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ABSTRACT: A simple method for preparing food-grade particles in the submicrometer range of ethanol soluble salts using
ethanol-in-oil (E/O) mixtures is described. Salts CaCl,-2H,0 and MgCl,-6H,0 were dissolved in ethanol that subsequently was
mixed with a medium-chain triglyceride oil phase. It was found that type and concentration of salt have a significant influence on
the miscibility of ethanol and oil phase and on the stability of E/O mixtures. The ethanol phase was evaporated from the mixture
at elevated temperatures, and salt particles with dimensions in the submicrometer range (6—400 nm) remained suspended in the
oil phase. It was found that the concentration of salt and volume fraction of ethanol in MCT oil have a significant influence on
the size distribution of salt particles. The size of CaCl, and MgCl, submicrometer particles was ascertained by scanning electron

microscopy and dynamic light scattering.
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B INTRODUCTION

Submicrometer particles have a wide range of applications.
They can be used in medical applications,' > for analytics,** in
cosmetics,®” in food products,g_10 as templates,u_13 or in
optical and electronic applications.'*™"?

Submicrometer particles can find application in cases where
microparticles cannot be used. For instance, membranes
developed for emulsification can have very small pores and
submicrometer particles of salts could pass through these pores,
whereas microparticles (5—20 pm) would block them. Also,
much research has been done with glass microchannels®®~>*
where different reactions occur within the small channels when
substances are mixed (for example, alginate gelationzs). Such
submicrometer salt particles could be ideal in this application
since they will not block the channels and they allow
development of even narrower channels. Chemical reactions
and dissolution of the submicrometer salt particles can occur
faster as well compared to microparticles, which have a smaller
surface to volume ratio.

Submicrometer salt particles dispersed in oil may be used for
alginate gelation. Tong et al. describe a method for formation of
colloidosomes (430 um) with alginate gel cores and shells of
porous CaCOj; microparticles.

Fortification of foods and beverages with mineral salts, such
as calcium and magnesium, is an increasingly common
practice.’*** Addition of salts in a solubilized state can have
disadvantages. Emulsion stability can be influenced by CaCl,,
which promotes droplet flocculation.***" Salts can influence
enzyme activity and react with other components in the food
products, such as proteins**~** and flavor compounds.** MgCl,
and CaCl, have a bitter and salty taste,*®*® which can be
unwanted in a product. Encapsulation of mineral salts can be
applied to improve their stability and reduce reactions with
other components in the food products.>' >*3**”*® Dispersion
of submicrometer salt particles in oil is also an encapsulation
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method and results in a slow release system which may reduce
their bitter off-taste and reactions with other components.

There are various methods to produce submicrometer
particles of salts, but many of these methods have short-
comings: most methods result in nonfood-grade particles, size
control can be a problem, and redispering the particles may be
difficult. In this paper a method is described for preparing food-
grade submicrometer salt particles using ethanol-in-oil (E/O)
mixtures. The method results in particles in the submicrometer
size range that remain suspended in the oil phase, which allows
instant use without the need of resuspending them.*>*’

A common method to produce submicrometer particles from
water-soluble salts uses a w/o microemulsion, carrying a water-
soluble salt in the water phase. Subsequently, both phases
(water and apolar solvent) are evaporated. By removing water
from the micelles, salt/surfactant composites are formed, which
can be resuspended in an apolar solvent.*”*' Preparation of
submicrometer particles of water-soluble salts through evapo-
ration of the liquid phases from the w/o microemulsion has
been described extensively in the literature.’*™>” Typically
water is used as a polar solvent, heptane is used as an apolar
solvent, and dioctyl sodium sulfosuccinate (AOT) is applied as
surfactant. Heptane is also often used as apolar phase for
redispersing the submicrometer particles. The toxicity of
solvents such as heptane makes the resulting submicrometer
particle method unpractical for applications in food. To
produce food-grade submicrometer particles from water-soluble
salts, food-grade solvents and surfactants should be used.

Water-soluble food-grade submicrometer particles can also
be obtained with spray-drying techniques.’® Although this

method can result in food-grade submicrometer particles,
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subsequent dispersing in suitable food-grade oil remains a
challenging task. In our method this dispersion step is no
longer necessary.

Our method uses only food-grade materials and does not
require evaporation of the continuous (apolar) phase. Medium-
chain triglyceride (MCT) oil is used as a nonvolatile apolar
continuous phase, and ethanol is used as dispersed phase
instead of water. Ethanol is (partly) soluble in the MCT oil*®
and can be evaporated more easily than water, which also
results in a faster method for obtaining submicrometer
particles. Submicrometer particles remain suspended in the
oil phase, which allows instant use without the need of
resuspending them in a suitable (food-grade) oil phase.

B MATERIALS AND METHODS

Safety: Due to the toxicity of hexane and since it is a volatile solvent, the
washing step with hexane was performed in a fume hood. Since ethanol is a
flammable solvent, its evaporation from the MCT oil phase was performed
on a heating plate only and samples were not exposed to open flames.

Materials. Calcium chloride dihydrate (GR for analyses, Merck,
>99%), ethanol absolute (Merck, >99.2%), Grindsted polyglycerol
polyricinoleate (PGPR) 90 kosher (Danisco), n-hexane (p.a, Merck,
>99%), magnesium chloride hexahydrate (GR, Merck, >99%), and a
medium-chain triglyceride (MCT) oil (Miglyol 812 N, Sasol) were
used as received.

Method for Production of Submicrometer Particles. Various
molal solutions (0.1, 0.5, and 1.0 m) of the ethanol-soluble salts
(CaCl,-2H,0, MgCl,-6H,0) were prepared in ethanol. After complete
dissolution of the salts the solutions were added, while stirring with a
magnetic stirrer, in volume ratios up to 30% to a continuous phase of
MCT oil containing either 4% (w/w) PGPR or 6% (w/w) PGPR as
surfactant. Samples were then sonicated using a Branson Sonifier 250
(output control level 6, duty cycle 60%) for 1 min to form an E/O
mixture. Ethanol was evaporated from the samples by heating them
overnight while stirring. After all ethanol was evaporated, samples were
cooled to room temperature in a desiccator containing nitrogen gas
and a desiccant. Samples were kept in closed containers and stored in
the desiccator until further analyses.

Stability of Ethanol-in-Oil Mixtures. The stability of the created
E/O mixtures was analyzed directly after sonication of the samples.
Samples were visually examined, and their stability against creaming
and coalescence was examined by multiple light scattering (MLS)
using a Turbiscan ma2000 (Formulaction SA, L'Union, France).

Size Characterization of Initial Emulsion Droplets. The size
and size distribution of the emulsion droplets in the E/O mixtures
were analyzed directly after sonication of the samples. Samples were
therefore analyzed by dynamic light scattering (DLS) with a
ZetasizerNano ZS (Malvern Instruments Ltd., Worcestershire,
U.K.)in a square glass cell (Malvern PCS1115).

Size and Size Distribution of Salt Particles. Dynamic light
scattering (DLS) was used to examine the size and size distributions of
the salt particles, formed after evaporation of the ethanol phase, with a
Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, U.K.).
Undiluted as well as diluted samples (2 and 3 times with MCT oil
containing PGPR) were analyzed. All samples were analyzed in a
square glass cell (Malvern PCS1115). Samples were measured at 20
°C, and a refractive index of 1.449 was used for MCT oil (product
specifications). Refractive indices for the salts were set to 1.520 for
CaCL* and 1.59 for MgClL,.%

Morphology of Submicrometer Particles by SEM. MCT oil
and surfactant were removed from the sample before characterizing
the submicrometer particles with the SEM. Washing was performed by
adding hexane to the samples and centrifuging them at 4000g for 10
min in a Thermo Scientific centrifuge (Heraeus Multifuge X3R).
Supernatant was removed, and the pellet containing the submicrom-
eter particles was redispersed in hexane. This washing step was
repeated 3 times. After the washing step the washed submicrometer
salt particles, dispersed in S mL of hexane, were sonicated for 10 min
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in a sonication bath. A drop of this dispersion was put on a Nuclepore
Track-Etched Membrane (Whatman, 13 mm circular, S gm pores) and
transferred into a sputter coater (Balzers SCD 020), where it was dried
under vacuum. It was subsequently sputter coated with gold (3 min, 35
kA, 0.2 mBar argon). Samples were analyzed at room temperature in a
scanning electron microscope (Jeol JAMP-9500F, Wageningen, The
Netherlands). Images were digitally recorded.

Morphology of Submicrometer Particles by Cryo-SEM. MCT
oil and surfactant were removed from the sample before characterizing
the submicrometer particles with cryo-SEM. Washing was performed
by adding hexane to the samples and centrifuging them at 50 000g for
20 min in a Beckman Coulter Avanti J-26 XP centrifuge. Supernatant
was removed, and the pellet containing the submicrometer particles
was redispersed in hexane. This washing step was repeated 3 times.
Sample, dispersed in 5 mL of hexane, was then sonicated for 10 min in
a sonication bath. Sample was put on clean (plasma glowed) coverslips
and air dried at room temperature. Coverslips (8 mm circular, Menzel,
Brauschweig, Germany) were glued on a sample holder by carbon glue
(Leit-C, NeubauerChemicalien, Germany) and frozen at a liquid
nitrogen (LN,) cooled block. The sample holder was transferred to a
nondedicated cryo-preparation system (MED 020/VCT 100, Leica,
Vienna, Austria) onto a sample stage at —93 °C. In this cryo-
preparation chamber the samples were freeze dried for 2 min at —93
°C at 1.3 X 107® mbar to remove water vapor contamination. Sample
was sputter coated with a layer of 5 nm tungsten at the same
temperature. Samples were cryo-shielded transferred into the field
emission scanning microscope (Magellan 400, FEI, Eindhoven, The
Netherlands) on the sample stage at —122 °C at 4 X 1077 mbar.
Analysis was performed at a working distance of 4 mm, with SE and
BSE detection at 2—15 kV, 25 pA. All images were recorded digitally.

B RESULTS AND DISCUSSION

Characterization of Ethanol-in-Oil Mixtures. Stability
was evaluated by visual observations and MLS. The stability of
mixtures of ethanol, containing CaCl,-2H,0 (further named
CaCl,) or MgCl,-6H,0 (further named MgCl,), in MCT oil
containing PGPR as surfactant was examined for 8 h. It was
found that the volume percentage of ethanol added and the
concentration of salt in the ethanol phase influenced the
stability and appearance of the samples. An overview of visual
observations and conclusions from the MLS measurements is
given in Table 1. In Figures 1 and 2 some typical results from
samples containing calcium and magnesium salts measured by
MLS are presented.

Table 1 shows that depending on the salt concentration and
volume percentage of ethanol added to the oil phase, either a
transparent system was formed or an opaque one. These
systems appeared transparent or opaque directly after mixing
the ethanol phase with MCT oil, and in several of the systems
stability issues occurred during the 8 h analyses. In general, it
was found for both CaCl, and MgCl, that an increase in salt
concentrations and/or increase in ethanol concentrations
results in a decrease in the stability of the mixture and can
cause the mixture to become opaque. From Table 1 it can be
seen that samples containing MgCl, have a less wide stability
window than samples containing CaCl,. When pure ethanol
was added in different volume concentrations to the MCT oil
containing PGPR it resulted in transparent and stable mixtures.
This shows that the stability of the E/O mixtures is strongly
affected by the salt concentration.

From a chemical point of view it is known that ethanol can,
due to its amphiphilic nature, dissolve to a certain extent in
MCT oil.*> However, the presence of water and impurities in
the ethanol phase reduces its solubility in oil. As described
above, it was found that addition of different volume
concentrations of pure ethanol to MCT oil resulted in
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Table 1. Effect of Salt Concentration, Ethanol
Concentration, and PGPR Concentration on Sample
Appearance and Stability”

salt concentration (in

EtOH)
ethanol
MCT (%v/v) 0lm 05m 10m
MCT + 4% (w/  CaCl2H,0 s T T T
w) PGPR
S S S
10 T O (0]
S U(C) U(C+
P)
20 T O (©)
S U(C+ U(C+
P) P)
30 T O (¢]
S U(C+ U(C+
P) P)
MCT + 6% (w/ CaCl,-2H,0 s T T T
w) PGPR
S S S
10 T O (0]
S U+ U(C+
P) P)
20 T O (©)
S U(C+ U(C+
P) P)
30 T O (¢]
S U+ U(C+
P) P)
MCT + 4% (w/ MgCl,-6H,0 5 T 0 o
w) PGPR
S U(C) U(C)
10 T/O O (0]
S U(C) U(P)
20 () O (0]
U(C+ U(C+ U(C+
P) P) P)
30 T O (©)
S U((C+ U(C+
P) P)
MCT + 6% (w/ MgCl,-6H,0 S T O (0]
w) PGPR
S U(C) U(Q)
10 T/0 o) o
S uP S
20 O O (0]
U(C+ U(C+ U(C+
P) P) P)
30 T O (¢}
S Uu(C+ U(C+
P) P)

“Samples are examined for 8 h by visual observation and MLS
measurement. Samples are created with 0.1, 0.5, or 1.0 m CaCl,-2H,0
and MgCl,-6H,0 in ethanol and mixed at 5%, 10%, 20%, or 30% (v/v)
in MCT oil containing PGPR. Explanation of symbols: T =
transparent, O = opaque, S = stable, U = unstable (with C =
coalescence and P = phase separation).

transparent and stable mixtures (visual examination for 24 h).
When low concentrations of CaCl, or MgCl, were present in
the ethanol phase, transparent and stable mixtures were also
obtained with MCT oil (Table 1). The PGPR seemed not
required in these transparent mixtures since they remained
visually stable during 24 h. At sufficiently high salt
concentrations phase separation appeared to occur, in which
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the system most likely separated into droplets of an ethanol-
rich phase in an oil-rich continuous phase, and PGPR (at least
partially) stabilizes the droplets. In the absence of PGPR, the
unstable system phase separated almost instantly. Phase
separation was influenced by temperature: a higher salt
concentration was required for inducing phase separation at
elevated temperature. The phase diagram of ethanol and MCT
oil with the presence of CaCl, or MgCl, was not fully
characterized, since this is outside the scope of the present
study. Therefore, it is uncertain which amount of ethanol is
mixed with the MCT oil and which amount is present as a
separate phase.

In Figure la data from the MLS measurements of samples
created with 5% (v/v) 1.0 m CaCl,-2H,0 in ethanol added to
MCT oil is given. Each line represents the same sample
measured at different times. The horizontal profile of the lines
in Figure la is similar to each other, from which can be
concluded that this sample is stable for 8 h. In Figure 1b the
data is given for a sample where MgCl,-6H,0 is used instead.
The lines in Figure 1b have a similar horizontal profile but with
different intensity. The back-scattering percentage changes
evenly over the entire sample height. It is interpreted that this
change in back scattering is caused by a change in droplet size
and indicates that the sample is not stable over time. After 24 h
it was also noticed that phase separation has occurred in the
sample with MgCl,. Looking at a certain sample height gives a
better impression of the trend of the change in droplet size. In
Figure 1c the data from Figure la and 1b are combined into
one figure and results are shown only for the back scattering at
a sample height of 30 mm. In order to observe the effect of
PGPR concentration, samples containing 6% (w/w) PGPR in
MCT oil are presented here as well. For samples with CaCl,,
shown in Figure 1lc, no change in droplet size occurs for 8 h.
Samples with MgCl, are unstable, as concluded from Figure 1b,
and the change in droplet size results in a decrease of the back-
scattering signal. The change in droplet size in the sample with
MgCl, is most likely caused by coalescence. However,
disproportionation (Ostwald ripening) may also play a large
role here due to the solubility of ethanol in MCT oil. From
Figure 1c no clear effect can be observed when increasing the
PGPR concentration from 4% (w/w) to 6% (w/w) PGPR.

In Figure 2a the data from the MLS measurements of
samples created with 20% (v/v) 1.0 m MgCl,-6H,0 in ethanol
added to MCT oil is given. From Figure 2a it can be seen that
the sample is very unstable over time. The peak at about 10 mm
sample height indicates formation of a transparent oil-rich layer
(bottom of sample), and at about 60 mm sample height (top of
sample) a transparent ethanol-rich layer is formed, clearly
indicating the system is phase separating. Figure 2a also shows a
partly horizontal profile (between 11 and 40 mm sample
height) where only the back-scattering percentage changes
evenly over time. This is an indication for a change in droplet
size, and the corresponding trend, represented by an ascending
line, at a sample height of 30 mm is shown in Figure 2b. In
order to see the effect of PGPR a similar sample produced in
MCT oil containing 6% (w/w) PGPR is shown here as well.
Both samples give a comparable ascending line, which shows
that addition of extra PGPR to the sample did not affect the
change in droplet size. Also, for other samples no significant
effect on the stabilization of the mixtures by an increased PGPR
concentration could be observed.

Size Characterization of Initial Emulsion Droplets. E/
O mixtures with CaCl, or MgCl, dissolved in the ethanol phase
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Figure 1. Typical MLS results from a stable sample and sample that changes over time. (a) Sample created with 1.0 m CaCl,-2H,0 in ethanol and
mixed at 5% (v/v) in MCT oil containing 4% (w/w) PGPR. Sample is monitored for 8 h. (b) Sample created with 1.0 m MgCl,-6H,0 in ethanol
and mixed at 5% (v/v) in MCT oil containing 4% (w/w) PGPR. (c) Back scattering at a sample height of 30 mm for samples from a and b.
Variations with 6% (w/w) PGPR are presented here as well.
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Figure 2. Typical MLS results from an unstable sample containing
MgCl,-6H,0. (a) Sample created with 1.0 m MgCl,-6H,0O in ethanol
and mixed at 20% (v/v) in MCT oil containing 4% (w/w) PGPR.
Sample is monitored for 8 h. (b) Backscattering and transmission
trend at a sample height of 30 mm for the sample from a. Variation
with 6% (w/w) PGPR is presented here as well.

were analyzed by DLS. Samples that appeared as transparent
showed droplets with a diameter in the range from 20 to 160
nm. Opaque mixtures contained droplets with a diameter in the
range of 600—1400 nm. In the latter one the large emulsion
droplets masked the smaller droplets. The instability of the
opaque mixtures made DLS analyses less reliable for size
characterization of the emulsion droplets in these samples.

Characterization of Salt Particles after Evaporation of
Ethanol. Size and Size Distribution of Salt Particles. Samples
containing salt particles were further analyzed with DLS to
investigate the presence of submicrometer particles. In Table 2
an overview is given from the DLS measurements. In all
samples submicrometer particles could be observed, but
samples that appeared as opaque contain also many larger
particles. This made the formulations used in these opaque
mixtures less useful for production of salt submicrometer
particles.

DLS measurements showed the presence of submicrometer
salt particles in all samples prepared with CaCl, and MgCl,.
Samples appeared as transparent or opaque, as described in
Table 2. Transparent samples contained mainly salt particles
with an average below 300 nm, and only a negligible amount of
larger salt particles was present. The opaque samples contained
salt particles smaller than 400 nm but also a considerable
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amount of large particles, causing an opaque appearance. These
large salt particles could be observed with a light microscope.
The opaque samples were difficult to measure with DLS
because of the wide size distribution of the salt particles. The
larger salt particles masked the smaller salt particles. Therefore,
not all particle sizes are listed in Table 2. In some of the
samples, for instance, 1.0 m CaCl,-2H,0 and 5% (v/v) ethanol,
salt crystals of 1—30 ym were found, but DLS measurements
showed a peak average of 183 nm based on the size distribution
by volume.

It is remarkable that with 0.1 m CaCl,-2H,0 and 20% (v/v)
ethanol mainly particles with an average size of 6 nm were
found. A minor amount of large particles was found by DLS as
well, which could also be observed by light microscopy.
However, no clear peak around 200 nm could be observed with
DLS. It is expected that the substantial amount of very small
particles could be the result of Ostwald ripening in the sample.
Since ethanol is soluble in MCT oil, Ostwald ripening can
easily take place and due to a higher content of ethanol in the
sample it is likely to be more unstable compared to samples
with a lower ethanol concentration. Ostwald ripening is the
effect where larger droplets grow at the expense of the small
ones, and the small droplets become even smaller. Evaporation
of these smaller droplets could result then in smaller particles as
well. This could be an explanation for a shift of the peak around
200 nm to the left and right, as observed in Figure 3. Particles
around 10 nm were also found in other samples containing
lower concentrations of ethanol, but these did not show up
clearly with DLS.

From the E/O mixtures described in Table 1 and the salt
particles described in Table 2 it can be concluded that only
transparent E/O mixtures were successful in producing salt
submicrometer particles with a minimal number of larger
particles. Samples with 0.1 m salt and 30% (v/v) ethanol
resulted also in a transparent mixture; however, after
evaporation of the ethanol phase the sample became opaque
and large particles and crystals could be observed. The same
holds for the sample with 1.0 m CaCl,-2H,0O and 5% (v/v)
ethanol, which appeared transparent as a mixture but became
opaque after evaporation of the ethanol phase. During
production of the particles, ethanol is removed from the
system and the relative concentration of salt in ethanol is
therefore increasing. If this relative salt concentration is too
high the mixture becomes unstable. Full characterization of the
phase diagram of ethanol and MCT oil with the presence of
CaCl, or MgCl, can give better insight on how the systems
shift through the phase diagram during evaporation of ethanol,
but this is outside the scope of the present study. Small
emulsion droplets or even solutions of ethanol in MCT oil are
useful for formation of submicrometer particles. However,
having instable mixtures where coalescence and/or phase
separation occurs reduces the chance to form submicrometer
particles and more large particles and crystals will be obtained.

In general, it was found that increasing the volume
percentage of ethanol and/or increasing the concentration of
salt shows that the number of large particles increases and also
the size of the large particles increases. An increase in volume
percentage of ethanol and/or salt concentration results also in a
more polydisperse size distribution of the salt particles. Samples
prepared with MgCl, have a less wide concentration window
for formation of submicrometer particles with a minimal
amount of larger particles, compared to samples prepared with
CaCl,.
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Journal of Agricultural and Food Chemistry

Table 2. Overview of Samples Containing Salt Particles Measured by DLS (using a Nanosizer)“

salt concentration (in EtOH)

MCT ethanol (% v/v) 0.1m 0.5 m 1.0 m
MCT + 4% (w/w) PGPR CaCl,2H,0 S transparent transparent opaque
203.7 nm (100%) 173.4 nm (80.2%) 183.4 nm (100%)
1281.3 nm (19.9%)
10 transparent opaque opaque
231.8 nm (100%)
20 transparent opaque opaque
6.1 nm (97.4%)
895.4 nm (0.9%)
3549.5 nm (1.7%)
30 opaque opaque opaque
MCT + 4% (w/w) PGPR MgCl,-6H,0 S transparent opaque opaque
215.9 nm (100%) 1175.3 nm (53.3%) 90.2 nm (5.4%)
3083.4 nm (46.7%) 1156.7 nm (94.6%)
10 semi-transparent opaque opaque
315.2 nm (100%)
20 opaque opaque opaque
93.3 nm (51.3%)
493.5 nm (48%)
3037.8 nm (0.3%)
30 opaque opaque opaque
MCT + 6% (w/w) PGPR MgCl,-6H,0 S transparent opaque opaque
337.3 nm (100%) 250.1 nm (100%) 438.3 nm (92.4%)
3595.5 nm (7.6%)
10 semi-transparent opaque opaque
341.2 nm (98.8%)
1397.5 nm (1.2%)
20 semi-transparent opaque opaque
770.1 nm (88.6%)
4109.8 nm (11.5%)
30 opaque opaque opaque

“Sample appearance, transparent or opaque, is given. Size represents the peak average based on size distribution by volume; the percentages
represent the peak area. Samples are created with 0.1, 0.5, or or 1.0 mCaCl,-2H,0 and MgCl,-6H,0 in ethanol and mixed at 5%, 10%, 20%, or 30%
(v/v) in MCT oil containing PGPR. Ethanol phase has been evaporated at 60 °C, resulting in formation of micro- and submicrometer salt particles.

40 ——— MgCl; in EtOH at 5%
(v/v) in MCT oil
35 ~—— CaCl, in EtOH at 20%
% (v/v) in MCT oil
= (CaCl in EtOH at 5% (v/v)
25 ) in MCT oil
®
,; 20
15
10
5
o A \ —
0.1 1 10 100 1000 10000

Particle diameter (nm)

Figure 3. Size distribution by volume percentage, measured by DLS, of samples with 0.1 m salt and mixed at 5% and 20% (v/v) ethanol in MCT oil
containing 4% (w/w) PGPR. Ehanol was evaporated at 60 °C.

v) ethanol in MCT oil and a sample containing 0.5 m
CaCl,-2H,0 with 5% (v/v) ethanol in MCT oil were prepared.
None of these samples contained PGPR as surfactant, and

It was found that some of the transparent E/O mixtures were
stable without the presence of PGPR. It was therefore
investigated if some of these transparent mixtures were also
suitable to form salt submicrometer particles in the absence of
PGPR. Samples containing 0.1 m CaCl,-2H,0 with 5—20% (v/

transparent mixtures were obtained. Ethanol was evaporated
from the MCT oil phase at 60 °C during 14 h, and samples
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were visually characterized and analyzed by a microscope. It
was found that large crystals and salt particles were obtained,
and particles also clustered together in samples prepared
without PGPR. On the other hand, similar samples but with
PGPR did result in submicrometer salt particles. It can be
concluded from this that a surfactant such as PGPR is required
in formation and stabilization of submicrometer salt particles.
Surfactant molecules, which are predominantly adsorbed on the
surface of the submicrometer particle, are expected to have an
important role in controlling the submicrometer particle size
and stabilizing their suspension.’”>! It was also observed that
an increase in PGPR concentration reduced the amount of
large particles that were formed. For instance, a sample with 0.1
m MgCl,-6H,0 and 20% (v/v) ethanol is more transparent
when 6% (w/w) PGPR is used than when 4% (w/w) PGPR is
used. Light microscopy of the sample with 6% (w/w) PGPR
revealed fewer large particles compared to the sample with 4%
(w/w) PGPR.

Figure 3 shows the size distribution by volume, measured by
DLS, of salt particles produced from 0.1 m salt and mixed at 5%
and 20% (v/v) ethanol in MCT oil containing 4% (w/w)
PGPR. In Figure 3 only one peak around 200 nm can be
observed for samples prepared with 5% (v/v) ethanol. Sample
prepared with 20% (v/v) ethanol shows two peaks, one major
peak around 6 nm and another minor peak around 4800 nm. As
explained above, it is expected that this shift is due to Ostwald
ripening.

Morphology of Submicrometer Particles. The morphology
of the formed salt submicrometer particles was studied with
SEM and Cryo-SEM. In Figure 4 micrographs from the SEM
and Cryo-SEM of salt submicrometer particles are shown.

In Figure 4 it can clearly be seen that submicrometer salt
particles of various sizes below 400 nm were obtained. Figure
4a and 4b shows CaCl, submicrometer particles of about 100
nm observed with the Auger/SEM. In Figure 4c and 4d a
similar sample is represented but observed with the Cryo-SEM
and a few large (270 nm) but also a considerable number of
much smaller (20—60 nm) salt particles were found. The
washing step applied to the samples shown in Figure 4a and 4b
and Figure 4c and 4d differed and is an explanation for the
observed differences. The sample from Figure 4c and 4d was
centrifuged at much higher speed (50 000g for 30 min versus
4000g for 10 min for the sample in Figure 4a and 4b).
Therefore, more small CaCl, particles ended up in the pellet
due to the higher centrifugation forces. Comparison of the
results from CaCl, shows that the upper range (<342 nm) is
quite comparable to what was found with SEM and Cryo-SEM
(Figure 3). However, the lower range (<90 nm) is not really
visible in Figure 3 for CaCl,, whereas with Cryo-SEM several
particles below 90 nm could clearly be seen. This could confirm
that the larger particles mask the smaller ones, and therefore,
the particles below 90 nm are not observed with DLS
measurements. It must be noted that samples from Figure 3
were created with 4% (w/w) PGPR and the samples from
Figure 4 were created with 6% (w/w) PGPR. Figure 4e and 4f
shows submicrometer particles of MgCl, which are in a size
range of 300—400 nm. According to the DLS results shown in
Figure 3, much smaller particles must be present as well. It is
expected that these smaller MgCl, particles were removed
during the washing step, as also concluded for the sample in
Figure 4a and 4b. All submicrometer salt particles observed
with SEM and Cryo-SEM seemed to be cubical, and this
suggests that the particles have a cubic crystal structure.
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Figure 4. Submicrometer salt particles analyzed with SEM and Cryo-
SEM. (a and b) CaCl, submicrometer salt particles observed with
Auger/SEM [Sample created with 0.1 m CaCl,-2H,O in ethanol and
mixed at 5% (v/v) in MCT oil containing 6% (w/w) PGPR. Ethanol
was evaporated at 60 °C. Sample has been washed with hexane to
remove oil and surfactant]. (c and d) CaCl, submicrometer salt
particles observed with Cryo-SEM [Sample created with 0.1 m
CaCl,-2H,0 in ethanol and mixed at 5% (v/v) in MCT oil containing
6% (w/w) PGPR. Ethanol was evaporated at 60 °C. Sample has been
washed with hexane to remove oil and surfactant]. (e and f) MgCl,
submicrometer salt particles observed with Auger/SEM [Sample
created with 0.1 m MgCl,-6H,0 in ethanol and mixed at 5% (v/v) in
MCT oil containing 6% (w/w) PGPR. Ethanol was evaporated at 60
°C. Sample has been washed with hexane to remove oil and
surfactant].

It can be concluded that our simple method for preparing
food-grade salts particles in the submicrometer range is
successful. Salt particles were prepared from ethanol-soluble
salts using ethanol-in-oil (E/O) mixtures. It was found that
increasing the salt concentration (CaCl, and MgCl,) and
ethanol concentration reduced the stability of the obtained
mixtures. Also, the type of salt (CaCl, or MgCl,) influenced the
stability of the mixture. MLS measurements showed that
transparent mixtures remained stable for at least 8 h and
opaque mixtures were found to be unstable during these 8 h.
PGPR was required in these unstable systems to partly stabilize
the droplets, whereas the absence of PGPR resulted in an
almost instant phase separation in these systems. No significant
effect on the stability of the mixtures could be observed when
increasing the PGPR concentration from 4% (w/w) to 6% (w/
w) PGPR.

It can also be concluded that salt particles with dimensions in
the submicrometer range (6—400 nm) were obtained in all
samples after evaporation of the ethanol phase, but only the
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samples that appeared as “transparent E/O mixture” were
successful in forming salt submicrometer particles with a
minimum of larger salt particles present. The concentration of
salt and volume fraction of ethanol was found to have a
significant influence on the size distribution of salt particles. It
was also found that PGPR was required not only to obtain
more stable mixtures of ethanol and MCT oil but also in
formation and stabilization of submicrometer salt particles.

The developed method is based on the use of food-grade
materials, and the obtained submicrometer particles are
therefore regarded as food safe. This increases the range of
applications and makes application of these submicrometer
particles in food products possible, thereby supporting
development of new advanced food products.
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