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Free fatty acid (FFA) release from the in vitro digestion of an emulsion-filled gel using

three  different particle size distributions and its modeling using the Weibull function

and  Gallagher–Corrigan model were investigated. To produce the emulsion-filled gel, an

oil/water mix was prepared and blended with sodium alginate to finally produce small cal-

cium  alginate gel cubes. Three different particle size area distributions were generated by

comminuting the cubes applying 5, 10, and 15 cycles of compression/shearing. The particles

were  intestinally in vitro digested, and the fraction of FFA released was calculated and ana-

lyzed using the Weibull function and Gallagher–Corrigan model. The FFA release showed a

sigmoidal behavior for the three particle distributions; the Weibull function did not show

a  good fit. The Gallagher–Corrigan model presented a good fit to the FFA data, reinforced

with  a random error distribution. The model parameters were able to explain the kinetic

processes related to both surface emulsion release and emulsion release by matrix disso-

lution. In addition, some parameters were linearly correlated (R2 > 0.99) with particle size,

which established a relationship between particle size and the kinetics of release attained
during the first stage of the digestion curve.

© 2019 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
.  Introduction

olysaccharide gelation has been extensively studied, as it

ontributes to the structural and textural properties of a wide
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Lipid digestion in oil/water emulsions (O/W) is an inter-
facial process involving pancreatic lipase and colipase
adsorption on the surface of emulsified oil droplets (Wooster
et al., 2014; Corstens et al., 2017). For conventional O/W
emulsions, lipid digestion is dependent on factors such as
interfacial properties, oil phase surface area, oil accessibil-
ity, and the ratio of the oil to the lipase/bile salts (Guo et al.,
2017). Therefore, one approach for delaying lipolysis is to limit
lipase access to the oil droplet by building a biopolymer-
based network around the oil droplets, i.e.,  structuring an
emulsion-filled gel. Wooster et al. (2014) studied the effect of
food structure on lipid digestion using different biopolymer
networks during emulsion structuring. A simple biopolymer
network was found to have a considerable effect on structure
formation and food emulsion digestion. Guo et al. (2017) sug-
gested that the emulsion-filled gel structure delays enzyme
and salt diffusion, as they must pass through the continu-
ous phase to access the droplet surface. In addition, the gel
structure plays an important role in determining both gel tex-
ture and/or viscosity. Corstens et al. (2017) suggested that a
nondigestible gel matrix is preferable for achieving greater
control over lipase diffusion; possible candidates include
dietary fibers such as chitosan and alginate (Rodríguez and
Albertengo, 2005; Corstens et al., 2018). However, a gel matrix
not only influences lipid digestion by delaying lipase diffusion
to the oil droplets, but it is also likely to require chewing to pre-
pare it for swallowing. Therefore, the particle size distribution
generated during oral processing may play an important role
in determining lipid digestion rate and extent (Bourne, 2004;
Miquel-Kergoat et al., 2015; Cassady et al., 2009).

When an emulsion is part of a polymeric matrix, the oil
droplets can be released from the matrix and digested in the
medium because of a diffusion process. Then, the oil droplet
diffuses to the medium because of a degradation process of
the matrix, which has been reported in studies performed in
biomedical research of drug release (Gallagher and Corrigan,
2000; Mucha  et al., 2014). In this sense, the use of an empirical
model that describes the release or digestive process can be
quite helpful for developing foods with customized behavior.
For example, Guo et al. (2017) applied the Weibull function
to describe a typical emulsion digestion process. The time
exponent of the Weibull model was useful to describe the
process. The model states that obtaining a value of  ̌ > 1 sug-
gests that lipid digestion occurs in three phases: 1) early slow
digestion, because of the effect of the food matrix; 2) rapid
digestion during the intermediate stage, because of the break-
down of the matrix; and 3) gradual digestion during the final
stage, as most of the oil has already been hydrolyzed. Con-
versely,  ̌ < 1 shows that lipid digestion occurs in two phases:
1) initial rapid digestion, because of the structure surround-
ing the oil droplet breaking down, and 2) subsequent gradual
digestion.

Another empirical approach is the Gallagher–Corrigan
model (Gallagher and Corrigan, 2000), which has been used
to describe the sigmodal release process that occurs during
in vitro digestion of a microencapsulated drug in polymeric
matrices. The model has the advantage that it simultaneously
includes two process that typically occur during in vitro diges-
tion of an encapsulated drug and that it can be applied to lipid
digestion. The first part is related to oil droplet oil digestion
that is near the surface of the matrix, and the second part
is related to lipid digestion of oil droplets released from the

gel because of a matrix degradation (Balcerzak and Mucha,
2010). This model has typically been used during the drug
release process, but not in lipid digestion incorporated into
a biopolymeric matrix (Gorrasi et al., 2017).

Thus, the aim of this study was to evaluate the effect
of particle size distribution on intestinal in vitro diges-
tion of an emulsion-filled gel using the Weibull function
and Gallagher–Corrigan model to establish the relationship
between the particle size and model parameters.

2.  Materials  and  methods

2.1.  Materials

Edible vegetable oil (99% soybean oil, 1% palm oil; Chef, Chile),
Tween 80 (Chemix, Greece), sodium alginate (Loba Chemie,
Chile), calcium chloride dihydrate (Merck, Germany), porcine
pancreatic lipase Type II L3126 (Sigma Aldrich, Germany),
porcine bile extract B8631 (Sigma Aldrich, Germany), sodium
chloride, sodium hydroxide, sodium phosphate monobasic,
and sodium phosphate dibasic were provided by GA Ventas,
Chile.

2.2.  Methods

2.2.1.  Oil/water  (O/W)  emulsion  preparation
The emulsion was prepared with 36 g soy oil with 4 g of
Tween 80 and 60 g of distilled water which were homogenized
at 20,000 rpm for 10 min  using an Ika T25 basic homoge-
nizer equipped with a S25N-25F dispersion tool (Ika, Staufen,
Germany) (Muhamad et al., 2016; Perrechil and Cunha, 2010).
To complete the emulsion process, the solution was sonicated
at 350 W for 60 s (Qsonica Q700, Qsonica Sonicators, USA) (Silva
et al., 2013). The emulsion was cooled at 4 ◦C and adjusted to
pH 7 using NaOH 0.15 M.

2.2.2.  Emulsion-filled  alginate  gel  cubes  (model  food)
The model food was developed following the work of Ramírez
et al. (2019) with some modifications. 136 g oil/water emulsion
was mixed with 1500 mL  2 wt.% sodium alginate solution at
20 ◦C. The mixture was then spread carefully over a plastic
mould (330 × 220 × 35 mm deep) on top of 1500 mL  2.0 M CaCl2.
This stratified arrangement was kept at 20 ◦C for 48 h, to allow
ion exchange to form the calcium alginate gel. The emulsion-
filled calcium alginate gel was then removed and placed on a
tray beneath a cutting system which cut out, simultaneously,
100 cuboids with cross-section 12.5 × 12.5 mm2. The height
of individual gel cubes was trimmed to 12.5 mm by manual
cutting with a scalpel.

2.2.3.  Determination  of  particle  size  and  zeta  potential  of
the oil/water  emulsions
The oil droplet size distribution and the emulsion zeta poten-
tial were determined using a dynamic light scattering system
(Nanosizer ZS90, Malvern Instruments, UK). Samples were
prepared by diluting 0.1 mL  of emulsion with 9.9 mL distilled
water and the required amount charged to a cuvette. Mea-
surements were made at 25 ◦C. Droplet size distribution and
z-potential were calculated using the Zetasizer V7.11 software
(Malvern Instruments, UK). The refractive index was set at
1.460 and the dispersant (water) at 1.333 (Corstens et al., 2017;

Liu et al., 2006). Both characterizations were performed in trip-
licate.
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.2.4.  Uniaxial  compression  test  of  the  model  food
niaxial compression tests were performed to determine the
ardness of the emulsion-filled alginate gel cubes using a
TS Texture Analyzer (Brookfield, Toronto, Canada) running

he TexturePro CT V1.2 software. The test was based on the
ethod proposed by Muñoz et al. (1986). An individual gel

ube (12.5 × 12.5 × 12.5 mm)  was placed face down on a plate
nd compressed at 0.3 mm s−1 with a cylindrical probe of
crylic (50 mm diameter) until the gel broke. The hardness was
xpressed in N and was obtained from the force-displacement
urve. Testing was performed in triplicate.

.2.5.  Mechanical  reduction  of  the  emulsion-filled  alginate
el cube  size
echanical compression coupled with a shear system was

esigned to reduce the particle size of the emulsion-filled algi-
ate gel cubes and produce a particle size distribution similar

o that produced during oral processing (Ramírez et al., 2019).
 single emulsion-filled alginate gel cube (12.5 × 12.5 × 12.5
m)  was placed between two plates (diameter = 20 mm)  and
as subjected to 5, 10, or 15 cycles of compression (force =

0 N) and a 5◦ shear angle during each compression. A 30-N
ompression force was selected based on Mioche and Peyron
1994). This analysis was conducted in triplicate.

.2.6.  Determination  of  the  particle  size  distribution  of
ompressed  emulsion-filled  alginate  gel  samples
he particle size distribution of the compressed emulsion-
lled alginate gel samples was determined using a flatbed
canner (600-dpi resolution, CanonScan LiDE110; Canon Inc,
ietnam). Images were saved in a **.tiff form, and parti-
le processing and quantification were performed using the
mage-Pro-Plus software (Media Cybernetics, Rockville, USA)
Ramírez and Aguilera, 2011). The image  processing consisted
f converting the image  from 24 to 8 bits (grayscale) and then
egmenting the image  based on histogram segmentation. The
esulting binary image  was used to quantify the particle area
mm2) of the gel samples after 5, 10, or 15 compressions.

Particle area data were used to obtain a cumulative area
raction curve based on the number of particles. A particle size
nalysis was performed using the Rosin–Rammler model (Eq.
1)) to describe the cumulative size distribution of particles
btained after compression (Olthoff et al., 1984; Van der Bilt
t al., 1993) as follows:

 = 1 − exp

[
−
(
x

x50

)2
· ln 2

]
(1)

here x is the sieve class (mm2), x50 is the theoretical sieve
ize (mm2) through which 50% of the particles pass, b is the
arameter indicating the broadness of the distribution (cor-
esponding to the slope of the cumulative curve; increases in
his value indicate a narrower particle size distribution), and

 is the fraction of the number of particles with a diameter
ess than x (Hutching et al., 2011).

The parameters x50 and b were obtained by nonlinear fit-
ing of the real cumulative particle size distribution to the
osin–Rammler model using the Solver Tool (Excel, Microsoft,
SA).

.2.7.  In  vitro  intestinal  digestion  using  pH-stat
n vitro intestinal digestion of the emulsion-filled alginate

el was performed using a pH-stat titrator (Mettler Toledo
20s, Greifensee, Switzerland) following the method proposed
by Li and McClements (2010) with some modifications. Fifty
emulsion-filled gel cubes (equivalent to 70 mL  of emulsion-
alginate solution or 1.89 g of soybean oil) were added to a flask
containing 52.5 mL  of bile extract solution (2625 mg  of bile salt
dispersed in a pH 7 phosphate buffer), 3.5 mL  of CaCl2 solution
(575 mM in distilled water) and 3.5 mL  of NaCl solution (5625
mM in distilled water). The final solution was adjusted to pH
7 using 0.15 M NaOH and heated to 37 ◦C using a thermoregu-
lated bath. To start digestion, 5.25 mL  of fresh lipase (315 mg
of lipase in 5.25 mL  of pH 7 phosphate buffer) was added. The
titration was conducted using 0.15 M NaOH with pH 7 as the
end point.

To quantify lipolysis, the free fatty acid release fraction
(FFA) over time (2 h) was determined using Eq. (2) (Li and
McClements, 2010) as follows:

FFA = VNaOH ∗ CNaOH ∗ MWoil

weightoil ∗ N
(2)

where V is the volume (L) of the titrant used, C is the titrant
concentration (NaOH, 0.15 mol/L), MWoil is the molecular
weight of the soybean oil (920 g/mol), weightoil is the mass of
the soybean oil (1.90 ± 0.10 g) present in the emulsion, and N is
the number of FFAs (N = 2) released from each triacylglycerol
molecule.

2.2.8.  Mathematical  analysis  of  FFA  release  profiles:
Weibull  function  and  Gallagher–Corrigan  model
The Weibull distribution function, commonly used to describe
drug release profiles during in vitro analysis (Papadopoulou
et al., 2006), was used to model the FFA release as follows:

F(t) = Fmax

(
1 − e−kt

ˇ
)

(3)

where F(t) is the FFA released during digestion at time t, Fmax
is the maximum fraction of FFA released during 120 min, k is
the time scale of the process (h−1) associated with the rate of
FFA release, and  ̌ is a shape parameter that characterizes the
shape of the release curves (Guo et al., 2017).

The Gallagher–Corrigan model (Gallagher and Corrigan,
2000) describes the levamisole (antihelminthic drug) release
from a biodegradable biopolymer, which occurs during a
biphasic process, with an initial fast release phase followed
by a slower polymer degradation controlled release phase.
The model presents the combination of two consecutive first-
order kinetic mechanisms (the dual-mode diffusion model)
with some modification introduced as follows (Balcerzak and
Mucha, 2010; Gorrasi et al., 2017):

F(t) = b + Y1 (1 − e−k1t) + Y2

(
ek2(t−ktmax)

1 + ek2(t−tmax)

)
(4)

where F(t) is the fraction of FFA released during digestion time
t, Y1 is the fraction of FFA released during the first stage, Y2

is the fraction of FFA released during the second stage, k1 is
the first-order kinetic constant (h−1) (first stage of release),
k2 is the kinetic constant for the second stage of the release
process-matrix degradation and tmax is the time of the maxi-
mum fraction of the FFA release rate (h) (Balcerzak and Mucha,
2010).

The FFA release profiles in this study were modeled using
Weibull functions and the Gallagher–Corrigan model. The

Weibull and Gallagher–Corrigan model parameters were cal-
culated for the emulsion and the emulsion-filled alginate gel
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Fig. 1 – Particle size area distribution (mm2) obtained for 50
emulsion-filled alginate gel cubes (12.5 × 12.5 × 12.5 mm)
individually comminuted using 5, 10, or 15 compression
cycles and then pooled for analysis (the analysis was
performed in triplicates) A) Particle size area distribution
(mm2); B) cumulative particle size area distribution (mm2)
cubes after 5, 10, and 15 compression cycles, respectively. All
the parameters were obtained by nonlinear regression of the
data by minimizing the sum of squares error (SSE) using the
Solver Tool (Excel, Microsoft) (Ramírez et al., 2019).

3.  Results  and  discussion

3.1.  Characterization  of  the  emulsions  and
emulsion-filled  alginate  gels

The soybean oil O/W emulsion had a mean droplet size of
108 ± 5 nm.  Silva et al. (2013) reported similar results (80–120
nm)  for corn oil in water and olive oil in water emulsions pre-
pared under similar conditions. The zeta potential values for
the emulsion (−21.0 ± 2.0 mV)  indicate a stable emulsion.

The emulsion-filled alginate gel hardness was found to be
16.26 ± 1.58 N. This value is within the range reported by Roopa
and Bhattacharya (2008) for a calcium alginate gel system – the
hardness of gels in that study ranged between 14 and 200 N
depending on the CaCl2 concentration, pH, and temperature.
In terms of commercial products, the emulsion-filled gels are
comparable to gummy bear hardness values reported in the
literature (15.7 and 20.5 N (Shimadzu, 2012)).

3.2.  Particle  size  distribution  of  the  compressed
emulsion-filled  alginate  gels

Fig. 1A shows the particle size distribution of the emulsion-
filled gel after 5, 10, and 15 compression cycles. Increasing
the number of compression cycles from 5 to 15 shifted the
peak of the particle size distribution towards smaller particle
sizes. However, 10 compression cycles produced a distribu-
tion with two maximum peaks at approximately 100 and 200
mm2. In addition, the 5 and 10 compression cycles had similar
particle size distribution ranges with values between 14.6 to
394 mm2. Conversely, the range for 15 cycles was lower, with
values between 10.5 to 292.3 mm2.

Fig. 1B shows the Rosin–Rammler model-characterized
cumulative particle size distribution curves for the emulsion-
filled alginate gel after 5, 10, and 15 compression cycles. The
particle size results are summarized in Table 1. When 50 gel
cubes were individually comminuted using 5 cycles, the num-
ber of particles increased to 61. After a total of 15 cycles, it
had increased further to 191 particles. Uncompressed sam-
ples had a particle area of 156.25 mm2. The particle area range
was similar for the 5 and 10 compression cycles (14.6–394.7
mm2). However, increasing to 15 cycles lowered the parti-
cle area range to values between 10.5 and 292.3 mm2. The
Rosin–Rammler parameters show that increasing the number
of compression cycles decreased the x50 values, as expected.
This reduction was significant (p < 0.05), with values of 216.16,
152.36, and 88.83 mm2 for 5, 10, and 15 cycles, respectively.
The nonparametric statistical analysis of the particle size dis-
tribution data, based on a Kolmogorov-Smirnov test, showed
significant differences between the three cumulative curves (p
< 0.05).

3.3.  Analysis  of  FFA  release  during  in  vitro  digestion
of emulsion-filled  gels

Figs. 2 and 3 show the FFA release profiles for the O/W emul-
sion and emulsion-filled alginate gel compressed 5, 10 and 15

times fitted with the Weibull and Gallagher–Corrigan models,
respectively. The highest triglyceride hydrolysis was observed
fitted using a Rosin–Rammler model.

for the O/W emulsion with 74% of FFA released. Similar results
have been reported in the literature for intestinal in vitro diges-
tion studies using O/W emulsions stabilized by whey  protein
isolates. Corstens et al. (2017) reported near 80% FFA release
for a sunflower oil O/W emulsion and Guo et al. (2017) reported
90% FFA release for a canola oil O/W emulsion.

In general, this in vitro intestinal digestion study indicates
that structuring a gel around emulsion droplets results in
delayed FFA release. For all the emulsion-filled alginate gels,
the FFA release (the gradient of the FFA release curves) dur-
ing the first 30 min  of the in vitro digestion process was slower
than O/W emulsions. This slow release may be associated with
the calcium alginate gel structure around the oil droplet but
also with the dissolution of the alginate gel at pH 7, promot-
ing the release of calcium ions and alginate into the medium.
Li et al. (2011) reported a sigmoidal-shaped FFA release curve
for emulsions with high calcium levels (20 mM). The authors
attributed the suppression of FFA release to calcium promot-
ing oil droplet the flocculation, thus inhibiting lipase access
to the oil droplet surface. Interestingly, Li et al. (2011) showed

the change in the slope of the digestion curve was at approx-
imately 30 min  following a similar trend to that observed in
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Table 1 – Particle size analysis performed using the Rosin–Rammler model nonparametric statistics.

Rosin–Rammler parameters

Emulsion-filled alginate
compressed cubes

Number of
particles**

Range of areas* X50 (mm2) b SSE R2

Emulsion-filled alginate
gel compressed 5 cycles

61  19.3–384.9 216.16a 2.96 0.161 0.9865

Emulsion-filled alginate
gel compressed 10
cycles

100 14.6–394.7 152.36b 1.86 0.013 0.9993

Emulsion-filled alginate
gel compressed 15
cycles

191 10.5–292.3 88.83c 1.83 0.006 0.9990

∗ Different letters indicate significant differences using a Kolmogorov–Smirnov non-parametric test (p < 0.05) between size distribution curves.
∗∗ Number of particles correspond to the total of particles obtained after mechanical compression.

Fig. 2 – Fraction of free fatty acid release from the O/W
emulsion and particles of emulsion-filled alginate gel fitted
using the Weibull function.

Fig. 3 – Fraction of free fatty acid release from the O/W
emulsion and particles of emulsion-filled alginate gel fitted
u

o
d
%
h
t
o
r
c
t
s

sing the Gallagher–Corrigan model.

ur study. Similar results have been reported for other non-
igestible hydrocolloids, such as guar gum; the addition of 4
w/w guar gum to a canola oil/water emulsion reduced lipid
ydrolysis from 40 to 20% FFA release after 2 h of in vitro diges-
ion. This was attributed to a viscosity effect; the formation
f a viscous network decreases the molecular diffusion rates,
esulting in delayed transport of the molecules to lipid parti-
le interfaces (Amyoony et al., 2017). Another explanation for

he differences in %FFA at 120 min  between the emulsion with
odium alginate and the emulsion-filled alginate gel could be
that the progressive dissolution of alginate gel particles into
the medium allows for a slow increment in viscosity, which
was not possible in the case of the emulsion with sodium
alginate in which the viscosity remained the same during
digestion.

3.4.  Mathematical  analysis  of  FFA  release  profiles
using the  Weibull  function  and  Gallagher–Corrigan  model

As can be observed in Table 2A, the modeling of FFA release
through the Weibull function was adequate for the emulsion
and with better adjustment (R2) than that of the case of com-
pressed emulsion-filled gels. For the emulsion, k and  ̌ showed
values of 1.178 h−1 and 0.128, respectively (R2 = 0.9939), with a
sum of square error (SSE) of 0.0001. O/W emulsions presented

 ̌ < 1 values, indicating that the digestion was initially rapid
but leveled off at a lower FFA release rate (Guo et al., 2017).

For the three particle size distributions of emulsion-filled
alginate gel cubes, the constants Fmax, k and  ̌ were obtained.
The values of Fmax were near 1, without significant differences
among the compression cycles applied. k values decreased
from 2.694 to 2.418 h−1 as the number of compression cycles
increased, but without significant differences.  ̌ values were
greater than 1, varying from 1.851 for 5 compression cycles to
1.416 for 15 compression cycles. In general, when the model
is empirical, it is difficult to establish some relationships or
to explain constant behavior. However, the results show that
as the particle size decreases, both k and  ̌ tend to be lower
because the behavior tends to be more  similar to that attained
by O/W emulsion. Through a visual and statistical analysis of
the goodness of fit of the release profile with the Weibull func-
tion, it is possible to conclude that the Weibull function is not
adequate to model the sigmoidal behavior, mainly because it
cannot explain the dissolution phenomena of an alginate gel
during digestion.

In this sense, the model proposed by Gallagher–Corrigan
through the combination of two phenomena, initial surface
lipid hydrolysis followed by FFA release because of the poly-
mer degradation mechanism, was more  suitable to represent
the hydrolysis behavior. Originally, the model proposed by
Gallagher and Corrigan (2000) was developed to explain the
mechanism involved in drug release from polymer matrices.
However, in the case of an emulsion-filled alginate gel it was
possible to observe the same mechanistic problem. The results
obtained certainly confirm that initially there is a burst of the

O/W emulsion to the medium because of the fracture process
of the compression cycles that was quickly hydrolyzed. Then,
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Table 2A – Weibull function parameters obtained during in vitro digestion for the O/W emulsion and emulsion-filled gel
particles.

Compression cycles Weibull function parameters

Fmax k  ̌ SSE R2

O/W 1.000 ± 0.000 1.178 ± 0.032 0.128 ± 0.010 0.0001 0.9939
5 0.557a ± 0.025 2.694a ± 0.317 1.851a ± 0.110 0.0011 0.9841
10 0.550a ± 0.008 2.454a ± 0.137 1.572b ± 0.090 0.0010 0.9830
15 0.565a ± 0.012 2.418a ± 0.261 1.416b ± 0.088 0.0009 0.9853

*Different vowel letters indicate significantly differences p < 0.05.

Table 2B – Gallagher–Corrigan model parameters obtained during in vitro digestion for the O/W emulsion and
emulsion-filled gel particles.

Gallagher–Corrigan parameters

Compression cycles b Y1 Y2 Tmax k1 k2 SSE R2

5 0.0259a ± 0.0113 0.430a ± 0.041 0.166a ± 0.020 0.451a ± 0.054 0.518a ± 0.028 45.137a ± 3.817 0.00001 0.9998
10 0.0417a ± 0.0081 0.445a ± 0.010 0.200a ± 0.008 0.416a ± 0.011 0.605a ± 0.097 41.855a ± 2.124 0.00002 0.9997
15 0.0410a ± 0.0048 0.418a ± 0.017 0.201a ± 0.029 0.384a ± 0.018 0.847b ± 0.015 44.428a ± 3.642 0.00001 0.9998

*Different vowel letters indicate significantly differences p < 0.05.
the hydrolysis continues with the emulsion released from the
particle surface to the medium, which continues with the
emulsion release because of biopolymer degradation Table 2B
show the values obtained for the Gallagher–Corrigan-fitted
parameters. The results show that the model was adequately
fitted to the sigmodal release profile of the FFA, with values
of SSE <2 × 10−5. Notably, this behavior (sigmoidal) has been
widely reported in the in vitro drug release process incorpo-
rated in polymeric matrices (Gorrasi et al., 2017; Balcerzak
and Mucha, 2010). The values of the burst constant (b-value),
related to the emulsion that was not inside the particles and,
therefore, available to be quickly converted to FFA, increased
as the particle size decreases. For the b-value, the FFA fraction
was 0.0259, 0.0417 and 0.0410 for 5, 10 and 15 compression
cycles, respectively. Thus, as the compression cycles increase,
the particle size decreases and therefore more  emulsion was
free in the medium, significantly increasing the value of the
burst hydrolysis after 5 compression cycles.

The Y1-value, related to the fraction of FFA released during
the first stage of the FFA curve, remained from approximately
0.418 to 0.445, and non-significant differences were observed
for the different compression cycles (p > 0.05). The Y2-value
related to the fraction of FFA released during the second stage
of the FFA release curve showed that the value increased from
0.166 for 5 cycles to 0.201 when 15 compression cycles were
applied (p < 0.05). Thus, as the particle size decreased the FFA
fraction released was higher during the second stage. Regard-
ing tmax, which is related to the time to the maximum FFA
release rate (h), the results indicated that as the particle size
decreases the tmax was lower, varying from 0.451 h for 5 cycles
to 0.384 h for 15 cycles, which was because of the particle size
reduction.

Analyzing the results obtained for k1 it was possible to
note that particle size has a significant effect on this constant.
Thus, for 5 compression cycles, the k1 was 0.518 h−1 and the
value increased until 0.847 h−1 when 15 cycles were applied.
Clearly, small particles favor the first-order kinetic behavior

during the first stage, which is related to the emulsion release
from the surface particle. The relationship between particle
area and volume plays an important role in FFA release. Finally,
the kinetic constant k2, related to the second stage of the
release process, specifically to the matrix degradation, the val-
ues remained from approximately 41.86–45.14 h−1, without
significant differences for 5, 10 and 15 compression cycles.

Certainly, particle size distribution attained after com-
pressing 5, 10 or 15 times affected the behavior of the FFA
release profile, which was adequately fitted (R2) using the
Gallagher–Corrigan model. An error analysis was completed
to further confirm the suitability of the Gallagher–Corrigan
model. In fact, the error distribution was much more  ran-
domly distributed and nearer zero for the Gallagher–Corrigan
model than that for the Weibull function for the three parti-
cle size distributions (Fig. 4). Analyzing the parameters that
were affected by particle size such as tmax and k1, it was possi-
ble to find a linear relationship between these parameters and
particle size (represented by x50), with R2 values of 0.9998 and
0.9635, respectively.

4.  Conclusions

This study highlighted how the presence of a semisolid
biopolymeric matrix, based on a nondigestible carbohydrate,
could delay FFA release through sigmodal behavior and reduce
the amount of FFA released from an emulsion-filled gel dur-
ing in vitro digestion. The results obtained show that the
continually digested emulsion attained values near 80% of
the FFA, while the digestion of the emulsion-filled alginate
gels yielded a sigmoidal-shaped FFA release profile with FFA
values of approximately 60%. Two mechanisms were clearly
defined, mechanisms I and II, in which mechanism I was
clearly defined by the particle size distribution. Consider-
ing this FFA release behavior, the Weibull function was not
a suitable model for the process. However, the Gallagher-
Corrigan model presented a better goodness of fit and its
suitability was reinforced with a random error distribution.
The Gallagher–Corrigan model parameters were capable of

describing both mechanisms involved in the in vitro intestinal
digestion process. Linear relationships were found between
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Fig. 4 – Error distribution for the FFA fraction obtained
using particles with 5, 10 and 15 compression cycles fitted
to the A) Weibull function and B) Gallagher–Corrigan model.
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he particle size and some kinetic parameters, such as tmax and

1. Finally, the number of compression cycles, which affected
he particle size distribution as occurs during the chewing pro-
ess, did not affect the fraction of FFA released; however, it did
ffect the kinetics involved during the process.
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