
quantifying the solubilized protein content and following
their morphology.

2. Materials and Methods

2.1 Materials

Sodium alginate (SA) (FMC Biopolymer, lot G470020,-
SP, Brazil, medium viscosity (200 - 400 mPa.s), and
mannuronic to guluronic acid ratio > 1.53); type A — gelatin
(HGE) containing 90.15 + 1.28% of proteins!'® (Gelita, lot
21502 P-04, SP, Brazil); Collagel® (MGE) containing 96.72
+0.11%"8 of proteins (MW > 10 kDa, Gelita, lot LF22703
11, SP, Brazil); Fortigel® (LGE) containing 97.38 £ 0.74%!'8]
of proteins (MW of 3 kDa, Gelita, lot LF897757 09, SP,
Brazil) were employed as biopolymers. Commercial sunflower
oil (Cargill Agricola, SP, Brazil); calcium chloride (CaCl,)
(Dinamica, batch 44034, SP, Brazil); sodium hydroxide
(NaOH) (Dinamica, lot 53187, SP, Brazil); hydrochloric
acid (HCI) (Merck, SP, Brazil); concentrated sulfuric acid
(H,SO,) (Synth, Diadema, SP, Brazil); Pepsin (3180 U/mg
of protein), swine pancreatin (3 X USP unit of enzyme
activity) and mucin (Sigma-Aldrich, MO, USA). All reagents
used were of analytical grade. Deionized water were used
to prepare the solutions.

2.2 Characterization of biopolymers

2.2.1 Molar weight (MW) distribution of HGE and hydrolysates

HGE and the hydrolysates were mixed (1%, w/v)
with a buffer (Tris-HC1 62.5mM; SDS 2%; glycerol 20%;
B-mercaptoethanol 5% and bromophenol blue, pH 6.8) and
boiled for 5 min. Polyacrylamide gel (SDS-PAGE-Glycine,
0.75 mm) was prepared according to Laemmlit'?), with 4% -
packaging and 7% - separation gels. 4 L of HGE and 10 pL
of hydrolysates solution were poured into the gel wells. The
voltage was adjusted to 70 V and the electrophoresis (Mini-
Protean II Bio Rad equipment, CA, USA) was performed
for 2 hours at 23 + 2 °C. Coomassie brilliant blue G-250
solution (0.1%) was used to stain the protein. To eliminate
the background color, it was placed in a bleached solution
(methanol (40%, v/v) and acetic acid (10%, v/v)). The MW
distribution of the LGE hydrolysate was also determined
by using the polyacrylamide-SDS-Tricine gel (1.5 mm, 4%
-packaging, 16.5% -separation gels), according to Schigger
and von Jagow™.. The use of tricine allows better resolution
for small proteins (less than 14 kDa). 20 pL of sample was
applied to the gel channels and the run was carried out at
85V, at room temperature (23 + 2 °C). Proteins with MW
ranging from 37 to 250 kDa (Code: 161-0375) and 1.42 to
26.62 kDa (Code: 161-0326) from Bio-Rad Laboratories
(CA, USA) were used as standard.

2.2.2 |dentification of working pH for protein adsorption
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The zeta potential (ZP) of biopolymeric solutions (SA,
HGE, MGE, LGE) and SA:HGE mixtures and at 0.1%
w/w was measured as a function of pH (3.0-7.0) using
a Zetasizer (Nano ZS, Malvern Instrument Ltd., UK) at
25 °C. The solution pH was adjusted by dropwising HCI
or NaOH (0.1N). Volumetric ratios of SA:HGE mixtures
were prepared (1:1 to 1:10), maintaining the final volume
constant in 30 mL. The mixtures were kept under stirring
in a tube shaker (AP 22, Phoenix, SP, Brazil) for 1 h. After
determining the ZP, the remaining mixtures were kept at
rest for 12 h and subsequently photographed. Since greater
amount of precipitated coacervate was observed for pH
3.0, only pH 3.0 was used for the continuity of the work.
All systems and measurements were realized in triplicate.

2.3 Production of microparticles by ionic gelation

Microparticles were obtained following procedures
described by Nogueira et al.l'”, by using an emulsion produced
with 1.65% w/w of sunflower oil and SA solution (2%, w/w)
through homogenization at 14.000 rpm for 3 min (Ultra
turrax®, IKA Works, RJ, Brazil). The emulsion (pH - 3.0)
was atomized in a solution of CaCl, (2%, w/v) with the aid
of a peristaltic pump, flow rate 556 mL/h, a double fluid
atomizer nozzle, @ 1 mm, air pressure of 0.125 kgf/cm?.

2.4 Protein adsorption by electrostatic interaction

100 g of moist microparticles were added to 200 mL of
protein solution (pH 3.0) at 45 °C for 15 min under stirring.
The final volume was kept constant, and the amounts of
HGE or hydrolysates was adjusted to obtain 1, 2, 4, 6, 8 and
10% w/v of protein in the solution. Then, the microparticles
were sieved (mesh 53 pm) and three times washed with
acidified water at pH 3.0 with HCI 0.1N. Three repetitions
were performed.

2.5 Microparticles characterization

2.5.1 Protein, moisture content and average size of microparticles

The microparticles were characterized in terms of protein
and moisture content, following the methodologies described
by AOAC! in triplicate. Total nitrogen content (N) was
obtained by the Kjeldahl method using a conversion factor of
the N x 5.55. The moisture content was determined by oven
drying at 105 °C up to constant weight. The average size of
the microparticles (D, ;) was determined in a Mastersizer 2000
equipment (Malvern, Worcestershire, UK), using acidified
water at pH 3.0 as a dispersant. Size determinations were
performed in triplicate.

2.5.2 Optical microscopies of sectioned microparticles

Newly processed wet microparticles were soaked in
a polymerizable historesin at 40 °C for 2 hours (LEICA
HISTORESIN Embedding kit 7022 18500, Solms, Germany).
The microparticles embedded in historesin were sectioned
in a LEICA RM2245 microtome (LKB, Ultrotome III
8,800, Solms, Germany) using glass knives. The sections
of approximately 2-3 pm were placed on glass slides and
subjected to the following histochemical methods!:
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a) To check the presence of polysaccharides, the slides
were immersed in 1% Schift’s periodic acid (PAS) for
20 min, washed for 15 min in running water, immersed
again in PAS for another 20 min and, finally, washed
for 5 min in running water’?" and, after:

b

=~

To identify the specific presence of proteins, the slides
were immersed in a 0.5% Coomassie brilliant blue
aqueous solution G-250 for 60 min and then washed in
Clark’s solution (acetic acid and absolute alcohol (1:3))
for 5 min repeatedly. The slides were dried at room
temperature and the historesin sections were covered
using histological mounting medium or immersion oil
for observation and photomicrographic documentation
under the NIKON light microscope, Eclipse E 800
(Tokyo, Japan).

2.5.3 In vitro gastrointestinal evaluation of microparticles with
protein coating

Freshly processed moist microparticles coated with
protein solution (HGE, MGE and LGE at 10%, w/w) were
employed to in vitro gastrointestinal (GIA) test. Artificial
gastric juice (SGA) with pH 2.0 was prepared with the
following composition: 1.12 g/L KCl, 2 g/L NaCl, 0.11
g/L CaCl,, 0.4 g/L KH,PO,, 3.5 g/L mucin and 0.26 g/L of
pepsin. For pH adjustment, HCI (0.1N) was used???.

The GIA was carried out in 50 mL glass tubes, using
3 grams of moist microparticles and 30 mL of SGA. The
samples were incubated at 37 °C, in a water bath with
agitation at 150 rpm, for 2 h. After this time, the samples
were centrifuged for 10 min at 17.000 rpm (RC-5C Sorvall
Instruments, Wilmington, USA), and a small portion analysed
for protein solubility and morphology. Afterwards, the pH of
the media was adjusted to 7.0 with a 20% NaHCO, solution,
and pancreatin solution (1.95 g/L) was added for simulation of
intestinal conditions. The samples were then re-incubated for

M HGE MGE LGE

——

250 kDa
150 kDa

100 kDa

75 kDa

50 kDa

a. Polyacrylamide gel- SDS- Glycine

an additional 5 and 17 hours, with morphological observation
and determination of the solubilized protein in each period.
The morphology of the samples was observed in an optical
microscope (JENAVAL, Tokyo, Japan) with objectives of
12.5, 25, 40 and 60 x, and optovar of 0.8, 1.0 and 1.25 x.
The images were captured using the EDN-2-Microscopy
Image Processing System software.

The sample removed for protein quantification and
morphology observation were placed in a water bath with
ice for 15 min, centrifuged for 20 min at 15.000 rpm (RC-5C
Sorvall Instruments, Wilmington, USA). The protein content
was quantified in the supernatant by Kjeldahl"®! using N
x 5.55, minus the nitrogen amount determined in SGA
(blank). The solubilized protein content in relation to the
initial protein present in the microparticles is expressed
in percentage and on a dry basis. The protein solubility
measurement was performed in three independent tests,
each test being performed in triplicate.

2.5.4 Statistical analysis

The results were analyzed using the SAS 9.2 statistical
program to determine the analysis of variance and the
comparison between the means was made by the Tukey
test with a 95% confidence level. The number of repetitions
was specified in each assessment.

3. Results and Discussion

3.1 Characterization of biopolymers

3.1.1 Molar weight (MW) distribution

The SDS-PAGE-Glycine for HGE, MGE and LGE is
shown in Figure la. HGE presented many protein bands
distinguishable in molar weights close to ~ 37, ~ 50, between

M HGE MGE LGE

| Nd _”' .
| b
26.6kDa wa
16.95kDa :
14.43kDa
6.51kDa S

b. Polyacrylamide gel- SDS- Tricine

Figure 1. Polyacrylamide gel-SDS-PAGE electrophoresis patterns. The first lane shows the marker sample (M) with different range of
molecular weights. (a) gel with Glycine and standard size markers from 37 to 250 kDa; (b) gel with Tricine and standards size markers
from 6.51 to 26.6 kDa. HGE: Gelatin; MGE: Collagel®; LGE: Fortigel®.
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50 and 75, between 100 and 150, ~ 250 and also protein
fractions with MW greater than 250 kDa. The diffuse pattern
of MGE bands, typical of a hydrolysed product, presented
MW between 37 and 150 kDa. LGE could not be detected
in the SDS-Glycine polyacrylamide gel.

Then, polyacrylamide-SDS-Tricine gel (Figure 1b), with
higher density and less porosity, was used to identify the
protein fractions of the hydrolysates. The protein patterns
adopted for this gel had MW ranging from 1.42 to 26.62 kDa.
The intermediate hydrolysate MGE still presented a diffuse
pattern, but it was allowed to identify some fractions with
MW of ~ 16.9 kDa and higher. Compared to the standard
mixture, MGE showed peptide fractions higher than 16.9 kDa.
For LGE, which is an intensely hydrolysed material and
with a diffuse pattern in electrophoresis, peptide fractions
with MW between 6.5 and 26.6 kDa can be identified, as
specified by the manufacturer. HGE presented MW greater
than 16.9 kDa and protein material present in the stacking
gel that was unable to migrate to the separation gel due to
its large size.

3.1.2 Determination of the zeta potential of polymers

The SA solution showed negative ZP over the entire pH
range studied, ranging from -33.1 mV at pH 3.0 to -66.7 mV
at pH 7.0 (Figure 2). The HGE solution showed positive
ZP from +21.6 mV at pH 3.0 to +3.0 mV at pH 7.0, which
confirms the type A HGE, which possesses IEP between
pH 7.0 and 9.01'%, The ZP values of the MGE and LGE
varied between +13.3 mV (pH 3.0) to -12.3 mV (pH 7.0)
and between +6.6 mV (pH 3.0) to -12.8 mV (pH 7.0),
respectively. The respective IEP were identified at pH 4.5
for LGE and at pH 4.0 for MGE.

The ZP along pH allowed the determination of the amount
of net charge in solution of the polysaccharide and proteins,
thus indicating the pH range that satisfies the condition pKa
< pH <IEP. EI could occur throughout the studied range
(pH 3.0 to pH 7.0) for HGE, but below to the IEP of LGE

-20

Zeta Potential [ mV)

40

-60

HGE 715 855 967
80 MGE 440 281 51
LGE 218 188 121

—e—HGE

(pH 4.0) and MGE (pH 4.5). Then, pH 3.0; 3.5 and 4.0 and
different volumetric mixtures between SA: HGE solutions
were considered for adsorption study. EI between SA and
HGE were reported at pH 3.5 and at pH 4.0 and with
whey proteins (IEP ~ 5) were also previously performed at
pH values 3.50 and 3.75[1,

3.2 Identification of working pH for protein adsorption

The adsorption of proteins onto alginate microparticles
is expected to be driven by electrostatic interation (EI),
but the exact determination of the surface charges of the
microparticles can not be properly performed due to their
large sizes, which present a very rapid sedimentation in the
measurement cells.

The formation of alginate particles is accompanished
by the replacement of monovalent sodium (Na*') {ons from
SA by the divalent calcium (Ca?*) ones, so that the particle
surface will have less negative charge available for interaction
with the protein solutions, in relation to the SA solution.

Measurements were realized for very small particles.
Opanasopit et al.>*! by using pressure nozzles to produce
particles (< 10 pm) found that the pectin microparticles
showed about one third (-10.4 mV) of the surface charge in
relation to the value of the ZP corresponding to the pectin
solution. In another work, ZP values for SA particles, sized
around 150 pm, were determined using the diffusion of
electrolytic solutions of known charge. The authors observed
that the charge of the SA microparticles was -0.68 + 0.08
mV at pH 4.0 which allows the adsorption of a positive
charges protein®,

Then, aiming to preliminarly find suitable conditions
to allow the adsorption takes place, mixture of protein
solutions and SA solutions were realized in a more limited
range of pH (3.0 to 4.0). The mixture of a diluted solution
of positively charged HGE and an anionic polyelectrolyte
can lead to phase separation, with one of the phases rich
in complexed biopolymers and a second very diluted

20
-
T

pH

MGE =t [GE === SA

Figure 2. Zeta potential of polymers solutions against pH (from 3.0 to 7.0). SA: Sodium alginate; HGE: Gelatin; MGE: Collagel®;

LGE: Fortigel®.

4/9

Polimeros, 31(2), e2021018, 2021



Effect of molar weight of gelatin in the coating of alginate microparticles

phase, practically free of such hydrocolloids!'®. The charge
stoichiometry between the biopolymers depends on the ratio
between polyelectrolytes and pH. Besides, the concentration
of biopolymers is crucial since it strongly has influence on
the unfolding and mobility of the molecules”.

Figure 3 shows different volumetric proportions (1:1 to
1:10) between SA and HGE diluted solutions (0.1%, w/w), at
pH 3.0, pH 3.5, and pH 4.0, keeping constant the temperature.
The ZP (mV) of Figure 3 indicates the surplus of negative
charge increases with the increasing of pH. The behaviour is
expected since the -COOH groups of SA became deprotonated
by increasing the pH. The requirement of positive charge

3175 2247 | 934 j17.28 205 2138 2226 18.01

pH3.0

T

916 11 14.81

-42 5;64 ~i3.39 14" 18.237

-4763 4587 -3253 =254 | 993 '810 HMS/6 182

"

SA 111 12 14 1:6 1:8 1:10 HGE

Figure 3. Visual aspect and zeta potential (mV) of mixtures at
different ratios (1:1; 1:2; 1:4; 1:6; 1:8 e 1:10) between SA:HGE
solutions at pH 3.0, pH 3.5 and pH 4.0 . The line illustrate ZP
variation and the vertical line, the turning point of pH from negative
to positive surface charge. SA: Sodium alginate; HGE: Gelatin.

to counterbalance the excess of negative charges of the SA
raised from 1 part of HGE at pH 3.0, to 6 part of HGE at
pH 4.0. The same proportion was found by Bastos et al.**!
at pH 4.0, evaluated by turbidimetry. Moreover, as shown
by the schematic line traced to represent the zeta potential,
it is observed an increase of ZP with the proportion of HGE,
and a saturation of charges is reached right after the turning
point (ZP is constant and identical to the HGE solution), with
exception of pH 4.0. This condition of unchanged ZP and
followed by the turbidity development of the sobrenadant
indicates that no more interaction occurs.

The turning pH was accompanied by the formation of a
precipitated mass of coacervates with transparent supernatant
phase. The visual comparison of the coacervate formed
at pHs 3.0, 3.5 and 4.0 shows that greater volumes were
formed for systems at pH 3.0. This could be consequence
of the weaker attraction between HGE and SA at the lowest
pH, as shown by the strength of the electrostatic interaction
(SEI) values. The SEI was calculated between oppositely
charged polyelectrolytes?®*! in pH 3.0, 3.5 and 4.0 and it is
shown inside of Figure 2. The highest SEI values indicate
strongest attractions between opposite biopolymers. The
SEl increased with the pH for HGE, keeping greater values
than for MGE and LGE. Conversely, SEI values for both
hydrolisates reduced with increased pH. Therefore, the pH 3.0
was chosen for the protein adsorption in the microparticles
and the subsequent evaluations.

3.3 Microparticles characterization

3.3.1 Protein, moisture content and average size of microparticles

The amount of protein detected in the microparticles after
their immersion in protein solution (Table 1) indicates that
interactions occurred between carboxyl groups of SA and
positively charged amino groups of the proteins. Contrarily
to that observed for solutions, where a “saturation point” was
detected by stabilization of ZP values, the amount of protein
adsorbed on the particles increased with protein content in
solution, regardless of the type of protein used, indicating
that, in addition to the protein-polysaccharide El interaction,
protein-protein EI may have occurred, contributing to the
high protein adsorption. A similar effect was observed
previously®® and also when whey protein and ovalbumin or
a mixture of proteins were adsorbed on IGELP2, Different
surface forces can be associated with interactions between
polyelectrolytes including van der Waals forces, hydrogen
bonds, and, in particular, electrostatic and hydrophobic

Table 1. Protein and moisture content (%) of IGEL microparticles after protein coating as a function of different concentrations of protein

in solution (%, w/w).

Protein in solution Protein adsorbed (%) Moisture content (%)
(%) HGE MGE LGE HGE MGE LGE
1 26. 5+0.6%* 25.140.5% 16.3+0.4% 86.9+1.04¢ 89.8+0.6%° 91.6+0.8"¢
2 35.242.0P 29.840.7"° 19.6+0.4"¢ 86.0£0.84¢ 87.2+0.9%° 88.8+0.885¢C
4 38.9+0.7% 32.6+0.8° 21.240.9¢ 82.64+0.6" 86.1+1.45¢ 88.8+0.28¢¢
6 44.0+2.18 40.1+0.6" 24.740.65¢ 78.4+1.0¢¢ 83.8+0.8<" 89.1+0.58¢
8 4441 .45 40.8+1.4480 24.241.0% 78.0+1.1¢P¢ 85.4:+0.9P° 89.4:+0.78
10 473114 41.4+0.5% 29.340.5%¢ 76.6+2.2P¢ 81.1+0.9% 88.2+0.5%

*Averages followed by the same letters (upper cases on the same columns and lower cases on the same lines) did not differ according to Tukey s
test (p > 0.05). IGEL: Ionic gelation; HGE: Gelatin; MGE: Collagel®; LGE: Fortigel®.
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interactions®®!). Molina-Ortiz et al.?* studied interactions
between carrageenan and soy protein and showed that the
complexes were formed at both, high and low pH values.
According to the authors, EI dominate at low pH whereas
hydrophobic interactions are the dominant interactions in
complexes at high pH.

Significant differences in adsorption between the three
protein materials were observed. The adsorbed amount
increases with MW. As can be seen in Table 1, in the highest
amount of protein in solution (10%), values of 47.3, 41.4
and 29.3% (w/w, dry basis) of protein adsorbed on the
microparticles were found when HGE, MGE and LGE
were used. Similar behavior was obtained for spray-dried
microparticles of SA crosslinked with epichlorohydrin. The
adsorption of lysozyme (14.3 kDa) and chymotrypsinogen
(25.6 kDa) reached very high protein amounts corresponding
to 1880 and 3034 mg of protein/g of SA respectively®!.
The values of ZP (Figure 2) corroborate the electrostatic
contribution for adsorption, with the growing order: HGE
> MGE > LGE. In addition, the ZP presented by LGE is
significantly lower (+6.6 mV) than the ZP observed for HGE
and MGE, +21.6 and +13.3 mV, respectively.

An adsorption study with human blood proteins indicated
that proteins larger than albumin (66.3 kDa) could occupy
multiple layers in the adsorption process, while smaller
proteins adsorbed completely or partially as a monolayer!!”.
In another study™, protein adsorption at the equilibrium was:
albumin (66.3 kDa) < fibrinogen (340 kDa) < fibronectin
(450 kDa).

Besides size and charge density, many other factors
would be included in the adsorption of polyelectrolytes
on charged surfaces as non-planar surfaces, porosity of
microparticles, chemical structure, protein conformation,

3 um

P —

chain length, type of charge, charge density and charge
distribution®. Another recent review mentioned additional
properties of the polymers, such as architecture, density and
wettability, chemical and structure’s properties, functional
groups, interfacial free energy and conformational flexibility
among others!3®),

The protein adsorption changed the moisture content of
the particles (Table 1). The higher the amount of adsorbed
protein, the lower moisture content of the microparticles.
Also, the moisture content of particles increased with
decreasing the MW of the coating material. The IGEL
moist microparticles without coating showed average sizes
(D, ) varying between 83.4+16.6 and 105.2+34.0 um.
Protein adsorption, irrespective of whether HGE, MGE
or LGE, produced an increase in the average size of the
IGEL microparticles (Table 2). However, the HGE was
the only that presented variation in sizes with the protein
bulk concentration.

Table 2. Average size (D) of microparticles after protein
adsorption (um) as a function of the amount of protein in solution
(%, wiw).

Protein in Average size (D, . pm)

solution (%) IGEL+HGE IGEL+MGE IGEL+LGE
1 122.9413.1 Ba¥  ]32,6+7.8% 139.8+9.74
2 137.1+11.3 B 143.1£6.4% 117.8+5.94
4 147.7+31.3 135.0433.9%  134.9£22.7%
6 164.9+20.2 Aba 110.144.040 132.5+13.44
8 158.3+15.340 111.246.14 116.3+6.34
10 200.2453.5 A 128.9+22.9%  120.5+16.6*

*Averages followed by the same letters (upper cases on the same
columns and lower cases on the same lines) did not differ according
to Tukey s test (p>0.05). IGEL: Ionic gelation; HGE: Gelatin; MGE:
Collagel®; LGE: Fortigel®.

Figure 4. Optical microscopy of sectioned IGEL microparticles. Top line: uncoated microparticles stained with Coomassie brilliant blue
(CB) (a), and Schiff’s periodic acid (PAS) (b); Bottom line: microparticles coated with the protein stained with CB (c) and with PAS

and then with CB (d).
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3.3.2 Optical microscopies of sectioned microparticles

Figure 4 shows micrographs of microparticles embedded in
the polymerized material and later sliced into the microtome,
colored with specific dyes for carbohydrates and proteins.
Uncoated IGEL microparticles as expected did not show
Coomassie brilliant blue staining by the absence of protein
coating material (Figure 4.a).

In Figure 4.b, the same particles stained with the PAS
acquired a pink color, typical for the PAS-carbohydrate
interaction. In Figure 4.c, IGEL microparticles coated
with protein showed a blue halo on the perimeter of the
microparticles corresponding to the layer of protein adsorbed
on the microparticles and oil vesicles without staining.
Figure 4.d shows particles containing protein first stained
with PAS and then with Coomassie where the interior of
the particles is pink and the perimeter shows a blue halo,
which means a strong indication of the adsorbed protein.

3.3.3 In vitro gastrointestinal evaluation of microparticles with
protein coating

The solubility of proteins adsorbed onto microparticles
is shown in Table 3. It was observed that 39.1, 41.8 and
49.0% (w/w) of total protein present in the microparticles

Table 3. Protein release (%) during gastrointestinal in vitro
evaluation (IGEL microparticles +10% of protein in solution).

Digestion time

Simulated gastric Simulated intestinal conditions

Protein condltll());llszpepsm, pancreatin, pH 7
2h 7h 24h
HGE 39.14£5.34% 81.3+2.585 96.5+3.54
MGE 41.8+4.5% 61.5£6.5 82.346.65
LGE 49.0£1.9%° 95.243.94 96.1+3.94

*Averages followed by the same letters (upper cases on the same
columns and lower cases on the same lines) did not differ according
to Tukey s test (p > 0.05). IGEL: Ionic gelation; HGE: Gelatin; MGE:
Collagel®; LGE: Fortigel®.
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coated with HGE, MGE and LGE, respectively, solubilized
after 2 h in artificial gastric fluid (Table 3), showing that all
coatings were susceptible to gastric conditions. Despite the
high protein solubility, the microparticles were still intact,
spherical and dense (Figure 5). The coating of microparticles
with HGE and its hydrolysates was inefficient compared
to results observed when whey protein was adsorbed onto
microparticles IGELP!. These authors observed a low
solubility of the adsorbed layer of whey protein (WPC)
under simulated gastric conditions (pH 3.0, 2h, 37 °C). The
low susceptibility of WPC to pepsin in gastric conditions
was previously observed?”..

After gastric treatment (2h) the microparticle suspensions
were sequentially subjected to intestinal conditions and
after 7 hours an increase in the percentage of solubility
was observed, from 61.5 to 95.2% according to the
coating material used (Table 3). The particles became more
transparent reflecting the loss of the protein layer, visually
more swollen, but still spherical (Figure 5). After 24 hours
the protein solubility increased even more, from 82.3 to
96.5% of protein released. For microparticles containing
HGE and LGE, the solubilization observed was almost total
in relation to the protein initially adsorbed (Table 3). Similar
behaviour was previously observed for multilayer particles
produced with alginate and whey protein, 30.5% w/w of
total nitrogen protein solubilisation occurring after 2 h in
artificial gastric fluid; while 86.0% w/w of total nitrogen
protein solubilisation after 5 h in the artificial intestinal
fluid"®. Contrasting with the results obtained in this work, in
aprevious study!'?, the gastroenteric resistance assessment of
HGE microcapsules containing lycopene resulted in a rapid
release of lycopene at pH 5.5 and 7.0, while no lycopene
was released at pH 2.0 and 3.5.

In agreement with the results obtained here, Wang et al.l®!
stated that the HGE could be digested nearly completely into
oligopeptides or amino acids, which can be easily adsorbed
into the small intestine. The high digestibility and bioactivity
of HGE after oral administration reported by the authors
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Figure 5. Optical microscopy of IGEL microparticles coated with protein submitted to in vitro gastrointestinal assay. Top line: simulated
gastric conditions: 1h pH 2. Bottom line: simulated intestinal conditions: 24h pH 7. Bars represent 50 pm. HGE: Gelatin; MGE: Collagel®;

LGE: Fortigel®.
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suggest that these particles can serve to delivery bioactive
compounds after consumption.

4. Conclusions

Appropriate range of interaction between gelatin and
their hydrolisates was found to promote their adsorption on
the alginate microparticles. The amount of protein adsorbed
on IGEL microparticles increased with the concentration
of protein in solution (10%) and reduced with MW, with
adsorptions of ~ 47.3, 41.4 and 29.3% when HGE, MGE
and LGE were obtained, respectively. The coating of
fibrous protein and their hydrolisates on microparticles
were poorly resistant to solubilization at gastric conditions,
with ~ 39 to 49% protein solubilized at pH 2.0 after 2 h.
After switching to intestinal conditions, pH 7.0 during 5 h,
the solubility increased to ~ 81, ~ 61 and ~ 95% for HGE,
MGE and LGE, respectively. These results suggest that
these particles can serve to delivery bioactive compounds
after oral administration.
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