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A B S T R A C T

Lipid oxidation is usually responsible for oil downgrading of spray-dried powders and it is strongly dependent on
the storage conditions. Direct measurements of the oxygen uptake using cost-effective methods combined with
the study of water adsorption of the powders allow evaluating their barrier properties against oxidation.
Therefore, a low-cost and simple apparatus based on the Warburg’s manometric technique was built, and its
results were compared to Rancimat and Oxipres methods. Firstly, free unsaturated oil (fish oil) was evaluated
and data showed a strong positive correlation between the oxygen uptakes for the new apparatus (0.015 mL O2/
h) and Oxipres method (Pearson’s coefficient = 0.97). After, different surface-active compounds (SAC) (whey
protein isolate – WPI, gelatin – GE, or modified starch – MS) mixed to maltodextrin (MD) were used to en-
capsulate the fish oil via spray drying. The lowest oxygen uptake was obtained by MD+ WPI (0.0018 mL O2/h),
followed by MD + GE (0.0103 mL O2/h) and MD + MS (0.0291 mL O2/h), with similar behavior obtained by
Rancimat method. The lowest protective barrier of MD + MS-powders was confirmed by the comparatively
higher susceptibility to water adsorption, and consequently the lower glass transition temperature (∼58.7 °C at
water activity = 0.3−0.4). This study presented a successful creation of an apparatus to provide useful, fast and
effective information about oxygen consumption by fish oil and encapsulated fish oil, allowing the under-
standing of the protection of SAC against oxidation in spray-dried emulsions. The proposed apparatus can be
easily implemented in laboratories, with potential application for other oxygen-sensitive products.

1. Introduction

Unsaturated triglycerides, such as algal, fish, flaxseed, chia, are
important for human health due to their nutritional value, but they are
highly susceptible to degradation reactions. Lipid oxidation is one of the
main leaders of oil downgrading and microencapsulation is usually an
effective way to incorporate these oils in formulations. It provides a
protective layer around the oil, preserving its sensory quality and nu-
tritional value, and then, increasing its shelf life (Anwar & Kunz, 2011;
Encina, Vergara, Giménez, Oyarzún-Ampuero, & Robert, 2016; Keogh
et al., 2001).

Among the different techniques of microencapsulation, spray drying
produces powders with low moisture and water activity, allowing long-
term storage and reduced transport costs. Thus, the spray drying of oil-
in-water emulsions has been successfully applied for the protection of
unsaturated oils against oxidation (Carneiro, Tonon, Grosso, &
Hubinger, 2013; Noello, Carvalho, Silva, & Hubinger, 2016; Silva,

Azevedo, Cunha, Hubinger, & Meireles, 2016). Such protection has
been evaluated through the oxidative stability by quantifying the level
of peroxides (Drusch, Serfert, Van Den Heuvel, & Schwarz, 2006;
Drusch, 2007; Wang, Liu, Dong, & Selomulya, 2016), secondary com-
pounds (Charve & Reineccius, 2009; Drusch et al., 2006; Drusch, 2007),
or measuring the conductivity using Rancimat method (Giorgio,
Salgado, & Mauri, 2019; Hoyos-Leyva, Bello-Perez, Agama-Acevedo, &
Alvarez-Ramirez, 2019; Velasco, Dobarganes, Holgado, & Márquez-
ruiz, 2009; Vishnu et al., 2017; Wang, Adhikari, Mathesh, Yang, &
Barrow, 2019). However, these analytical techniques may present
complexity, due to the possibility of chemical reactions between the
components during the analysis, the previous extraction of the inner oil
may cause further oxidation, and, for the Rancimat method, the active
compound may be oxidizing inside the matrix without the necessary
release of the degradation compounds for changing the conductivity
measurement.

In this context, the estimation of the rate of oxygen crossing the
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polymeric barrier combined with the evaluation of physicochemical
properties of the particles can supply strategic guidelines for the un-
derstanding of how the structured matrices can limit oxidation reac-
tions. A method, called Warburg’s manometric technique, allows to
quantify the volume of consumed oxygen by measuring the changes of
the pressure in a hermetically closed recipient containing the samples.
In the literature, there are works since the 1940s for application of this
method for the estimation of respiration rate of living organisms
(Perkins, 1943; Umbreit, Burris, & Stauffer, 1972), but few studies
applied it for evaluating the oxidation reactions, as freeze-dried (Gejl-
Hansen & Flink, 1977; Maloney, Labuza, Wallace, & Karel, 1966;
Martinez & Labuza, 1968) and spray-dried products (Anandaraman &
Reineccius, 1986). Based on the same principle, the Oxipres has been
applied to estimate the shelf life of food products (Polavarapu, Oliver,
Ajlouni, & Augustin, 2011; Wang, Adhikari, & Barrow, 2019; Wang,
Adhikari, Barrow et al., 2019; Wang, Adhikari, Mathesh et al., 2019),
but it is a high-cost and rarely used equipment. Therefore, this study
aimed to revisit Warburg's technique by building a simple and low-cost
apparatus to obtain direct measurements of oxygen consumption of
spray-dried powders over 48 h. The second objective was to evaluate
the effectiveness of different polymeric matrices to protect unsaturated
triglycerides against oxidation. From this study, the understanding of
the food-structure function relationships of spray-dried powders was
supported through physicochemical characterization and behavior of
the water adsorption.

2. Material and methods

2.1. Material

Fish oil (FO) (Incromega E3322-LQ-(LK), Croda Europe Ltd., United
Kingdom) composed by 33 % (w/w) of eicosapentaenoic acid (EPA) and
22 % (w/w) of docosahexaenoic acid (DHA) was used as the active
compound. Maltodextrin (MD) (MOR-REX® 1910, dextrose equivalent
(DE) = 10, Ingredion Brasil Ingredientes Ltda, Mogi Guaçu, Brazil),
modified starch (MS) (Capsul®, Ingredion Brasil Ingredientes Ltda, Mogi
Guaçu, Brazil), gelatin (GE) (100 H 30, Rousselot Gelatinas do Brasil
Ltda, Amparo, Brazil) and whey protein isolate (WPI) (Fonterra Ltd.,
Tokoroa, New Zealand) were employed to compose the wall materials.

2.2. Production of the particles

Emulsions (30 % w/w total solids) with FO (6 % w/w) and three
different matrices: MD (22.8 % w/w) and MS (1.2 % w/w) (MD + MS),
or MD (22.8 % w/w) and WPI (1.2 % w/w) (MD + WPI), or MD (20.4
% w/w) and GE (3.6 % w/w) (MD + GE) were produced. This ratio of
the surface-active compound and MD was selected based on the better
emulsions’ stability obtained by Paulo, Alvim, Reineccius, & Prata,
2020. The ratio of the oil to wall material was maintained at 1:4, which
means that the final composition of all dried particles was 20 % oil and
80 % of the wall material (dry basis) (Charve & Reineccius, 2009;
Jafari, Assadpoor, Bhandari, & He, 2008; Jafari, Assadpoor, He, &
Bhandari, 2008). The FO was emulsified at 11,200 rpm for 90 s using an
Ultra-Turrax mixer (T18BS1, IKA T18 basic, Germany). The emulsions
(droplet mean size ≅2.0 μm for MD + MS and WPI + MS-emulsions
and 10 μm for MD + GE-emulsions (Paulo et al., 2020)) were atomized
through a dual fluid atomizer nozzle (Inner Diameter I.D. 0.7 mm) at
the feed rate of 0.8 L/h and dried using a spray dryer (B-290, Büchi,
Flawil, Switzerland). The experimental tests were performed in dupli-
cate with the inlet and outlet air drying temperature of 180 °C and 90
°C, respectively.

2.2.1. Measurement of oxidative stability
2.2.1.1. Oxygen uptake: apparatus based on Warburg’s methodology. A
lab-scale apparatus was built based on Warburg’s methodology
(Perkins, 1943) and it consists in a system formed by an amber glass

flask (20 mL, D = 3 cm; L = 3 cm), in which a syringe (100 U.I., outer
diameter O.D. = 0.4 cm, L = 8 cm) with a millimetric scale (0.01 mL)
is coupled (Fig. 1). The flask containing the sample is immersed in a
water bath, which was used as the manometric fluid. Initially, water
enters into the capillary until equilibrium (initial manometric pressure).
There is no additional differential pressure between the systems at a
lower pressure (flask) and upper pressure (water bath), preventing the
further entrance of liquid. When the oil oxidation process starts, the
consumption of the oxygen makes the water enters into the syringe,
moving the meniscus as a function of the time.

For the experimental tests, a certain amount of FO or particles (1.0
g) was weighed and added inside the flask of the new apparatus and the
respective readings of the water in the meniscus were done periodically
over 48 h. The slope of the oxygen uptake (mL O2) versus time (h) was
used for determining the oxygen consumption rate (mL O2/h).

In order to avoid the effects of variation of the volume of the inner
air, an empty flask was used as control. Particularly for particles’ ex-
periments, the control was the flasks with the spray-dried wall mate-
rials without oil to eliminate the water absorption effect, since the wall
materials (MD + WPI, MD + GE or MD + MS) are highly hygroscopic
(Bustamante, Masson, Velasco, Manuel, & Robert, 2016; da Silva et al.,
2013; Santiago et al., 2016). Thus, the oxygen uptake of the en-
capsulated oil was calculated by the difference between values mea-
sured for the particles and the wall materials.

Besides, an evaluation of the amount of the mass of the sample and
its relation with the exposed area was done using different amounts of
free FO (1.0 and 0.1 g). Thus, an index (IAV) that measures this relation
between the exposed area of the oil and headspace volume of the ap-
paratus was determined as follows in Eq. (1):

=
−
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V VAV
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flask sample

4

2

(1)

Where D is the diameter of the flask, Vflask is the total volume of the
flask and Vsample is the volume occupied by the sample.

2.2.1.2. Oxygen uptake: oxygen bomb methodology. Oxipres apparatus
(Mikrolab Aarhus A/S, Højbjerg, Denmark) measures the pressure
inside of a hermetically closed iron vessel at a controlled
temperature. Twenty g of bulk FO was added in a cylindrical vessel
(125 mL, height = 10 cm; diameter = 5 cm) and the system was
maintained at room temperature (∼25 °C) and atmospheric pressure
(∼ 1 bar) for 48 h, which are the same conditions adopted in Warburg’s
method. The results given by the equipment are expressed in pressure
difference (ΔP) and they were converted to the volume of consumed
oxygen, as follows in Eqs. (2) and (3).

=Δn ΔP V
R T (2)

=V Δn MM
ρO

O
2

2 (3)

Where Δn is the variation of the number of moles (consumed O2 mol),
ΔP is the pressure difference (N/m²), R is the gas constant (8.314 J/mol

Fig. 1. New apparatus by Warburg’s method.
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K), T is the temperature (25 °C = 278 K) and V is the free volume in the
iron vessel (75.91 cm³ for oil), which is given by the difference between
the total volume (125 cm³) and the volume occupied by the sample
(49.09 cm³ for oil), VO2 is the consumed O2 volume (cm³), MM is the
molar mass (32 g/mol), ρO2 is the O2 density (1.33 g/cm³)

The index (IAV) was also measured for Oxipres methodology ac-
cording to Eq. (1).

2.2.1.3. Rancimat method. The particle oxidation was evaluated
indirectly by the Rancimat method, in which the volatile oxidation
products are monitored according to the induction time measured by
the conductivity provided by oxidation products formed. The system
allows evaluating the induction period of the curve K = f(t), where K is
the conductivity expressed as μS/cm and the time in hours (t).
Induction time is defined by the time required to reach the inflection
point in the curve, which is calculated by the intersection of the line
tangent to the curve projected along the time axis. The induction time
was measured by the Biodiesel Rancimat 873 (Metrohm, Herisau,
Switzerland) with a 2.0 g sample, heated to 120 °C, under a purified
airflow rate of 20 L/h, in duplicate.

2.2.2. Sorption isotherms
Sorption isotherms were determined for FO-particles by the gravi-

metric method according to Mortenson, Labuza, and Reineccius (2010),
with some modifications. Duplicate samples of approximately 0.5 g
were carefully weighed and placed in recipients containing the fol-
lowing over saturated salt solutions (aw): lithium chloride (0.113);
magnesium chloride (0.328); potassium carbonate (0.432); magnesium
nitrate (0.529); potassium iodide (0.689); sodium chloride (0.753);
potassium chloride (0.843) (Labuza, 1984). The samples were stored in
an incubator at 25 °C and they were weighed every 2 days for 3 weeks
until reaching the equilibrium. Data from the initial moisture content
data were used to construct “working” isotherms. Isotherms were
plotted using the equilibrium moisture contents of the products and the
BET and GAB models were adjusted to the data (Van Den Berg & Bruin,
1981). The GAB model (Eq. (4)) obtained the most suitable adjustment,
based on the high coefficient of determination (R²), and therefore, it
was used to discuss the results. The low mean relative percentage de-
viation modulus (E) was also calculated as follows in Eq. (5).

=
− − +

X X CKa
Ka Ka CKa(1 )(1 )eq

m w

w w w (4)

where Xeq: equilibrium moisture content (g H2O g−1 dry powder); Xm:
monolayer moisture content (g H2O g−1 dry powder); C, K: model
constants related to the monolayer and monolayer properties; aw: water
activity.
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where mi is the experimental value, mpi is the predicted value and N is
the population of experimental data.

2.2.3. Glass transition temperature
FO-samples equilibrated at aw of 0.3−0.4 were weighed (6−7 mg)

and sealed hermetically in aluminum pans. Heating and cooling cycles
were performed at 10 °C/min rate using a differential scanning calori-
metry (DSC) (DSC 250, TA Instruments, New Castle, USA) as follows:
heating from 25 °C to 160 °C, 5 min at 160 °C, cooling from 160 °C to 25
°C, 15 min at 25 °C. The thermograms obtained were normalized based
on the mass of the samples. All analyses were done in duplicate and the
data were treated by the software TA Instruments Trios (TA
Instruments, New Castle, USA).

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)
Samples were ground with KBr and compressed by a hydraulic

press, forming pellets that were used in a FTIR spectrometer
(IRPrestige-21, Shimadzu, Kyoto, Japan). Samples were analyzed in the
4000–400 cm−1 regions, with a resolution of 4 cm−1 for 100 scans.

2.2.5. X-ray diffractometry
The X-ray diffraction analysis of the wall materials and spray-dried

particles was performed on a Philips Analytical X-Ray (X’Pert-MPD,
Almelo, Netherlands) using a graphite crystal monochromator with Cu-
Kα1 filter radiation of λ = 1,5406 Å at 40 kV and 40 mA. The samples
were analyzed in angles from 5° to 50° (2θ) with a step of 0.02° (1.2°/
min).

3. Results and discussion

The results of oxygen uptake for the free oil obtained with
Warburg’s apparatus and Oxipres at room temperature over 48 h are
shown in Fig. 2A.

The oxygen uptake for the FO was crescent over time with a strong
positive correlation between the two methodologies, i.e., Pearson’s
coefficient between the oxygen uptakes determined by the new appa-
ratus and Oxipres method corresponded to 0.97. The rate of the oxygen
consumption obtained by Warburg’s apparatus (0.015 mL O2/h) was
higher in comparison to Oxipres equipment (0.0045 mL O2/h). These
results can be explained for the differences in the exposed area of the
oxygen for the two methods. The relation between the surface area of
the oil and headspace volume available was calculated for both meth-
odologies through an index (IAV). The Warburg’s apparatus presented a
higher index (IAV = 33.33 m−1) in comparison with Oxipres technique
(IAV = 25.86 m−1), which means that for the same amount of available
oxygen, the samples in the Warburg’s apparatus have a higher exposed
area to oxidation reaction to occur. The high exposed area of Warburg’s
apparatus was confirmed when the effects of the amount of the sample
on the oxygen uptake were evaluated (Fig. 2B). The oxygen consump-
tion showed similar behavior for the two different amounts of FO, being
the index IAV corresponding to 33.33 and 32.05 m−1 for 1.0 and 0.1 g,
respectively. This result showed that the amount of sample did not af-
fect significantly the oxidation reaction behavior, because the relation
between the exposed area of the oil to oxidation reaction and the
headspace volume was kept constant. Additionally, the higher relative

Fig. 2. Oxygen uptake for the free oil at room temperature for 48 h: a) Warburg’s apparatus and Oxipres equipment; b) Warburg’s apparatus containing two different
amounts of free fish oil.
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humidity in the Warburg’s apparatus may have also contributed to
further increase the oxidation (Fennema, Damodaran, & Parkin, 2017),
since water content is considered a major factor affecting the rate of
lipid oxidation in food matrices (Labuza, McNally, Gallagher, Hawkes,
& Hurtado, 1972).

Thus, Warburg's apparatus was applied to evaluate the performance
of the wall materials for protecting the FO against oxidation. These
results are shown in Fig. 3A. In order to compare the performance of the
matrices obtained by Warburg’s method, the oxidation stability was
analyzed in the equipment Rancimat (Fig. 3B).

Both methods showed that particles containing proteins as wall
materials (MD + WPI and MD + GE) provided a higher protective
effect against oxidation of the oil. Similar to this work, Carneiro et al.
(2013) and Charve and Reineccius (2009) also found that the presence
of proteins as wall materials showed a higher capacity for limiting
oxidation reaction than modified starches (Hi-Cap and/or Capsul).
Once the new apparatus showed consistent results for both bulk oil and
particles in comparison to the two techniques (Oxipres and Rancimat),
this study can provide new insights about its building, allowing to en-
large its application for other encapsulated oxygen-sensitive com-
pounds.

Specifically, in the Rancimat’s method, the change of the con-
ductivity of the water is due to the release of the compounds from the
oxidation, and thus, the oxidative stability is related to the induction
time values. The free FO presented a very short induction time of 0.03 h
(Fig. 3B), proving its high susceptibility to oxidation. As expected, the
encapsulated oil showed oxidative stability higher at least 12 times,
being the highest induction time obtained for the MD + GE (1 h),
followed by MD + WPI (0.96 h) and MD + MS (0.36 h) matrices. For

Warburg’s method, MD +WPI presented the lowest oxygen uptake rate
(0.0018 mL O2/h), followed by MD + GE (0.0103 mL O2/h) and MD +
MS (0.0291 mL O2/h). The magnitude order of these values are similar
to those ones obtained in earlier studies using the Warburg’s metho-
dology for spray-dried powders with orange peel oil and gum Arabic
(Anandaraman & Reineccius, 1986), and freeze-dried emulsions con-
taining fatty acids (Gejl-Hansen & Flink, 1977; Maloney et al., 1966).

However, MD + MS particles showed a higher oxygen uptake rate
than free oil in the Warburg’s apparatus. The particles present a higher
surface area than the free and bulk FO, which can cause a higher
oxygen uptake measured by the Warburg’s method. Polavarapu et al.
(2011), Wang, Adhikari, Barrow et al. (2019), and Wang, Adhikari,
Mathesh et al. (2019) also showed that the comparison between the
powdered samples and the bulk unsaturated oil using Oxipres method is
not possible due to the differences of the exposed area to the oxygen,
confirming that the new apparatus performed as expected.

Trying to relate the thermodynamic state of the water in the food
powders to their physicochemical stability, the study of sorption iso-
therms was carried out for all particles (Fig. 4) and the GAB model was
adjusted to the experimental data. Table 1 summarizes the sorption
constants C, K and Xm (monolayer value) obtained for the GAB model,
which was the better adjustment for all particles (R²>0.9) with K<1.

The moisture sorption isotherms at 25 °C for all samples were sig-
moidal type, which is expected for products containing polymeric in-
gredients, like proteins and polysaccharides (Fennema et al., 2017). The
x-ray diffractogram patterns (Fig. 5A) showed a characteristic broad
peak of molecular disorder for all powders, which is indicative of the
amorphous state (Fennema et al., 2017), corroborating to the results
obtained for sorption isotherms.

Fig. 3. Oxygen uptake of the encapsulated fish oil: a) New the apparatus at room temperature for 48 h; b) Accelerated oxidative stability test using Rancimat at 120
°C and O2 flow rate of 20 L/h.
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The similar sigmoidal behavior and the amorphous state can be due
to the maltodextrin being the majority component for all powders, but
slight differences were observed for the behavior of water adsorption
and glass transition temperatures. The results demonstrated a tendency

to MD + MS-powders show the highest monolayer moisture content
(Xm = 0.097), which means they appear to be more hygroscopic than
protein powders. Fig. 4 showed a higher amount of hydrated chemistry
groups for MD + MS-powders, specifically when the water activity is
increased from 0.2 to 0.7. MD + MS particles presented a tendency to
present lower glass transition temperature (58.7 °C) than MD + WPI
(61.9 °C) and MD + GE (68.1 °C) at water activity ranging from 0.3 to
0.4, indicating the higher susceptibility of MD + MS sample to desta-
bilization under certain conditions of storage.

According to Escalona-García et al. (2016), the differences in the
physical stability between the matrices can be attributed to a combi-
nation of factors, which include the conformation and topology of the
molecule and the hydrophilic/hydrophobic sites adsorbed at the in-
terface. Fig. 5B shows the Fourier Transform Infrared Spectroscopy
(FTIR) spectral absorption bands of the wall materials (MS, WPI, GE,
MD) and the FO particles, highlighting the possible changes associated
with the wall material.

All powders showed a profile similar to the pure MD and this was
expected as it is the major component of the sample. Also, some dis-
tinctions were verified because of the presence of the oil. The FO ex-
hibited a band at 1744 cm−1 (C]O stretch from lipids) and a triplet
band at the range of 2800−3000 cm−1, which represents the CeH
bonds of methyl and methylene of fatty acids (Vongsvivut et al., 2012).
Slight changes were observed due to the proteins or modified starch, as
they were present in very low concentrations in the samples. Com-
paring the three types of spray-dried powders, a notable difference is in
the peak at 1540 cm−1, highlighted in the Fig. 5B, which represents the
NeH bonds and stretching vibrations of the CeN group and CeC
(Bouyanfif, Liyanage, Hequet, Moustaid-Moussa, & Abidi, 2019). The
MD + MS particles present a monomodal peak in that wavelength, as
MD + WPI and MD + GE particles showed a bimodal behavior. This
peak could have occurred because the proteins are mostly composed of
amino acid groups, which increases the CeN and NeH interactions of
the sample and that promotes a second peak at the 1540 cm−1 range.
Likewise, in MD + MS samples the CeC bond prevails, causing only
one band in that wavelength. Moreover, the particle spectra exhibit
peaks at 1744 cm−1 and the triplet band in the range of 2800−3000

Fig. 4. Sorption isotherms for fish oil particles with matrices containing MD +
MS, MD + WPI, or MD + GE.

Table 1
Sorption isotherms for fish oil particles: a) maltodextrin + modified starch; b)
maltodextrin + whey protein isolate; c) maltodextrin + gelatin.

Samples K C Xm E (%) R2

MD + MS 0.72 28.04 0.097 24.66 0.89
MD + WPI 0.69 35.84 0.084 3.97 0.95
MD + GE 0.83 18.50 0.068 3.04 0.99

K, C: model constants related to the monolayer; Xm: monolayer moisture con-
tent (g H2O g−1 dry powder); E: mean relative percentage deviation modulus
(%).

Fig. 5. Physical characteristics of the raw wall materials (modified starch, whey protein isolate, gelatin, and maltodextrin) and the fish oil particles (maltodextrin +
modified starch, maltodextrin + whey protein isolate, maltodextrin + gelatin): a) X-ray diffraction patterns; b) FTIR spectra.
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cm−1, which implies the presence of oil in the microcapsules
(Vongsvivut et al., 2012). Moreover, there were no changes in the
characteristic bands of the particles in comparison with the raw mate-
rials, therefore it is concluded that the spray drying process causes no
chemical interactions between the wall components and the active
compound (Kutzli, Gibis, Baier, & Weiss, 2019).

4. Conclusions

A very simple and low-cost apparatus based on Warburg’s method
was developed and it could be applied properly for quantifying the
oxygen uptake in unsaturated triglycerides and encapsulated food
powders. The results were compared to the Oxipres methodology and
presented a strong correlation between both methods (Pearson’s coef-
ficient = 0.97) using free unsaturated oil (FO), which presented an
oxygen uptake of 0.015 mL O2/h. The oxidation stability of spray-dried
FO powders with matrices containing very low levels of MS, WPI and
GE was compared to Rancimat method. Both methods presented similar
behavior for all particles, showing the new apparatus was properly
developed. The lowest oxygen uptake was obtained by MD+WPI ma-
trix, followed by MD+GE and MD+MS, whose rates were 0.0018,
0.0103 and 0.0291 mL O2/h for the encapsulated oil, respectively. In
order to support the results of oxygen uptake, the behavior of water
adsorption was studied. All powders were composed mostly by mal-
todextrin, resulting very similar FTIR spectra, X-ray diffraction patterns
and similar sigmoidal sorption isotherm at 25 °C. However, slight dif-
ferences were observed for MD+MS-particles that presented a tendency
to higher susceptibility to water adsorption (Xm = 0.097) and lower
glass transition temperature (∼58.7 °C at water activity = 0.3−0.4).
This result could support its low protective barrier showed by the new
apparatus, which leads to the highest oxygen uptake. The data obtained
suggested that the apparatus can be used to indicate the degree of
oxidation of both free and encapsulated oxidable oils.

This study allowed a successful building of an apparatus based on
Warburg’s technique to evaluate the oxidation in oxygen-sensitive
products and, consequently, enlarging the range of cost-effective
methods.
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