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Abstract

Microencapsulation of oxidation sensitive oils aims to separate lipids from the environmental oxygen by embedding oil
droplets in a solid matrix, which builds a physical barrier. Some oil droplets are not fully incorporated and are in contact
with the powder surface generating surface oil. It is proposed that the probability of oil droplets being in contact with the
particle surface increases with the oil droplet size. The aim of the study is to investigate the impact of the oil droplet size on
the encapsulation efficiency (EE). Two sets of feed emulsions differing in the applied homogenization pressure and in the
protein to oil ratio were spray dried using a pilot plant spray dryer. The oil droplet size of the emulsion was determined by
static light scattering (SLS). In addition, nuclear magnetic resonance (NMR) was used to measure the d; , of oil droplets in the
emulsion and in the powder before and after surface oil removal. Encapsulates were analyzed regarding a,,, moisture content,
particle size, oil load and EE. The oil droplet size in the emulsion decreased with increasing protein to oil ratio as well as
with the homogenization pressure. Large oil droplets and in particular droplet clusters resulted in more non-encapsulated oil.
The experimentally determined EE was in accordance with the theoretical one, calculated based on the droplet and particle
diameter. For emulsions with a diameter > 1 um, the d; , decreased in the powder and further by removing the surface oil,
which was related to the deformation of oil droplets contributing to the non-encapsulated oil.

Keywords Microencapsulation - Oil droplet size - Encapsulation efficiency - NMR - Spray drying

Introduction oxidation, the oxygen first has to solubilize in the matrix

followed by diffusion towards and into the oil droplets [3, 4].

Polyunsaturated fatty acids are prone to oxidation. An estab-
lished technique to protect these lipids is microencapsulation
by spray drying an O/W emulsion, which contains dissolved
solids in the continuous phase. After atomization, the emul-
sion feed droplets get in contact with the hot drying medium.
The water in the continuous phase evaporates and the dis-
solved solids build a wall surrounding the oil [1-3]. After
drying the oil droplets are embedded within a matrix, which
acts as a physical barrier between the environmental oxygen
and the oil. In order to react with each other and promote
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Some oil droplets are not fully incorporated within the
matrix and are in contact with the powder particle surface.
The so-called surface-, free-, extractable or non-encapsu-
lated oil is exposed to the environmental oxygen and oxi-
dizes rapidly [3, 5-10]. Therefore, it is crucial to understand
how non-encapsulated oil is generated and how it can be
minimized or eliminated. A common parameter to access
the success of microencapsulation is the encapsulation effi-
ciency (EE), which is defined as the ratio of the encapsu-
lated- to the total oil [2, 11]. It is an indirect measure for
the amount of non-encapsulated oil taken into account the
total oil load.

Apart from atomization and drying conditions, one of
the key parameters determining the EE and therefore the
amount of non-encapsulated oil is the size and stability of
oil droplets. In literature it has been stated, that stable and
small oil droplets result in a more efficient encapsulation [2,
3, 11-17]. This phenomenon is often explained by disruption
of large oil droplets during atomization [15, 18, 19]. This
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explanation is used for both, encapsulating non-volatile oils
and flavors, even though they might behave differently dur-
ing the encapsulation process [2, 3].

An alternative concept has been proposed, assuming that
the amount of surface oil is dependent on the probability of
the oil droplets being in contact with the powder particle
surface [18, 20]. Linke et al. have demonstrated, that a large
powder particles result in less non-encapsulated oil, which
is in accordance with a theoretical encapsulation efficiency
calculated based on the probability. With respect to the oil
droplet size, it has been proposed that the likelihood of
small oil droplets being in contact with the particle surface
is lower resulting in a higher EE [20].

This study investigates, if the proposed concept is valid
for different oil droplet diameters. For that purpose, two
independent sets of feed emulsions are prepared to change
the emulsion droplet size in different ways and thereby mini-
mize secondary effects. One set is varied in the protein to oil
ratio, the other in the homogenization pressure. Apart from
static light scattering (SLS), the Sauter mean diameter of
oil droplets is determined by Pulsed Field Gradient-Nuclear
Magnetic Resonance (NMR), which allows measuring the
average size of oil droplets in the emulsion and in the pow-
der. Thus, in contrast to other studies, the effect of spray
drying on the droplet size is evaluated without reconstituting
the powder.

Materials and methods
Materials

High quality fish oil (Omega Oil 1812 TG Gold) was pro-
vided by BASF Personal Care and Nutrition GmbH (Iller-
tissen, Germany). Maltodextrin DE 21 (AGENABON) and
soy protein isolate (Vegacon 90) were obtained from Agrana
GmbH (Frankfurt/Main, Germany) and Eurosoy GmbH
(Hamburg, Germany), respectively. For chemical analysis
n-Hexane (ROTISOLV® HPLC) was obtained from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany).

Encapsulation process

Emulsion and powder preparation were conducted as
described by Linke et al. [6]. In brief, the amount of soy
protein isolate in the feed emulsion was varied [0.35, 0.75,
1.25, 2.25 and 4% (w/w)], which corresponds to a protein
to oil ratio between 0.02 and 0.22 (w/w). The protein was
dissolved in distilled water and maltodextrin DE 21 added to
reach a solid concentration of 27% (w/w). After dispersing
the fish oil [18% (w/w)], the coarse emulsion was homog-
enized in three passes using a high pressure homogenizer
(HL 1.3-400KX, HST Maschinenbau GmbH, Dassow,
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Germany) operated at different pressures (0.5, 2.0, 7.5, 12.5
and 25 MPa). The ratio between the first and second pres-
sure stage was 5/1. The default settings for the protein to
oil ratio and homogenization pressure were 0.13 (w/w) and
12.5 MPa, respectively.

Emulsions were spray dried by using a pilot plant dryer
(type FSD 4.0, GEA-Niro Copenhagen, Denmark) operated
at an airflow rate of 200 kg h™! in the closed loop set up.
The feed emulsions were atomized using a two-fluid nozzle
with a nozzle diameter of 2 mm (ex GEA-Niro). Inlet and
outlet temperature were set to 160 and 85 °C, respectively.
The feed flow rate was 11.42+0.44 kg h™!.

Emulsion characterization
Viscosity

The emulsion viscosity was measured by conducting a shear
rate ramp using a Kinexus ultra+ (Malvern Instruments,
Herrenberg, Germany) equipped with a double gap geom-
etry according to the method described by Linke et al. [20].

Oil droplet size

Static light scattering (SLS) A Mastersizer 2000 (Malvern
Instruments Ltd, UK) was used to determine the size distri-
bution of oil droplets by SLS. Data were analysed accord-
ing to Mie-theory considering a refractive index of 1.481.
Of each emulsion three samples were measured in triplicate
and the d; ; and d;  of oil droplets acquired.

Pulsed field gradient—-Nuclear magnetic resonance (NMR) A
Bruker minispec MQ20 NMR Analyzer (Bruker, Rhein-
stetten, Germany) equipped with a controlled pulsed gradi-
ent unit and a probe head H20-10-25-AVXG was operated
at 20 °C. The oil droplet size of emulsions and within pow-
ders was determined according to the procedure described
by Linke et al. [21]. In brief, the application ’oil droplets’
provided by Bruker was calibrated by using a doped water
sample (0.5% CuSO, - 5 H,0). The self-diffusion coeffi-
cient of the fish oil was 10.2-107'2 m%s’!. Feed emulsions
and powder particles were tempered at 20 °C and the d;,
calculated based on the acquired d; 5 and ©.

Light microscopy

Light microscope images of three exemplary emulsions [pro-
tein to oil ratio of 0.02, 0.04 and 0.13 (w/w)] with a 40-fold
magnification were taken using a microscope Primovert
(Carl Zeiss AG, Oberkochen, Germany).
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Powder characterization
Moisture content and water activity

The product moisture was determined by Karl-Fischer-
Titration (Titrando 841 and 803 Ti Stand, Metrohm GmbH
& Co. KG, Filderstadt, Germany). The powder was dis-
solved in hydranal formamide and hydranal solvent (2:1
v/v) provided by Honeywell (Offenbach, Germany). For-
mamide was added to avoid a reaction delay caused by the
presence of maltodextrin. The water activity was measured
using a AW SPRINT TH-500 (Novasina AG, Lachen, Sch-
weiz) operated at 25 °C.

Powder particle size

A Mastersizer 2000 (Malvern Instruments Ltd, UK) was
used to determine the powder particle size by dispersing
the powder in 96% (v/v) ethanol. Of each powder three
samples were measured in triplicate. Data were analyzed
according to Fraunhofer theory and expressed as ds ;.

Particle morphology

Scanning electron microscopy images of three exemplary
powders [protein to oil ratio of 0.02, 0.04 and 0.13 (w/w)]
were obtained using a JSM-IT100 JEOL GmbH, Freising,
Germany) operated in the SED mode under high vacuum.
Images of the particle morphology with and without non-
encapsulated oil were taken with an 8§50-fold magnifica-
tion by applying an acceleration voltage of 3.0 kV. Images
with a 1500-fold magnification of the particle inside were
taken at 5.0 kV after cutting.

Oil load

The oil load of powders was measured by a method
described by Linke et al. [21]. Briefly, a Bruker Minispec
MQ20 NMR Analyzer (Bruker, Rheinstetten, Germany)
equipped with an absolute probe head H20-18-25-A1 was
operated at 40 °C. Data were acquired by the software
application’ data oil program provided by Bruker. The 90°
and 180° pulse length were set to of 19.62 and 39.92 ps,
respectively, separated by 3.5 ms. 16 scans with a recycle
delay of 2 s were applied. Of each powder two samples
were weighed into tubes and tempered at 40 °C for 45 min.
The NMR intensity was measured in triplicate and the
oil load determined based on a calibration with different
masses of bulk fish oil.

Non-encapsulated oil and encapsulation efficiency

The non-encapsulated oil was removed by shaking approxi-
mately 1 g powder in 10 mL n-Hexane for 2 min. After
filtration the retained powder was washed three times with
10 mL n-Hexane. The remaining oil was measured as previ-
ously described for the oil load. The amount of surface oil
was calculated by subtracting the remaining amount of oil
in the washed powder from the total oil load. Dividing the
amount of encapsulated oil by the total oil load times 100
resulted in the EE.

Statistical analysis

Unless otherwise reported, all measurements were performed
in triplicate and the results presented as mean =+ standard
deviation. OriginPro 2017 (OriginLab Corporation, North-
ampton, MA, USA) was used to test data on normality
according to Shapiro—Wilk test. As for all data normality
could not be rejected, statistically significant correlations
were determined by Pearson’s correlation coefficient (r) for
a confidence interval of 95%. In addition, the correspond-
ing p-value was reported. Statistically significant differences
were identified using a Mood’s Median test.

Results and discussion

Impact of modified parameters on emulsion
properties

Oil droplet size

In order to change the oil droplet size in the feed emulsions,
the amount of soy protein isolate and the homogenization
pressure were varied. Figure 1 shows the oil droplet size
distribution measured by SLS for the modified protein to oil
ratio (a) and the homogenization pressure (b).

The ultimate range of oil droplet diameters was approxi-
mately between 0.2 and 100 um. Increasing the soy pro-
tein isolate concentration and the homogenization pressure
resulted in an obvious shift towards smaller oil droplets. The
lowest protein to oil ratio of 0.02 led to droplets diameters
between 10 and 100 pm, whereas a range from 0.2 to 4 um
was obtained for a ratio of 0.22. For emulsions homogenized
at different pressure levels, oil droplet diameters between
approximately 0.2 and 15 um were obtained. Thus, the effect
on the oil droplet size was less pronounced compared to the
modified protein concentration.

Ideally one would like to keep the shape of the size dis-
tribution similar and only vary the mean diameter. In case
of the modified homogenization pressure, all PSD’s were
similar except for the emulsion homogenized at the highest
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Fig. 1 Size distribution of oil droplets in feed emulsions differing in the protein to oil ratio (a) and in the applied homogenization pressure (b)

measured by SLS

pressure, which resulted in a less narrow distribution. When
varying the protein to oil ratio to trigger the change of oil
droplet size, using 0.07 (w/w) led to a different shape than
the other PSD’s.

The change in the droplet size was summarized by the
Sauter mean diameter (Fig. 2). The d;, (determined by
SLS) decreased with an increasing protein to oil ratio and
homogenization pressure until a droplet diameter <1 pm was
reached. This was expected and is in accordance with data
reported in literature [12, 16, 17, 22-29]. As soy protein acts
as an emulsifier, it adsorbs at the interfacial area and thereby
stabilizes the generated oil droplets. An insufficient amount
of emulsifier leads to recoalescence and therefore large oil
droplets, due to incomplete oil surface coverage. For fixed
homogenization conditions a minimal constant droplet size
is obtained, if all surfactant is adsorbed [26, 30].

In case of the varied homogenization pressure, a higher
volume specific energy input leads to a droplet size reduction
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as long as there is sufficient emulsifier to adsorb at the gen-
erated interface and prevent recoalescence [24, 26, 30, 31].
Using a high pressure valve homogenizer, the intensity of
droplet disruption can be increased by either recirculating
the emulsion through the system or by applying higher pres-
sure levels [16, 26, 31]. Hence, the oil droplet size is deter-
mined by the limiting factor: either the emulsifier concen-
tration in the “surfactant-poor”- or the energy input in the
“surfactant-rich” regime [25, 26].

SLS versus NMR

Besides SLS, the dj , of oil droplets in emulsions was deter-
mined by NMR (Fig. 2) and also decreased with an increas-
ing protein to oil ratio and homogenization pressure. Even
though the trend was the same as for the d; , measured by
SLS, the diameter values differed between the methods. For
protein to oil ratios <0.07 and homogenization pressures

O+ Nuclear Magnetic Resonance (NMR)
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Fig.2 Sauter mean diameter (d; ,) of oil droplets in feed emulsions determined by SLS and NMR as a function of the protein to oil ratio (a) and

the homogenization pressure (b)
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<2 MPa the d; , determined by NMR was significantly lower
compared to the value obtained by SLS. For instance, a pro-
tein to oil ratio of 0.02 resulted in a d5 , of 23.73+5.17 and
3.65+0.04 um for SLS and NMR measurement, respec-
tively, which corresponds to a difference by a factor of 6.5.
For oil droplets <1.1 pm the difference between the dj ,
measured by the SLS and NMR was not significant, expect
for a homogenization pressure of 12.5 and 25 MPa. Even
though the deviation was statistically significant, the abso-
lute difference was in the range of a few nanometers, indicat-
ing that the droplet size was rather similar.

In literature a good agreement between the oil droplet
size determined by laser light scattering techniques and
NMR was reported [21, 32-34]. It is suggested that the dis-
crepancy obtained in this study is related to the presence of
droplet clusters and their effect on droplet size quantifica-
tion by the respective methods [21]. As SLS determines the
oil droplet diameter optically by laser diffraction, a droplet
cluster is considered as a single oil droplet and its overall
size measured. In contrast, NMR measures the displacement
of the self-diffusing oil molecules in each individual droplet,
which is restricted by the droplet wall. Hence, the average
size of individual droplets present in a cluster is calculated
[33-39]. Exemplary light microscopic images confirm the
presence of oil droplet clusters, in particular, for emulsions
with low protein to oil ratios (Fig. 3).

Even though flocculation occurred and clusters were
formed, individual droplets seemed to be rather sta-
ble against coalescence as the d;, determined after 24 h
changed only slightly and phase separation was not visually
observed (Table 1). Gestranius et al. measured the droplet
size of creaming layers over time by NMR and also found
oil droplets that were stable against coalescence, even

u =10 pm
Protein to oil: 0.02

Protein to oil: 0.04

though flocculation occurred [40]. Further Kolanowski et al.
observed a tendency of small droplets forming aggregates,
which were visually stable for at least 3 h [41].

Impact of emulsion properties on physical powder
characteristics

Feed emulsions were spray dried and the physical properties
of the microencapsulated oil powders analyzed (Table 1).
As the water activity and moisture content were between
0.190 +0.006 and 0.330+0.007 and 2.96 +0.02 and
3.94 +0.03%, respectively, the spray dried particles were
considered to be sufficiently dry. The average powder par-
ticle size differed between 86.2+3.5 and 168.9 +13.4 um,
which might be explained by varying emulsion viscosities
and a widely spread size distribution indicating the pres-
ence of agglomerates, which was confirmed on SEM images
(images not shown).

In order to gain more insights about the effect of spray
drying, the d; , of oil droplets in the feed emulsion and in
the powder particles after spray drying is compared. In fig. 4
the dj , (determined by NMR) of oil droplets in the emulsion
and in the powder particles before and after removing the
non-encapsulated oil is plotted as a function of the modified
parameters. In addition, the EE is given on the y-axis.

The EE increases with the protein concentration and with
the homogenization pressure until a plateau of 93.33 +0.88%
was reached. This indicates that large oil droplets result in
more non-encapsulated oil, which supports the proposed
concept.

As previously discussed, the emulsion droplet size
decreased with the protein to oil ratio and with the homog-
enization pressure approaching a diameter <1 um. The
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Protein to oil: 0.13

Fig.3 Exemplary light microscope images of oil droplets in the feed emulsion with a protein to oil ratio of 0.02, 0.04 and 0.13 (w/w)
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Fig.4 Sauter mean diameter (d; ,) of oil droplets in feed emulsions, in powder particles and after removing the non-encapsulated oil determined
by NMR (x-axis) and encapsulation efficiency (y-axis) as a function of the protein to oil ratio (a) and the homogenization pressure (b)

Also Gestranius et al. observed a decrease in the average
oil droplet size over time for emulsions with less stabilizer
(determined by NMR), which they explained by coalescence
of large droplets being not further considered during meas-
urement [40]. Abd Ghani et al. determined the d, ; of oil
droplets in the feed and reconstituted emulsions by laser
scattering. As observed in this study, for feed emulsion
droplets with a d, ; >1 um the diameter was smaller after
reconstitution, which they related to droplet disruption dur-
ing atomization [18]. An alternative explanation might be,
that surface oil droplets were not considered during the laser
scattering, due to an inhomogeneous dispersion after recon-
stitution leading to a smaller d, 5. Soottitantawat et al. con-
cluded that a reduced size of coarse flavor emulsion droplets
after atomization was due to breakdown and evaporation
in the rotating atomizer [15]. Even though the behavior of
flavor droplets might be different compared to non-volatile
oil, large droplets might not be considered during light scat-
tering due to their instability.

For feed emulsions with a diameter above 1 um, remov-
ing the surface oil led to an additional reduction of the d; ,
compared to the powder, which was statistically significant
for samples being homogenized at pressures <7.5 MPa and
with a protein to oil ratios below 0.22. In case of the lowest
protein to oil ratio, the d; , of droplets in the powder before
and after removing the non-encapsulated oil was 2.27+0.05
and 1.33 +£0.08 um, respectively. It is assumed, that some oil
droplets that are in contact with the powder particle surface
remained spherical after drying; e.g. oil droplets or drop-
let clusters that are almost completely embedded within
the matrix, but still in contact with the particle surface. By
removing these droplets, the d; , of the remaining encapsu-
lated oil decreases. This is supported by the fact that after
surface oil removal dark spots appeared on the particle sur-
face which might be holes previously filled with oil (Fig. 5

middle). The number and size was pronounced for powders
with more non-encapsulated oil.

Impact of the oil droplet size on the encapsulation
efficiency

In order to investigate the effect of the oil droplet size on
the amount of surface oil, the EE is plotted as a function
of the d; , of oil droplets. For the Sauter mean diameter
determined by NMR, the EE significantly decreased with
the d; , (Fig. 6a), which was expected, as large oil droplets
result in more non-encapsulated oil [11-17, 19]. Compared
to the homogenization pressure, the impact of the protein
concentration seemed to be more pronounced. However,
plotting the d; , determined by SLS instead of NMR, led to
an alignment of the protein to oil ratio and the homogeniza-
tion pressure (Fig. 6b). Consequently, apart from the size
of individual droplets, the size of droplet clusters played a
major role for the EE.

The formation of droplet clusters can be induced by a
number of different mechanisms. Apart from emulsion insta-
bility and interactions, high pressure levels during homog-
enization potentially lead to flocculation, which is referred
to as over-processing [21, 26, 30, 31]. For instance, Carmona
et al. obtained a more efficient encapsulation for homog-
enization pressures up to 50 MPa. Increasing the pressure
further resulted in a larger droplets due to over-processing
and simultaneously in a lower EE [12]. Thus, in order to
maximize the EE, not only high pressure levels should be
applied to reduce the oil droplet size to a minimum, but also
flocculation has to be prevented.

In Fig. 7, the theoretical EE was calculated as a function
of the oil droplet size for different powder particle diameters
as described by Linke et al. [20]. For the oil droplets the d;
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With non-encapsulated oil

Protein to oil ratio: 0.04 Protein to oil ratio: 0.02

Protein to oil ratio: 0.13

Fig.5 Scanning electron microscope images of three exemplary
encapsulated fish powders with protein to oil ratios of 0.02, 0.04 and
0.13 (w/w) (top, middle and bottom row, respectively); images with

was considered as it describes the mean volume over the
number of droplets.

As expected, the theoretical EE decreases with the oil
droplet size. The experimental data follow the same trend
and fall in the same range, which supports the proposed the-
ory, that the EE is determined by the probability of oil drop-
lets and in particular droplet clusters being in contact with
the powder particle surface. The results are in accordance
with Abd Ghani et al., who related the theoretical encap-
sulation yield to the ratio of reconstituted droplet diameter
to particle diameter [18]. Also Jafari et al. suggested that
increasing the ratio of the droplet to the powder particle size
will lower the amount of surface oil [11].

As an exception, the emulsion with the largest oil drop-
lets had a higher experimentally determined EE than the

@ Springer

without non-encapsulated oil

particle inside

an 850-fold magnification of powders with and without non-encapsu-
lated oil are provided (first and second column, respectively), as well
as of the particle inside with a 1500-fold magnification

theoretical one. This sample corresponds to the lowest
protein to oil ratio, which resulted in large droplet clusters.
The deviation between the experimental and the theoretical
EE might be related to an overestimation of the cluster size
caused by model assumptions of the SL.S method. Addition-
ally, the oil droplet and particle diameter do not differ much
from each other, so that the stochastic spatial distribution of
oil droplets within the powder particle is not valid anymore,
leading to an underestimation of the EE. Further, the par-
ticle size distribution of powders was widely spread (data
not shown). By considering the median diameter of powder
particles, in addition, deviations in the size might contribute
to the discrepancy.

In literature, the effect of large oil droplets on the EE is
often explained by the disruption of large oil droplets during
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Fig.6 Measured encapsulation efficiency as a function of the Sauter mean diameter (d; ;) of emulsion oil droplets determined by NMR (a) and
SLS (b) for feed emulsions differing the protein to oil ratio and in the applied homogenization pressure
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Fig.7 Theoretical encapsulation efficiency (lines) calculated based
on the diameter of oil droplets and powder particles and measured EE
(data points) as a function of the d;, of emulsion oil droplets deter-
mined by SLS for feed emulsions differing the protein to oil ratio and
in the applied homogenization pressure

atomization leading to more non-encapsulated oil [15, 18,
19]. As feed emulsions were homogenized a high pressure
level, the remaining large oil droplets were typically in the
range to 2 to 10 um. Based on the high energy input required
to disrupt such droplets during homogenization, it seems
rather unlikely, that the energy input during atomization
by a rotary disc or two fluid nozzle is sufficient to disrupt
these oil droplets further, even though Munoz Ibanez et al.
and Soottinitantawat et al. concluded that this can occur
[15, 43]. Nevertheless, in this study it was demonstrated
that large oil droplets are more likely to contribute to the

non-encapsulated oil and also lose their spherical shape. If
this phenomenon occurs during atomization, drying or in the
final powder has to be investigate in further studies.

Conclusion

Especially when using high pressure nozzles, droplet disrup-
tion cannot be excluded as a cause for surface oil genera-
tion. However, large oil droplets will lead to a decreased
encapsulation efficiency by itself. The EE can be maxi-
mized by creating emulsions with a narrow distribution, a
d;, below 1 pm and in particular without droplet clusters.
Consequently, the emulsifier concentration and homogeniza-
tion procedure has to be individually adjusted depending on
the emulsion composition. The experimentally determined
EE is in accordance with the theoretical one, supporting the
concept, that the EE is determined by the probability of oil
droplets being in contact with the powder particle surface.
For emulsions with droplets >1 um, the dj , decreases from
the emulsion to the powder and further by removing the non-
encapsulated oil, due to large oil droplets contributing the
surface oil and losing their spherical shape. To understand,
if this deformation occurs during atomization, drying or in
the final powder, additional research is required.
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