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A B S T R A C T   

The oxidative stability and the oxygen permeability of oil-loaded capsules were investigated by Electron Spin 
Resonance (ESR). The capsules were produced by spray-drying or electrospraying in the monoaxial or coaxial 
configuration using glucose syrup as the encapsulating agent. ESR-spin trapping results showed that electro
sprayed capsules oxidized faster and during the early stages of incubation, irrespective of the emitter configu
ration (monoaxial or coaxial), when compared to those produced by spray-drying. Furthermore, ESR oximetry 
showed that oxygen inside the spray-dried capsules reached equilibrium with the surrounding atmosphere 
significantly slower than the monoaxially electrosprayed capsules (i.e., ~2h and ~10 min, respectively). These 
findings have been attributed to the larger particle size of the spray-dried capsules influencing the oxygen 
diffusion area (i.e., lower surface-to-volume ratio) and diffusion path (i.e., thicker encapsulating wall for a fixed 
oil load). Together, the lower oxygen uptake reported for the spray-dried capsules correlated well with their 
higher oxidative stability.   

1. Introduction 

As a result of the health benefits related to the intake of omega-3 
polyunsaturated fatty acids (omega-3 PUFAs), especially EPA and 
DHA, the enrichment of common food products with oils rich in these 
bioactives (e.g., fish oil) has gained great interest (Patel et al., 2022). 
However, stabilization techniques are required since these compounds 
are very prone to lipid oxidation, which may comprise the nutritional 
and organoleptic properties of the fortified food product. In this regard, 
the development of dry omega-3 delivery systems through encapsula
tion techniques has been a promising approach for the incorporation of 
these sensitive bioactive compounds into complex food matrices (Ghe
lichi et al., 2021). 

By encapsulation, the oil is trapped within a (bio)polymer-based 
encapsulating wall which acts as a physical barrier between the bio
actives and the environment, mainly aimed to prevent their degrada
tion. However, lipid oxidation of the encapsulated oil still occurs. 
Prooxidant species, especially oxygen, have been demonstrated to 
penetrate trough the glassy encapsulating matrix, thus triggering lipid 

oxidation of the encapsulated oil droplets (A.B. Andersen et al., 2000; 
Boerekamp et al., 2019; Drusch et al., 2009; Orlien et al., 2000). Indeed, 
it has been reported that the oxidation rate of the non-continuous lipid 
phase embedded in a heterogeneous matrix (e.g., oil-loaded capsules) is 
affected by the physicochemical properties of the capsules (e.g., particle 
size), which influences the prooxidant species (e.g., oxygen) reaching 
the encapsulated oil droplets (Velasco et al., 2003, 2006). 

Spray-drying of fish oil-in-water emulsions has been extensively used 
in the production of dry encapsulates using food-grade (bio)polymers (e. 
g., carbohydrates) as encapsulating agents (Singh et al., 2022). More
over, the performance of spray-dried omega-3 delivery systems has been 
evaluated in a wide range of food products (e.g., dressings, baked 
products or meat products) (Ghelichi et al., 2021). However, initial lipid 
oxidation is susceptible to occur during emulsification (e.g., air/oxygen 
inclusion and distribution) and subsequent spray-drying by using inlet 
air at high temperature (e.g., 160–200 ◦C) (Serfert et al., 2009). 
Therefore, in the last decades, significant progress has been made in the 
development of non-thermal encapsulation techniques such as electro
spraying to produce dry omega-3 delivery systems. By conventional 
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electrospraying, the fish oil-loaded emulsion/dispersion is dried by 
means of the high-electrostatic field applied, which produces a spray of 
highly charged droplets allowing solvent evaporation at room temper
ature (Gómez-Mascaraque & López-Rubio, 2016). Furthermore, in the 
coaxial configuration, fish oil-loaded capsules can be produced without 
first emulsifying or dispersing the oil within the (bio)polymer-based 
encapsulating solution since two immiscible solutions can be simulta
neously electrosprayed (Rahmani-Manglano et al., 2023). Thus, by 
electrospraying technology, initial lipid oxidation due to processing 
could be significantly reduced or even theoretically avoided, depending 
on the emitter configuration (e.g., monoaxial or coaxial configuration). 
Moreover, as a result of electrohydrodynamic atomization, smaller dry 
particles are produced compared to spray-drying, and the particle size 
distribution is also narrower (García-Moreno et al., 2021). This is 
desirable when it comes to food fortification since smaller capsules are 
easier to disperse in the food matrix and the structure of the original 
foodstuff is expected to be less modified. Nonetheless, it should be born 
in mind that an increased specific surface area of the electrosprayed 
encapsulates might result in a lower oxidative stability of the system due 
to a higher contact area with prooxidants species (e.g., oxygen). 

In a recent study, we investigated the oxidative stability of fish oil- 
loaded capsules produced by spray-drying or electrospraying in the 
monoaxial and the coaxial configuration (Rahmani-Manglano et al., 
2023). Interestingly, our results suggested that the physicochemical 
properties of the encapsulated systems (e.g., particle size or thickness of 
the encapsulating wall) played a major role on lipid oxidation. This 
might be attributed to its effect on oxygen permeability, which was not 
investigated. 

Electron spin resonance (ESR) has been proven to be a useful tech
nique to measure oxygen concentrations in food systems (ESR-based 
oximetry) (Zhou et al., 2011). This technique is based on the broadening 
of the ESR spectra of stable radicals (i.e., paramagnetic spin probes) in 
the presence of other paramagnetic molecule such as oxygen. The 
interaction between the spin probe and oxygen produces a spin ex
change between these two compounds (e.g., Heisenberg spin exchange) 
resulting in the line broadening of the ESR spectra, which is proportional 
to the concentration of oxygen (M.L. Andersen, 2021). This technique 
has been previously used to evaluate the oxygen-barrier properties of 
oil-loaded encapsulated systems produced by different technologies (e. 
g., freeze-drying or electrospraying) (A.B. Andersen et al., 2000; Boer
ekamp et al., 2019; Svagan et al., 2016). Furthermore, the ESR technique 
has been also extensively used to monitor the early stages of lipid 
oxidation (ESR-spin trapping) of bulk, emulsified or encapsulated oils 
(M.L. Andersen, 2021). ESR-spin trapping relies in the formation of 
stable radicals (spin adducts) due to the reaction of free radicals and a 
diamagnetic molecular spin trap (usually nitrones or nitroso com
pounds), which allows the indirect measurement of the highly reactive 
intermediate lipid-derived radicals (e.g., alkyl radicals) (M.L. Andersen, 
2021; Velasco et al., 2021). 

Therefore, this study aimed at investigating the oxygen permeability 
fish oil-loaded capsules produced by spray-drying or electrospraying by 
using ESR-oximetry. Furthermore, the oxidative stability of the capsules 
was also studied by ESR-spin trapping during 25 days of storage at 
ambient temperature. To our knowledge, this is the first study 
comparing the oxidative stability and the oxygen permeability of fish 
oil-loaded capsules produced by spray-drying and electrospraying 
measured by ESR. The results obtained from this work advance our 
understanding on the relation of lipid oxidation in encapsulated systems 
and their physicochemical properties influencing oxygen diffusivity 
through the encapsulating wall. 

2. Materials and methods 

2.1. Materials 

Fish oil (Omega Oil 1812 TG Gold) was purchased from BASF 

Personal Care and Nutrition GmbH (Illertissen, Germany) and stored at 
− 80 ◦C until use. MCT oil (WITARIX® MCT 60/40) was kindly donated 
by IOI OLEO GmBH (Hamburg, Deutschland) and stored at − 20 ◦C until 
use. Glucose syrup (GS; DE38, C*Dry 1934) was purchased from Cargill 
Germany GmbH (Krefeld, Germany) and Pullulan was kindly donated by 
Hayashibara Co., Ltd. (Okayama, Japan). Tween 20 (T20) was obtained 
from Sigma-Aldrich (Darmstadt, Germany) and CITREM (GRINDSTED® 
CITREM LR 10 EXTRA MT) was provided by Danisco (Copenhagen, 
Denmark). Whey protein concentrate hydrolysate (WPCH) was pro
duced by enzymatic hydrolysis (degree of hydrolysis, DH of 10%) with 
Alcalase 2.4L (Novozymes, Denmark) (Rahmani-Manglano et al., 2020). 
The hydrolysate was then freeze-dried and stored at 4 ◦C until use. ESR 
spin probe (16-DOXYL-stearic acid, DSA) and spin trap (α-Phenyl-N-tert- 
butylnitrone, PBN) were purchased from Sigma Aldrich (Søborg, 
Denmark). Oxygen (≥99.5%) and nitrogen (≥99.999%) gases were 
supplied by Air Liquide (Taastrup, Denmark). The rest of the reagents 
used for analysis were of analytical grade. 

2.2. Preparation of the ESR spin trap and spin probe 

The ESR spin trap (PBN) and spin probe (DSA) were prepared and 
added to the lipid phase (fish oil and MCT oil, respectively), as described 
by Boerekamp et al. (2019). In brief, to investigate the oxidative stability 
of the encapsulated systems, PBN was added to the fish oil as an ethanol 
solution (50 mg/mL) in order to have a final concentration of 30 mM of 
PBN in the lipid phase. For the oxygen permeability measurements, DSA 
was added to the MCT oil as a hexadecane solution (25 mg/mL) in order 
to have a final concentration of 10 µM of DSA in the lipid phase. MCT oil 
was used for the oxygen permeability measurements since it is a non- 
oxidizable oil which does not react with oxygen or with the spin 
probe. Thus, the broadening in the ESR signal of DSA would only be due 
to the change of oxygen concentrations inside the encapsulated oil 
droplets (Boerekamp et al., 2019). 

2.3. Production of the spray-dried capsules 

The oil-in-water emulsions were prepared by dispersing the lipid 
phase (MCT oil or fish oil, 5 wt%) in the aqueous phase containing the 
encapsulating agent (GS, 28 wt%) and the emulsifier (WPCH, 6 wt%). 
The protein/oil ratio was fixed at 0.4. First, a coarse emulsion was 
produced using an Ultraturrax T-25 homogenizer (IKA, Staufen, Ger
many) mixing at 15,000 rpm. The total mixing time was 2 min and the 
fish oil was added during the first minute. Then, the pre-emulsion was 
homogenized in a high-pressure homogenizer (PandaPLUS 2000; GEA 
Niro Soavi, Lübeck, Germany) at a pressure range of 450/75 bar and 
applying 3 passes. Right after production, the emulsions were spray- 
dried in a laboratory scale spray-drier (Büchi B-190; Büchi Labor
technik, Flawill, Switzerland) at 180/90 ◦C inlet/outlet temperature, 
respectively. The drying air flow was fixed to 25 Nm3/h. The oil load of 
the resulting encapsulates was of ~13 wt%. The capsules were stored in 
airtight flasks, at − 80 ◦C in the dark until further analysis. 

2.4. Production of the electrosprayed capsules 

2.4.1. Production of monoaxially electrosprayed capsules 
To produce the oil-in-water emulsions, a mixture of CITREM (1 wt 

%):oil (MCT oil or fish oil, 3.7 wt%) was dispersed in the aqueous phase 
as described in Section 2.3. The aqueous phase consisted of WPCH (4.3 
wt%), P (3.0 wt%) and the encapsulating agent (GS, 15 wt%), which 
were previously dissolved in distilled water and stirred overnight (500 
rpm) at ambient temperature. The resulting oil-in-water emulsions also 
had a protein/oil ratio of 0.4. Immediately after production, the emul
sions were electrosprayed in the equipment described in our previous 
study (Rahmani-Manglano et al., 2023) consisting of a drying chamber 
equipped with a variable high-voltage power supply, a syringe pump, 
and a stainless-steel collector plate (SpinBox Electrospinning; Bioinicia, 
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Valencia, Spain). The flow rate was fixed to 0.2 mL/h and the voltage 
applied varied from 18.5 to 20 kV. The electrospraying process was 
carried out at ambient temperature and ambient relative humidity 
(19–23 ◦C, 22–50 % RH) in batches of 30 min. Between batches, the 
remaining emulsions were gently stirred (100 rpm) to minimize physical 
destabilization. The powder collected from the different batches was 
gently mixed to ensure that analyzed samples were homogeneous and 
representative of the obtained material. The final oil load of the capsules 
was ~13 wt%. The capsules were stored in airtight flasks, at − 80 ◦C in 
the dark until further analysis. 

2.4.2. Production of coaxially electrosprayed capsules 
For coaxial electrospraying, the biopolymer solution (flowing 

through the outer capillary) was produced by dissolving the encapsu
lating agent (GS, 15 wt%), P (4 wt%) and T20 (1 wt%) in distilled water 
and stirring overnight (500 rpm). Afterwards, the solution was passed 
through a high-pressure homogenizer (450/75 bar, 3 passes) prior to 
electrospraying. MCT oil or fish oil were infused as the core solutions 
(flowing through the inner capillary). The electrospraying process was 
carried out in the setup described in Section 2.4.1, equipped with coaxial 
emitter consisting of two concentric needles. Thus, two syringe pumps 
which worked simultaneously were used. The outer flow rate (F1) was 
fixed to 0.60 mL/h and the inner flow rate (F2) was adjusted to achieve a 
final oil load of the capsules of ~13 wt% (F2 = 0.021 mL/h). The voltage 
was varied from 16 to 18 kV. The process was conducted at ambient 
temperature and ambient relative humidity (19–23 ◦C, 22–50 % RH) in 
batches of 60 min. The powder collected from the different batches were 
gently mixed before sampling to ensure that analyzed samples were 
homogeneous and representative of the obtained material. The capsules 
were stored in airtight flasks, at − 80 ◦C in the dark until further analysis. 

2.5. Characterization of the capsules 

2.5.1. Morphology and particle size distribution 
The morphology of the capsules was investigated by scanning elec

tron microscopy (SEM) using a FESEM microscope (LEO 1500 GEMINI, 
Zeiss, Germany). The samples were placed on carbon tape and carbon- 
coated as described in our previous work (Rahmani-Manglano et al., 
2023). The SEM images were acquired in the range 500X – 15KX 
magnification with a 5-kV accelerating voltage. The particle size dis
tributions and mean diameters were determined measuring 160 
randomly-selected capsules using the ImageJ software (National Insti
tute of Health). 

2.6. ESR measurements 

The ESR spectra of the encapsulated systems containing the spin trap 
(PBN) or the spin probe (DSA) were recorded using a MiniScope MS5000 
(Bruker, Rheinstetten, Germany) at ambient temperature. The modula
tion amplitude used in all ESR measurements was kept constant in each 
determination at 0.2 mT. 

2.6.1. Oxidative stability 
To evaluate the oxidative stability of the capsules, the ESR tubes (5 

mm OD) were filled with powder to obtain a sample height of ~3.5 cm in 
order to ensure that the resonant cavity of the equipment was covered 
with sample (Velasco et al., 2021). Thus, the volume of capsules was 
kept constant for the analyses. Three tubes were prepared per sample 
and subsequently stored at 25 ◦C in the dark for 25 days. The PBN-ESR 
spectra were recorded every day to monitor the changes in the peak-to- 
peak height of the central line of the spectra. For comparative purposes 
among capsules, the peak-to-peak amplitude measured for each sample 
was divided by the density in the ESR tubes of each capsule type (mg 
sample/cm tube). Thus, normalized values for peak-to-peak amplitude 
were obtained. The average value of the normalized peak-to-peak height 
of every sample was calculated. 

2.6.2. Oxygen permeability 
The oxygen permeability of the capsules was determined as 

described by Boerekamp et al. (2019). In brief, 200 mg of capsules were 
placed in quartz ERS tubes which were closed at one end with glass 
wool. Afterwards, the capsules were washed with heptane (10 mL) to 
remove the non-encapsulated surface oil fraction. For the measure
ments, first nitrogen (59.50 mL/min) was passed through the sample- 
containing tubes for 60 min to displace oxygen. Then, oxygen (50.49 
mL/h) was passed through the tubes until the nitrogen atmosphere was 
completely replaced. By last, nitrogen (59.50 mL/min) was passed again 
trough the tubes for 60 min. During the analysis, the narrowing (when 
nitrogen was passed through the tubes) and the broadening (when ox
ygen was passed through the tubes) of the ESR signal of DSA was 
quantified as the width of the central line of the spectra, ΔHpp (Boer
ekamp et al., 2019; Svagan et al., 2016). 

In addition, a calibration curve (R2 = 0.98) was constructed to relate 
the line broadening of the DSA-ESR spectra (ΔHpp) with the concen
tration of oxygen (Boerekamp et al., 2019). A piece of filter paper was 
soaked in the MCT oil containing the DSA probe (prepared as described 
in Section 2.2) and placed in the ESR quartz tube. First, a nitrogen at
mosphere was created by passing nitrogen through the filter-containing 
tube for 15 min. Then, the filter paper was exposed to different oxygen/ 
nitrogen gas compositions and the ΔHpp was quantified to construct the 
calibration curve. Each point of the calibration curve was measured in 
triplicate. 

2.7. Statistical analysis 

Data were subjected to one-way analysis of variance (ANOVA) by 
using Statgraphics version 5.1 (Statistical Graphics Corp., Rockville, 
MD, USA). Tukeýs HSD multiple range test was used at 95% confidence 
level (p < 0.05) to determine significant differences between mean 
values. 

3. Results and discussion 

3.1. Characterization of the capsules 

3.1.1. Morphology and particle size distribution 
Depending on the technology used (e.g., spray-drying or monoaxial/ 

coaxial electrospraying), significant differences were observed on the 
morphology (Fig. 1) and particle size distribution (Fig. 2) of the 
encapsulated systems. Whilst spherical particles were obtained by spray- 
drying (Fig. 1A,B), fibrils interconnecting the capsules were observed for 
the electrosprayed systems, irrespective of the emitter configuration (e. 
g., monoaxial or coaxial; Fig. 1C,D or Fig. 1E,F, respectively). This is 
ascribed to the presence of pullulan as thickening agent in the formu
lation of the electrosprayed capsules (GS-mo and GS-HPH-co samples) 
which, due to its great spinnability in water-based solutions, leads to the 
formation of thin fibrils even at low concentrations (e.g., <5 wt% pul
lulan) (García-Moreno et al., 2018; Rahmani-Manglano et al., 2023). 
Nonetheless, as reported in our previous work, the electrosprayed cap
sules had the appearance of flowing powder once the samples were 
detached from the collector (Rahmani-Manglano et al., 2023). 
Emulsion-based methods let to capsules with mostly smooth surfaces 
and the morphology of the particles was similar irrespective of the 
encapsulated oil (e.g., fish oil or MCT oil) (Fig. 1A-D). Conversely, in line 
with our previous observations (Rahmani-Manglano et al., 2023), co
axial electrospraying resulted in dented particles when fish oil was 
infused as the core solution (Fig. 1E). However, agglomerated capsules 
were observed when the core solution consisted of MCT oil (Fig. 1F). 
This could be explained due to the different polarities of the encapsu
lated oils (e.g., fish oil or MCT oil). MCT oil is more polar than fish oil 
(Chen et al., 2023) thus, in the absence of emulsifiers in the shell solu
tion together with the lack of surface-active properties of the encapsu
lating agent (e.g., GS), a portion of the infused oil might have solubilized 
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in the water-based encapsulating solution during processing giving rise 
to the agglomerated-like morphology of the resulting particles. 

Fig. 2 shows the particle size distribution of the fish oil-loaded sys
tems. Spray-drying resulted in significantly larger capsules and a wider 
particle size distribution (p > 0.05; Fig. 2A), compared to electro
spraying (monoaxial or coaxial) (Fig. 2B). In turn, monoaxially elec
trosprayed capsules were smaller (~90% of the capsules < 1.5 μm) than 
coaxially electrosprayed systems (~25% of the capsules < 1.5 μm) due 
to the difference in the operating conditions (e.g., higher infusing flow 
rate for coaxial electrospraying) (Rahmani-Manglano et al., 2023). The 
particle size of oil-loaded encapsulated systems is an important factor 
influencing their oxidative stability since, for a fixed oil load, a reduced 
particle size implies an increased specific surface area (e.g., higher area 
of contact with prooxidant species) and thinner encapsulating walls (e. 
g., reduced prooxidants diffusion path to the core of the capsules) 
(Linke, Hinrichs, et al., 2020). 

3.2. Oxidative stability 

The PBN-ESR spectra of the fish oil-loaded capsules showed three 

Fig. 1. SEM images of the oil-loaded capsules produced by: spray-drying (fish 
oil, A; MCT oil, B), monoaxial electrospraying (fish oil, C; MCT oil, D) and 
coaxial electrospraying (fish oil, E; MCT oil, F). The scale bar of the spray-dried 
capsules (A, B) corresponds to 20 µm. The scale bar of the electrosprayed 
capsules (monoaxial; C, D or coaxial; E, F) corresponds to 2 µm. 

Fig. 2. Particle size distribution of the fish oil-loaded capsules produced by 
spray-drying (A) and electrospraying (monoaxial and coaxial) (B). 

Fig. 3. Evolution of ESR spectra of the fish oil-loaded capsules containing the 
PBN spin trap during storage at 25 ◦C. Capsules were produced by spray-drying 
(A), monoaxial electrospraying (B) and coaxial electrospraying (C). 
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broad lines (Fig. 3), in line with the PBN-ESR spectrum of neat fish oil 
(Fig. S1 of the Supplementary Material). These results are consistent 
with those reported by other authors for the ESR spectra of PBN-adducts 
formed in bulk, emulsified and encapsulated oils, where the typical 
coupling of nitroxyl radicals, but not the hydrogen splitting, was 
observed (Boerekamp et al., 2019; Velasco et al., 2005, 2021). As to the 
lipid-derived-radicals concentration is considered to be proportional to 
ESR signal intensity, the peak-to-peak amplitude of the central line of 
the PBN-ESR spectrum was used to monitor the lipid oxidation of the 
capsules (Boerekamp et al., 2019; Velasco et al., 2005). Fig. 3 and Fig. 4 
show the evolution of the PBN-ESR spectra and the evolution of peak-to- 
peak amplitude of the encapsulated systems over storage, respectively. 
Significantly different trends were observed in both figures depending of 
the technology used to produce the capsules (e.g., spray-drying, mono
axial electrospraying or coaxial electrospraying). 

At the beginning of the storage time, low but detectable levels of 
radicals were found in all the samples (Fig. 3), contrary to the neat fish 
oil (Fig. S1 of the Supplementary Material). These results suggest that 
lipid oxidation already occurred during the encapsulation process, 
irrespective of the technology used (Velasco et al., 2021). However, 
although the PBN-ESR signal detected for the fish oil-loaded capsules 
after processing appeared similar among the samples (Fig. 3), the 
normalized signal of the spray-dried capsules was smaller after cor
recting for the different densities of sample in the ESR tubes (Fig. 4). 
During storage, the ESR signal intensity of the spray-dried capsules 
showed a lag-phase of 4 days, followed by a sharp increase up to day 21. 
Afterwards, a slower increase in the peak-to-peak amplitude was noted 
and the ESR signal intensity decreased by the end of the storage time 
(Fig. 4). Nonetheless, the opposite trend was found for the electro
sprayed systems (e.g., monoaxial, GS-mo and coaxial, GS-HPH-co) 
(Fig. 4) for which a small and rather constant peak-to-peak amplitude 
was observed during storage. Although it is widely accepted that high 
levels of radicals detected by ESR spin trapping indicate high levels of 
oxidation, the interpretation of our results might not be as straightfor
ward. The detection of lipid radicals depends on several factors such as 
the formation rate and stability of the radical to be trapped, the rate of 
trapping and the stability of the spin adducts formed (Velasco et al., 
2021). In addition, it has been reported that ESR spin trapping experi
ments should be limited to the early stages of lipid oxidation (Merkx 
et al., 2021; Velasco et al., 2005). Spin adducts are radicals themselves, 
thus they can react with other lipid-derived-radicals in conditions of 
advanced lipid oxidation (where their concentration is rather high) 
giving rise to ESR-silent compounds (e.g., diamagnetic species) (M.L. 
Andersen, 2021; Velasco et al., 2005). Therefore, low levels of lipid 
radicals might be measured in oxidized samples (M.L. Andersen, 2021). 
This is in agreement with previous studies that investigated the devel
opment of PBN-spin adducts at early and advanced stages of lipid 
oxidation in bulk oils or in oil-encapsulated systems (Falch et al., 2005; 

Velasco et al., 2021). In case of bulk oils (Falch et al., 2005), the lowest 
concentration of radicals observed corresponded to the sample that 
oxidized more rapidly during storage, as confirmed by the PV and 
TBARS measurements. Furthermore, radicals decay occurred signifi
cantly earlier compared to the more oxidatively stable oil and after that 
time, a low and rather constant concentration of PBN-adducts was 
observed until the end of the storage time (Falch et al., 2005). In a recent 
study, the same trend observed for bulks oils was reported for oil-loaded 
encapsulated systems (Velasco et al., 2021). The lowest concentration of 
radicals was found for the samples that were proven to oxidize more 
rapidly, and their concentration, after the decay of radicals occurred, did 
not significantly vary during the storage time. Moreover, for the less 
oxidatively stable encapsulated system, an initial formation of radicals 
followed by a decay was not noted. It was attributed to a rapid lipid 
oxidation during the early stages of incubation since the rate of radicals’ 
depletion was higher than the rate of radicals’ formation (Velasco et al., 
2021). Taken altogether, our results suggest that the electrosprayed 
systems (GS-mo and GS-HPH-co samples) produced in the current study 
oxidized faster than those produced by spray-drying (GS-spd). Indeed, 
these results are in agreement with those reported in our previous study 
(Rahmani-Manglano et al., 2023), where a significantly higher oxidative 
stability was observed for the spray-dried capsules compared to the 
electrosprayed systems (monoaxial and coaxial), as confirmed by FT-IR 
measurements and the development of secondary volatile oxidation 
products during storage. These findings were explained due to potential 
differences in oxygen permeability of the encapsulated systems, which 
was further investigated in this study. 

3.3. Oxygen permeability 

Lipid autoxidation occurs as a chain reaction between lipid radicals 
(e.g., alkyl radicals) and oxygen (Johnson & Decker, 2015). Thus, to 
promote lipid oxidation of encapsulated systems, it is assumed that the 
environmental oxygen has to get in contact with the encapsulated oil 
droplets (Linke, Hinrichs, et al., 2020). Indeed, in the literature, oxygen 
diffusivity through the encapsulating wall has been extensively pointed 
out to be the key factor influencing lipid oxidation of encapsulated oils 
(Boerekamp et al., 2019; Drusch et al., 2009; Linke et al., 2021, 2022; 
Linke, Linke, et al., 2020; Linke, Weiss, et al., 2020; Velasco et al., 2006). 
Nonetheless, to our knowledge, there are not studies comparing the 
oxygen permeability of spray-dried and electrosprayed encapsulated 
systems neither its influence on oxidative stability. 

To evaluate the oxygen-barrier properties of the encapsulating 
matrices, the capsules were first washed with heptane to suppress the 
DSA-ESR signal arising from the easily oxygen-accessible non-encapsu
lated oil fraction. The DSA-ESR spectra of the non-oxidizing MCT oil- 
loaded capsules after washing produced by spray-drying (GS-spd) and 
monoaxial electrospraying (GS-mo) are shown in Fig. 5, where three 
lines can be distinguished (e.g., high field line, central line and low field 
line). However, a flat ESR spectrum was obtained for the capsules pro
duced by coaxial electrospraying after washing (Fig. S2 of the Supple
mentary Material). The latter indicates that washing with heptane the 
coaxially electrosprayed capsules not only removed the non- 
encapsulated oil fraction, but most of the MCT oil containing the DSA 
probe. By optimal coaxial electrospraying, the oil is theoretically located 
at the core of the capsule as a single droplet surrounded by the encap
sulating wall. Therefore, if the matrix is not completely solid, the 
encapsulated oil fraction can be easily reached, and thereby extracted, 
by the washing solvent that diffuses through capillary or cracks present 
on the surface of the capsules (Drusch & Berg, 2008). As a result, the 
oxygen permeability of the coaxially electrosprayed capsules (GS-HPH- 
co sample) could not be evaluated in the current study by ESR tech
nology. However, our results could be regarded as an indication of the 
higher oxygen permeability of the coaxially electrosprayed capsules 
compared to those produced by the emulsion-based methods (e.g., 
spray-drying and monoaxial electrospraying), for which the extraction 

Fig. 4. Peak-to-peak amplitude of the central line of the PBN-ESR spectra of the 
fish oil-loaded capsules containing the PBN spin trap as a function of storage 
time at 25 ◦C. Capsules were produced by spray-drying (GS-spd), monoaxial 
electrospraying (GS-mo) and coaxial electrospraying (GS-HPH-co). 
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of entrapped oil did not occur during washing with heptane. 
It should be noted that the DSA probe in pure MCT oil also showed a 

three-line spectrum (Fig. S3A of the Supplementary Material) which 
were similar to the DSA-ESR spectra of the encapsulated systems (GS-spd 
and GS-mo samples; Fig. 5). This suggests that the DSA lipophilic probe 
was mainly located in the oil phase of the capsules, and therefore the 
broadening of the central line width (ΔHpp) of the DSA-ESR spectrum of 
the encapsulated systems occurred as a consequence of the interaction of 
the DSA probe and the oxygen dissolved in the oil (A.B. Andersen et al., 
2000; Boerekamp et al., 2019; Svagan et al., 2016). 

As shown in Fig. 5, changing the atmosphere from pure nitrogen to 
pure oxygen resulted in the broadening of the central line (ΔHpp), 
together with the decrease of the signal intensity with exposure time 
(Boerekamp et al., 2019). The changes in the DSA-ESR spectrum of the 
capsules produced by monoaxial electrospraying (GS-mo sample) were 
more extensive compared to that of the spray-dried capsules (GS-spd) 
(Fig. 5). Fig. 6 shows the narrowing and the broadening of the central 
line width (ΔHpp) with time upon exposure to nitrogen or oxygen at
mospheres, respectively. At time zero, the atmosphere was changed 
from environmental air to nitrogen (i.e., the first data recorded corre
sponded to environmental air) and the samples were equilibrated for 1 h 
under nitrogen exposure. After this time, the atmosphere was changed 
from nitrogen to oxygen until the steady-state was reached, indicating 
that the oxygen dissolved in the encapsulated oil was in equilibrium 
with the surrounding atmosphere of pure oxygen. Then, the capsules 
were again exposed to pure nitrogen for 1 h (Fig. 6). Both encapsulated 

systems presented a relatively high ΔHpp initial value (p > 0.05; Fig. 6), 
suggesting that a high oxygen content was already present in the 
encapsulated oil (A.B. Andersen et al., 2000) which can be mainly 
attributed to air inclusion occurring during emulsification, drying and 
storage. However, although the initial ΔHpp values were close among 
the samples, their evolution with gas exposure time was significantly 
different depending on the technology used to produce the capsules. As 
expected, upon nitrogen exposure, the central line of the spectra nar
rowed for both systems but the liming ΔHpp values reached were 
different (Fig. 6). According to the standard curve (Fig. S3B of the 
Supplementary Material), spray-dried capsules reached an asymptotic 
ΔHpp value of 0.24 ± 0.01 mT corresponding to a situation where the 
encapsulated oil is in equilibrium with an atmosphere containing ~53% 
nitrogen. On the contrary, our results show that the oil contained in GS- 
mo sample was in equilibrium with the surrounding nitrogen atmo
sphere (100% nitrogen) after 1 h (ΔHpp = 0.19 ± 0.01 mT). This sug
gests higher permeability to nitrogen of the electrosprayed capsules 
compared to spray-dried capsules. Accordingly, the central line width 
(ΔHpp) of both encapsulated systems increased with time when these 
were exposed to pure oxygen, but the broadening rate was again 
significantly different among the samples (Fig. 6). For the spray-dried 
capsules, a rapid increase of the central line width (ΔHpp) was 
observed during the early stages of oxygen exposure (~20 min) followed 
by sustained increase until an asymptotic value was reached after ~2 h 
(ΔHpp = 0.29 ± 0.01 mT). Due to the heterogeneous nature of emulsion- 
based encapsulating systems, in which the oil droplets are randomly 

Fig. 5. Evolution of the DSA-ESR spectrum of the MCT oil-loaded capsules containing the DSA probe produced by spray-drying (A) and monoaxial electrospraying 
(B) as the pure nitrogen atmosphere was changed to a pure oxygen atmosphere. 
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distributed within the glassy encapsulating wall, a gradient in oxygen 
concentration inside the matrix is expected depending on the properties 
of the encapsulating wall and the distribution and size of the oil droplets 
(A.B. Andersen et al., 2000; Linke, Hinrichs, et al., 2020). Thus, the 
sharp increase of ΔHpp observed upon early oxygen exposure can be 
ascribed to the contribution of the oil droplets located near the surface of 
the spray-dried capsules that came fast into contact with the penetrating 
oxygen due to the difference in partial pressure outside and inside the 
capsules. Afterwards, the rate of the central line broadening decay as the 
oxygen concentration increased inside the capsules until the equilibrium 
with the surrounding oxygen atmosphere was reached (e.g., the capsules 
were saturated with oxygen and the ΔHpp remained unvaried) (Kak 
et al., 2019; Tikekar et al., 2011). Conversely, the ΔHpp of the mono
axially electrosprayed capsules (GS-mo sample) increased exponentially 
and the equilibrium with the pure oxygen atmosphere was reached after 
10 min (ΔHpp = 0.30 ± 0.01 mT). Oxygen diffusivity in encapsulated 
systems depends on the size of the capsules and the thickness and nature 
of the encapsulating wall. Smaller capsules result in an increased 
surface-to-volume ratio, implying a higher particle-air interface and 
therefore a higher surface area available for the diffusion process (Linke, 
Hinrichs, et al., 2020; Rahmani-Manglano et al., 2023). Furthermore, 
the oxygen diffusion path to the core of the capsules is shorter for 
smaller capsules when the oil load is fixed (Linke, Hinrichs, et al., 2020). 
This is consistent with our findings where the significantly smaller 
capsules produced by monoaxial electrospraying (p ≤ 0.05; Fig. 2) were 
significantly more permeable to oxygen than those produced by spray- 
drying (Fig. 6). 

After changing the surrounding atmosphere from pure oxygen to 
pure nitrogen, the ΔHpp decreased exponentially for both systems 
similarly as it was first observed when the atmosphere was changed from 
environmental air to pure nitrogen (Fig. 6). Indeed, the limiting ΔHpp 
values reached after 1 h of nitrogen exposure at the end of the test agree 
with those obtained at the beginning for both systems (GS-spd and GS- 
mo samples; Fig. 6). Thus, whilst the capsules produced by monoaxial 
electrospraying were saturated with nitrogen at the end of the test (GS- 

mo; Fig. 6B), a relatively high concentration of oxygen was still present 
in the capsules produced by spray-drying (GS-spd; Fig. 6A). The latter 
suggests that not only the properties of the spray-dried capsules pre
vented oxygen from permeating into the oil phase, but it also prevented 
oxygen from permeating out. Furthermore, the ΔHpp narrowing rate of 
the capsules produced by monoaxial electrospraying was faster 
compared to those produced by spray-drying (Fig. 6), further confirming 
the higher gas permeability of GS-mo sample. Finally, it is also note
worthy that the ΔHpp broadening rate of the spray-dried capsules was 
slower than the ΔHpp narrowing rate when the sample was exposed to 
oxygen, and subsequently to nitrogen (Fig. 6A). This is once again 
ascribed to the heterogeneity of the encapsulated system since the 
random distribution of the oil droplets determine the interaction of the 
probe with the gases and, therefore, the ESR spectra (A.B. Andersen 
et al., 2000). Under non-steady state conditions, the recorded spectrum 
represents the sum of the individual ESR-spectra of the system that will 
vary the ΔHpp, depending on the gas type (e.g., nitrogen and oxygen) 
and concentration (A.B. Andersen et al., 2000; Svagan et al., 2016). 
Furthermore, the recorded ESR spectra of heterogeneous systems are 
dominated by the narrow-line contributions of the DSA probe located in 
the oil droplets with low oxygen contents (A.B. Andersen et al., 2000; 
Svagan et al., 2016). Therefore, the faster ΔHpp narrowing observed for 
the spray-dried capsules upon nitrogen exposure can be explained by the 
fast contact of the oil droplets located near the surface of the capsules 
with the penetrating nitrogen, which significantly influence the ΔHpp of 
the recorded spectra (Boerekamp et al., 2019). However, for the cap
sules produced by monoaxial electrospraying, a fast and similar ΔHpp 
broadening and narrowing rate were observed (Fig. 6B) as a conse
quence of the higher gas permeability of the matrix. 

Although it is accepted that oxygen that is already present in the 
encapsulating matrix can contribute to lipid oxidation, the oxygen 
permeability through the encapsulating wall has been reported to be 
more important in determining the overall rate and extent of lipid 
oxidation (Linke et al., 2022; Linke, Linke, et al., 2020; Reineccius & 
Yan, 2016). Thus, encapsulating systems with low oxygen permeability 

Fig. 6. Broadening of the central line width (ΔHpp) of the DSA- 
ESR spectrum of the MCT oil-loaded capsules containing the 
DSA probe produced by spray-drying (GS-spd) (A) or mono
axial electrospraying (GS-mo) (B) with time. The dashed lines 
represent the maximum (upper line) and minimum (lower line) 
line width (ΔHpp) of the DSA-ESR spectrum in pure MCT oil, 
according to the standard curve. The solid arrow marks when 
the atmosphere was changed from environmental air to pure 
nitrogen. The dashed arrow marks when the atmosphere was 
changed from pure nitrogen to pure oxygen. The dotted arrow 
marks when the atmosphere was changed from pure oxygen to 
pure nitrogen.   
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are expected to be more efficient in preventing lipid oxidation of the 
encapsulated oil. The latter is in agreement with our findings since the 
spray-dried capsules were proven to be significantly less permeable to 
oxygen which, in turn, correlates with the higher oxidative stability 
reported for this system measured by ESR in this work, as well as pre
viously reported based on the measurement of secondary volatile 
oxidation products (Rahmani-Manglano et al., 2023). 

4. Conclusions 

The oxidative stability and the oxygen permeability of oil-loaded 
capsules produced by spray-drying or electrospraying (monoaxial or 
coaxial configuration) was investigated by means of ESR spectroscopy. 
The ESR-spin trapping results showed that spray-dried capsules oxidized 
slower during storage than those produced by electrospraying, irre
spective of the emitter configuration. Moreover, ESR-oximetry results 
indicated that spray-dried capsules were more efficient in delaying gas 
permeability through the encapsulating matrix when compared to 
monoaxially electrosprayed capsules. This has been attributed to the 
larger particle size of the spray-dried capsules which results in a smaller 
surface-to-volume ratio and in thicker encapsulating walls (for the same 
oil load), both affecting the diffusion process. Overall, our results 
confirm the key role of oxygen permeability on the oxidative stability of 
fish oil-loaded capsules. This fact should be borne in mind for the 
development of oxidatively stable electrosprayed capsules loaded with 
oils rich in omega-3 PUFAs. 
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