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Abstract

Curcumin has a wide spectrum of biological and pharmacological activities, which could be better exploited in
numerous medical applications if it were not for its poor water-solubility. In this study, we describe a new method to
improve curcumin solubility, using a combination of paraffin oil and ethanol. Further, we describe a systematic and
efficient procedure to develop a formulation and a scalable mixing method in order to produce curcumin loaded oil-
in-water nanoemulsions that can be used as nanocapsule templates with potential biomedical applications.
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Introduction

Turmeric is a spice obtained from the rhizomes of Curcuma
longa [1]. Beside its culinary applications, it is used for health care,
food preservation and as a yellow dye in textiles. Curcumin (1,7-bis-
(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a yellow
colored pigment which makes up 2 to 5% of the spice [2]. Several studies
have demonstrated that curcumin has a wide spectrum of biological
and pharmacological properties such as antioxidant, antibacterial,
anti-inflammatory [3] and anticarcinogenic activities [3,4]. It has also
been claimed to be useful to prevent platelet aggregation, diabetes,
rheumatism and Alzheimer’s disease [5]. However, on the one hand,
curcumin is poorly soluble in water at neutral or acidic pH due to the
hydrophobicity of the conjugated alkene chain and the absence of a
strong polar group. On the other hand, at alkaline pH curcumin forms
phenolate ions and gets degraded into compounds such as ferulic
acid and vanillin, among others [6] (Figure 1). Poor water solubility,
low absorption [7] and rapid metabolic elimination of curcumin are
responsible for its low bioavailability and limit its medical applications.
The low solubility of curcumin represents the major challenge to achieve
suitable levels in plasma in order to produce its pharmacological effects

[8].

The most common strategy used to overcome these problems
is the encapsulation of curcumin into carriers such as nanoparticles.
Several nano-encapsulating methods, designed to protect and improve
the delivery efficiency of curcumin, have been used [9]. Curcumin has
been formulated into polymeric nanoparticles that allows for an easy
dispersion of the curcumin in aqueous media, self-emulsifying systems
in a lipid-based dosage form that control the release of the compound
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Figure 1: Electrochemical behavior of curcumin in various pH.

or microemulsions for topic delivery of curcumin [10-12]. Vecchione
et al. developed a nano emulsion of soy-bean oil using lecithin as
surfactant; they coated it with functionalized chitosan capable of
controlling the interaction with the intestinal barrier by easy deposition
of functionalized biopolymers. In addition, they obtained the largest
degree of bioavailability with 110 nm nano-emulsion coated with the
highest degree of functionalized chitosan [13].

In this study, we describe a step by step procedure to improve
curcumin dissolution and to manufacture a suitable carrier that can
used as a template for curcumin loaded nanocapsules; emphasis is
given to the practical applicability of the method herein described.
We begin by improving curcumin dissolution in an oil matrix that is
used to prepare oil-in-water nanoemulsions. The base nanoemulsion
formulation is carefully selected using a systematic approach that aims
to produce low interfacial tension systems using synergistic mixtures
of nonionic surfactants that exclude the use of hazardous solvents
[14]. The HLB value is used as the formulation parameter, and varying
HLB is equivalent to changing the extent of surfactant molecules
interaction with the aqueous and the oil phases at the interface. When
the surfactants adsorb at the interface at the best possible packing, the
interfacial tension tends to a minimum, thus facilitating the process of
drop breakage during mixing [15-17].

The use of surfactant mixtures is a common practice in the industry
and it has been extensively studied by many researches [18-20].
Combining two or more surfactants in a formulation may be beneficial,
not only for the reduction of interfacial tension already mentioned
(leading to smaller droplet sizes for the same energy expenditure) but
for the decrease of the overall surfactant concentration required to
produce stable emulsions, as opposed to single surfactant systems.
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Using the aforementioned approach, a nanometric droplet size
minimum is attained and the corresponding formulation is used to
develop a mixing procedure using a high-shear, thin film-spinning
device. The thin film-spinning (TFS) apparatus has impellers that
spin a film of the fluid to the walls of a cylindrical vessel at very high
speed, and under cavitation-free conditions. The resulting flow field
induces a very high shear and droplets of the dispersed phase are
fast and efficiently reduced in size. These apparatus can handle high
throughputs; the small model used in this work may produce up to 40
kg/h using a 15 mL vessel and a 25 cm x 30 cm footprint.

This method describe a safe and scalable mixing procedure to
generate a curcumin loaded stable nanoemulsion, in terms of droplet
size, up to 10 months at room temperature. The nanoemulsions
formation was evaluated using a semi batch and a continuous
process; the best results were obtained using the semi batch method,
although the continuous methods showed promising results. The
produced model emulsion nanocarrier, stabilized by surfactants and
co-surfactants, in which the paraffin oil drops contained dissolved
curcumin, was characterized, showing good storage stability.

Materials and Method

Materials

The sample of curcumin used in this study was supplied by Sigma
Aldrich (MKE, USA). Ethanol, methanol, acetic acid, analytical grade
sodium dodecyl sulfate (anhydrous), paraffin oil, Tween 80 and Span
80 were purchased from Merck (MA, USA). Water was distilled using a
Thermo Scientific Barnstead stationary still. It is worth noting that all the
components are pharmaceutically acceptable for oral administration
and fall under GRAS (Generally Regarded as Safe) category.

Methods and equipment

Formulation of emulsions: This study began with the evaluation
of the formulation parameters required to produce stable oil-in-water
emulsions to be used as carriers of curcumin in the oil droplets. In this
sense, two non-ionic surfactant mixed in varying concentrations and
proportions to yield different hydrophilic-lipophilic balances (HLB)
were evaluated [21]. The surfactants evaluated were Tween 80 (T80)
and Span 80 (S80). The first is a polyoxyethylene sorbitan monooleate
hydrophilic emulsifier; the second is a lipofilic emulsifier consisting of
sorbitan monooleate. As mentioned above, these two surfactants were
mixed using different T80/S80 w/w ratios in order to obtain variable
HLB values.

Group | Paraffin content (%w/w) Water content (%w/w) | Surfactant content (%w/w)

1 16 80
16 80
16 80 4
16 80
16 80
2 14 80
14 80
14 80 6
14 80
14 80
3 12 80
12 80
12 80 8
12 80
12 80

The total surfactant mixture concentration was also evaluated; the
oil ratio in the emulsion varied in a relatively narrow range (12%-18%
w/w) while the water content was constant (80% w/w). Table 1 shows
the formulation parameters involved in this study. The screening
procedure was as follows. First, the surfactants were homogenously
mixed in the aqueous phase. Then, the organic phase was added into
the aqueous solution and the mixture was stirred by hand to produce
an emulsion; the resulting droplet size was measured and the rate of
phase separation was monitored during one week after emulsification.
This procedure led to the formation of oil-in-water emulsions,
stable enough to be characterized. The formulation that allowed for
the smallest droplet size and the most stable emulsion (least phase
separation) was selected for the remaining tests.

Curcumin dissolution profile: Since curcumin has a poor solubility
in the oil phase, ethanol was used to achieve the total dissolution of
the target amount, 5 mg/mL (see section 3.2), in the oil phase. The
dissolution profile of curcumin was carried out as follows. First,
powdered curcumin was added into 15 mL centrifuge tubes containing
the mixture of surfactants and liquid paraffin, selected as described
in the previous section. Various amounts of ethanol calculated based
on surfactant plus alcohol mass (0% ethanol-100% surfactants;
0.5% ethanol-99.5% surfactants, 1% ethanol-99% surfactants, 4%
ethanol-96% surfactants and 6% ethanol-94% surfactants w/w) were
also added to the mix in order to facilitate curcumin dissolution. Then,
the tubes were heated at 50°C for 30 min and stirred overnight in a
shaker at room temperature.

While the degree of curcumin dissolution could be easily
determined by visual inspection of the tubes, it was decided that
obtaining the curcumin partitioning between the oil and the water
phases in the emulsion, was more informative. To this end, the content
of 3 mL centrifuge tubes was mixed with water and stirred using a
magnetic stirrer at 400 rpm, during 1 min, to produce an oil-in-water
emulsion containing 64% w/w of water. Immediately, the emulsions
were centrifuged at 10,000 g for 5 min, to induce phase separation. The
curcumin content of both the oil separated phase and the precipitated
solid were measured, the first by HPLC, the second by visible UV, as
described in section 2.2.4. By this means, the undissolved curcumin
could be determined as well as the curcumin that could have transferred
to the water phase, by computing the difference between the total
curcumin added to the system and the amount that ended in the oil
phase and the solid precipitate.

Span 80 (%w/w) Tween 80 (%w/w) Particle size (um) HLB values

2.24 1.76 78.9 9
1.84 2.16 108.3 10
1.48 2.52 53.6 11
1.12 2.88 58.6 12
0.76 3.24 75.5 13
3.36 2.64 125.5 9
2.76 3.24 85.8 10
2.22 3.78 34.2 11
1.68 4.32 56.2 12
1.14 4.86 67.9 13
4.48 3.52 127.9 9
3.68 4.32 17.9 10
2.96 5.04 16.6 11
2.24 5.76 51.6 12
1.52 6.48 77.9 13

Table 1: Formulation parameters used in formulation selection.
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Emulsification procedure

In order to prepare a carrier emulsion with a nano size distribution,
a highly efficient thin film-spinning apparatus (TFS), manufactured
by PRIMIX, model FILMIX 40-40, was used for the semi batch and
continuous mixing protocols (Figure 2). Shows simplified diagrams
of the TFS mixing vessel internals, either in continuous or semi batch
mode. It essentially consists of a cylindrical vessel with a concentric
impeller that rotates at very high speeds, up to 40 m/s at the impeller
radius or peripheral speed. The fluid contained inside the vessel is
centrifuged towards the vessel’s wall; the intense force field produces
the fracture of one of the phases into the other, in this case, the oil
phase, as determined by the formulation and composition of the
system. At the top of the vessel, a fixed plate with a cutout aperture at
the center contains the film. The film thickness depends on the size of
the plate’s aperture: the larger the aperture, the thinner the film.

Table 2 shows some of apparatus settings and process parameters
for either the semi batch or the continuous mixing modes: 1) surfactant
concentration; 2) residence time during mixing; 3) peripheral speed
and 4) top plate aperture diameter. In the semi batch mode, the
continuous phase (water) was initially placed in the apparatus vessel
and the dispersed phase (oil), containing the surfactants, was gradually
added to the mixing vessel through the upper entry port. In the
continuous mode, the aqueous phase and the oil phase were injected
simultaneously into the apparatus vessel through the bottom entry
ports. A peristaltic pump was used to control de flow rate of each phase:
the higher the flow rate, the shorter the residence time.

Emulsions characterization

The droplet size of the initial formulations (see section 2.2.1) was
measured by laser light scattering using a Mastersizer 2000Hydro
2000MU manufactured by Malvern instruments, UK. Measurements
of droplet size distribution and polydispersity index of the emulsions
containing curcumin (carrier emulsion) were carried out using a
Microtrac Nanotrac TM 150 instrument that uses dynamic light

Semi batch mode

‘ Oil phase inlet

Cooling jacket outlet

Apparatus vessel

Cooling jacket inlet

ivs
Emulsion outlet

Cooling jacket outlet

pparatus vessel

5 [
Cooling jacket inlet j |

Formulation components
inlet

Figure 2: Diagram of thin film-spinning apparatus, in continuous and semi batch
mode.
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Semi batch mode
Top Plate Speed (m/s) Residence | Vessel Surfactant (% wiw)
P P Time (s) |Volume °
10, 20, 30 3 15 mL 8
Continuous mode
Residence Q (ml/ o
Top Plate Speed (m/s) Time (s) | mim) Surfactant (% wiw)
1 720 4,6,8
2 360 4,6,8
5mm 20, 30
3 240 4,6,8
4 180 4,6,8
1 720 4,6,8
2 360 4,6,8
7 mm 20, 30
3 240 4,6,8
4 180 4,6,8

Table 2: TFS settings evaluated using the semi batch and continuous protocol
mode.

scattering (DLS) to assess particle size. The latter has a 780 nm, 3 mW
laser diode and a detector fixed in place. We report the volumetric
mean, or D (4,3), as the representative parameter of the distribution.
A Hitachi S-2360 N instrument was used to obtain images of the
nanoemulsions by means of scan electron microscopy (SEM). The
room temperature, long-term stability of the emulsions was evaluated
by measuring the variation of droplet size as a function of storage time.

High Performance Liquid Chromatography (HPLC) analyses of
the separated oil phase after emulsion centrifugation (see section 2.2.2)
were carried out in an Agilent 1100 HPLC system equipped with a
G1312A pump, a G1322A degasser and an injector. All operations were
controlled by means of the ChemStation software (A.10.02 (1757)) and
run on a Windows 2000 operating system. After centrifugation, 1.0
mL aliquots of supernatant were withdrawn and diluted to 50 mL with
methanol, and then injected into the HPLC apparatus. Curcumin was
separated from the oil phase on a Zorbax C18 column (4.6 mm x 75
mm, 3.5 um) with a solvent mixture consisting of methanol/water (7:3)
in an isocratic system that lasted 5 minutes. The flow rate was 1 mL/
min and the injection volume was 10 pl. The content of the undissolved
curcumin, or solid precipitate after emulsion centrifugation (see
section 2.2.2), was determined as follows. First, the solid was recovered
and dissolved in 10 mL of ethanol. Then, the curcumin content was
determined using an Agilent Cary 60 UV-Visible spectrophotometer,
with 1 cm optical path and a wavelength of 423 nm.

Results and Discussion

Selection of the physicochemical parameters of emulsions
formulation

In order to obtain a stable, nanosized carrier emulsion, an evaluation
of a number of formulation parameters such as the HLB and surfactant
concentration was performed (Table 1). Exploring these formulation
variables allowed identifying the most convenient set of parameters in
terms of emulsion stability and droplet size. An important feature of
the method used is that two different, yet compatible surfactants are
used to vary the HLB in a wide range. This is a semi-empirical approach
that is based on well-known principles of formulation of surfactant-
oil-water systems and considerably reduces experimentation time; data
interpretation is also facilitated.

A three-dimensional depiction of the emulsions mean droplet
diameter (volumetric mean), as a function of HLB and surfactant
concentration, is displayed in (Figure 3). These data show a non
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linear dependence of droplet size with the latter parameters. The most
hydrophobic surfactant mixture (HLB 9) and the most hydrophilic
(HLB 13) produce the largest droplet sizes, regardless of the surfactant
concentration. For the intermediate HLB values (10 to 12), the
mean droplet size tends to decrease with surfactant concentration
as expected; the smallest diameter (16.6 pm) is obtained for a HLB
11 and 8% of the surfactant mixture concentration. Presumably, this
combination of physicochemical parameters is close to the so-called
“optimum formulation”, in which the interfacial tension reaches a
minimum thus facilitating droplet break-up. This formulation, HLB
11 and 8% surfactant mixture concentration, was selected to prepare
the emulsions used to study the curcumin dissolution profile and to
prepare the curcumin carrier nanoemulsion (section 3.3). At this stage
of the study, a relatively low energy emulsification method was used
(stirring by hand) to prepare the emulsions and to assess the effect of
the formulation parameters; oil-in-water emulsions showing different
mean droplet sizes and distributions were obtained. These variations
are mainly the result of the physicochemical interactions between
surfactant, oil and aqueous phase [22].

Curcumin dissolution profile

Several studies, dealing with curcumin absorption, plasma stability,
bioavailability or pharmacokinetics, report dissolved curcumin in the
formulations from 0.18 mg/mL to 18 mg/mL [23-26]; we decided to
evaluate a constant curcumin concentration of 5 mg/mL (or target
concentration) that is about in the middle range of the previous
studies [27-29]. The curcumin content of both the oil separated phase
and the precipitated solid were measured to obtain the curcumin
partitioning between the oil and the water phases in the formulation.
The concentration of curcumin was measured in the oil phase by HPLC
and in the solid precipitate by visible UV; the extent of dissolution was
computed from the known total amount of curcumin in the system.
HPLC was used to measure the curcumin concentration in the
emulsions at 423 nm since, in organic solvents, the low energy m-m*
excitations of the chromophore group in the curcumin molecule,
absorbs at this wavelength [6]. Further, the other components of
the formulation do not absorb at 423 nm, which prevent unwanted
interferences and errors in the quantification of curcumin. The
chromatogram shown in presents a good reproducibility with a low
tailing factor (Figure 4). The complete solubility of the active molecule
in the oil phase ensures that the nanoemulsion can maintain the
drug in solubilized form. If it were otherwise, there could be a risk
of precipitation and loss of active component. It was verified that the
target amount of curcumin could not be completely dissolved in the
oil phase of the selected formulation and the excess material would
settle at the bottom of the tube, as shown in (Figure 5a); according
to the HPLC assessment, the curcumin dissolution rate was 72%. In
order to overcome this problem, ethanol was added to the oil phase
in increasing concentrations until complete curcumin dissolution was
obtained, without changing the proportion of other components of the
formulation, but the surfactant concentration; with the addition of 6%
of ethanol, equivalent to a surfactant/alcohol ratio of 15.7 there was no
visible solid curcumin, as shown in (Figure 5b). As mentioned before,
the concentration of curcumin in the oil phase was measured by HLPC,
while visible UV was used to determine the solid curcumin amount
(Figure 6). Depicts the analysis results, computed as concentrations
of solid curcumin and curcumin dissolved in the oil phase, relative to
the total curcumin content in the emulsion, as a function of ethanol
content. It can be observed that the fraction of solid curcumin decreases
as alcohol content increases, while the curcumin concentration in the
oil phase augments. It is worth noting that the amount of curcumin

in the aqueous phase (which is the remaining percentage to complete
100%) also diminishes significantly and, at 6% of ethanol, very little
curcumin remains in both the aqueous phase and the solid portion. This
result is very significant since it means that the curcumin encapsulated
in the oil droplets, or encapsulation efficiency, is very high (99%, within
the experimental error), which validates the concept of using these
nanoemulsions as curcumin carriers.

Co-surfactants are preferably short and medium-chain alcohols
such as octanol, pentanol and hexanol, etc. and are often included in
the formulation to reduce the interfacial tension and free energy to
a minimum. For effective performance, it is important that the co-
surfactant absorbs at the oil-water interfacial layer, allowing flexibility
to take up different curvatures required to form nano drops [30,31].
Ethanol is usually described as a co-surfactant and can potentially alter
the physicochemical balance in surfactant-oil-water systems and thus

Droplet size (um)

Figure 3: Three-dimensional depiction of mean droplet size of the carrier
emulsion as a function of HLB and surfactant concentration. The emulsions
were prepared by hand stirring. Water/oil ratio: 80/12-80/16 (the difference
corresponds to the surfactant concentration).
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Figure 4: HPLC chromatogram of curcumin dissolution evaluation.
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Figure 5: Curcumin solubility (a) without ethanol and (b) with ethanol in the
formulation, equivalent to a surfactant/alcohol ratio of 15.7.

¥ Solid curcumin

¥ Curcumin in oil phase

0% 0.50% 1% 4% 6%
Ethanol concentration % w/w
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Concentration of curcumin % w/w

Figure 6: Curcumin solubility as a function of ethanol concentration in the
formulation. Error bars represent the standard deviation. The dissolved
curcumin is measured in the oil phase and the non-dissolved curcumin is
the solid precipitate.

affecting droplet size (Figure 7). Shows the droplet size distribution
of the emulsions as a function of ethanol content. The distributions
are very similar despite the ethanol content; the distributions are
bimodal and most of the droplet population lies in the range of 70 to
700 nm (Table 3). Shows some statistical parameters related to these
distributions. There are large proportions of sub-micrometer sized
droplet and most droplets are smaller than 10 um, despite the fact a
magnetic stirrer, i.e., a low energy emulsification set-up was used to
prepare the emulsions [32].

Effect of mixing protocol in droplet size distribution

In this section, the results in terms of the droplet size distribution
of the semi-batch and the continuous mixing protocols are shown.
Table 2 displays the parameters that were evaluated: 1) a composition
variable, surfactant concentration (only for the continuous protocol);
2) atime related variable, residence time or flow rate; 3) a mixing energy
related parameter, peripheral speed, and 4) a geometric parameter, top
plate aperture size (only for the continuous protocol).

Figure 8 depicts the droplet size distribution of emulsions
produced using the TFS apparatus in a semi batch mode, as a function
of peripheral speed. As expected, the droplet size distributions
moved to lower sizes as peripheral speed was increased and bimodal
distributions were obtained [33-36]. This last feature, bimodality, is
commonly encountered in this type of mixing systems; in fact, droplet
size distributions may shift to unimodality or bimodality depending on
mixing and physicochemical conditions [37-40] . In the present case,
it is seen that the modes of the most populated peaks correspond to
the smaller droplets (all in the sub-micrometric range) and the least
populated peaks tend to disappear as mixing speed increases. For
the higher mixing speed (30 m/s), almost the entire population has

18 —EtOH 0%
16 EtOH 0.5%
14 ~~EtOH 1%
0,
12 ~EtOH 4%
~—EtOH 6%
510
=
o
E¥]
6
4 ‘
) {
0
0.01 0.1 1 10

Particle size ym

Figure 7: Droplet size distributions of O/W emulsions with curcumin as a
function of ethanol concentration. The emulsions were prepared using a
magnetic stirrer (1200 rpm). % chan is volume percentage.

Ethanol concentration % wiw
Particle size information 0 0.5 1 4 6
Mean particle size peak 1, nm| 122 117 138 115 115
Mean particle size peak 2, nm| 2440 2640 4380 2300 3780
% of the volume of peak 1 75.6 58.0 1 90.1 7.7 87.2

Table 3: Droplet size and peakedness of curcumin loaded emulsions as a function
of ethanol concentration using a magnetic stirrer (1200 rpm).

30
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~*Semi batch mode 20m/s
~*Semi batch mode 30m/s

~——Semi batch mode 10m/s

20

% Chan
—
wn

10

0.01 0.1
Particle size pm

Figure 8: Droplet size evolution of O/W emulsions produced using a thin
film-spinning apparatus in semi batch mode. Water/oil ratio: 80/14 (the
difference corresponds to the surfactant concentration). % chan is volume
percentage.
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droplets below 100 nm in size. While for the semi-continuous protocol
the surfactant concentration was kept constant, it was varied in the
continuous protocol. Figures 9 and 10 show 3D maps of drop size as a
function of surfactant concentration and residence time, for a top plate
aperture of 5 mm (Figure 9) and a 7 mm top plate aperture (Figurel0);
two peripheral speeds (20 m/s and 30 m/s) were explored for each top
plate.

At first glance, it is obvious that these systems exhibit a highly
non-linear behavior, rather difficult to interpret. However, it is known
that the production of emulsions is a multi-variable problem in which
physicochemical and hydrodynamics variables intervene, often in
conflicting ways [41-43]. For instance, droplet size shows a maximum
as residence time is increased at a fixed surfactant concentration, as
shown in Figures 9a and 9b, that correspond to a top plate aperture of
5 mm. In an attempt to explain the observed phenomenon, it could be
said that increasing residence time should shift droplet size to smaller
values but it can also produce an increase in temperature. The latter
is a formulation variable that changes the HLB mixtures, pushing the
formulation out of the “sweet spot” corresponding to the minimum
droplet size (thereby increasing droplet size). However, temperature
also decreases oil viscosity, thus facilitating droplet breakage. These

20 m/s Top Plate 5mm

30 m/s Top Plate 5 mm

00
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500
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Particle Size (nm)
Particle Size (nm)
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Figure 9: Three-dimensional depiction of droplet size evolution of emulsion
produced with the thin film-spinning apparatus using a top plate of 5 mm in
continuous mode. Water/oil ratio: 80/16—80/14 (the difference corresponds to
the surfactant concentration). The droplet size shows a maximum as residence
time is increased at a fixed surfactant concentration. Also the particle size is
reduced with the increase of surfactant concentration.
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Figure 10: Three-dimensional depiction of droplet size evolution of emulsion
produced with the thin film-spinning apparatus using a top plate of 7 mm in
continuous mode. Water/oil ratio: 80/16—-80/14 (the mass balance difference
corresponds to the surfactant concentration). These systems exhibit a highly
non-linear behavior; however, it is observed that the higher peripheral speed
is more effective in reducing droplet size.

two mechanisms may compete and produce the non-linear behavior
observed.

In any case, the influence of residence time is more intense at 20 m/s
while the droplet size is less affected when the surfactant concentration
is increased. It can also be observed that mixing at 30 m/s tends to
produce smaller droplets than mixing at 20 m/s.

Figures 10a and 10b also depict droplet size as a function of
residence time and surfactant concentration. In this case, the top plate
aperture is 7 mm, which implies that the thickness of the spinning film
is thicker than the film for a 5 mm aperture. Then again, the observed
behavior is complex but some trends are similar to the ones obtained
for the 5 mm aperture: the higher peripheral speed is more effective in
reducing droplet size. It is also noteworthy that the set of variables, 20
m/s and 7 mm (Figure 10a), produce the larger droplet sizes of all the
other sets.

It is out of the scope of this work to give a thorough interpretation
of these results; nonetheless, an optimum set of mixing parameters,
within the boundaries of the explored variables, can be selected.
The best conditions for droplet size reduction, in continuous mode,
correspond to 30 m/s mixing speed and 7 mm top plate aperture: most
droplets are below 400 nm (volumetric mean).

Figure 11 shows a comparison between the best results obtained,
in terms of droplet size reduction, with three different procedures:
mixing with a magnetic stirrer, mixing with the TFS apparatus
in a semi-continuous fashion and mixing with the TFS apparatus
continuously. All distributions are sub-micrometric but it is clear that
the TFS apparatus produces globally smaller droplet sizes. However,
the best results were obtained with the semi-continuous protocol; the
distribution is quite narrow and most particles are smaller than 100
nm. For this reason, this procedure was selected to produce curcumin
loaded nanoemulsions.

Curcumin loaded nanoemulsions

The carrier nanoemulsions were prepared adding curcumin and
the co-solvent, ethanol, to the oil phase, previous to the emulsion
formation. The latter was carried out using the TFS apparatus in a
semi-continuous mode and characterized for droplet size and stability.

Figure 12 shows the droplet size distribution for a freshly prepared
emulsion containing curcumin and ethanol. The last two components
have a noticeable effect on droplet size as compared with the emulsions
that did not contain curcumin and ethanol. While in the absence of
these components most droplets were smaller than 100 nm (Figure 11,
semi-continuous results), the curcumin loaded droplets shifted to larger
values, although still in the sub-micrometric range; the distribution is
quite narrow and unimodal.

The emulsion was also observed using a SEM; Figure 13 shows a
microphotograph of an emulsion sample. It can be seen that the size of
the oil droplets is very homogeneous and significantly smaller than 2
um (reference scale in the protograph). In addition, Figure 12 depicts
the evolution of the droplet size distribution as a function of storage
time. The emulsion did not experience significant changes during the
first month after preparation. After 10 months, the carrier emulsion
experienced some coalescence as evidenced by the growth of a second
mode corresponding to larger droplet sizes. This effect may be caused
by Ostwald ripening, which is the main mechanism of nanoemulsion
breakdown [44]. In addition, factors such as polydispersity or high
surfactant concentration may have favored this phenomenon [42,45].
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Figure 11: Droplet size distributions of O/W emulsions produced using
magnetic stirrer (1200 rpm) and TFS in semi batch and continuous mode. %
chan is volume percentage.
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Figure 12: Change in particle size distribution as a function of time for the
nanoemulsion prepared using a TFS apparatus. % chan is volume percentage.
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Figure 13: SEM image of the curcumin carrier emulsion. The emulsion was
prepared using a thin film-spinning apparatus.

However, we think these emulsion samples were quite robust and,
besides, the stability can be further increased by the use of a polymer to
produce nanocapsular structures [46].

Conclusion

We prepared stable oil-in-water emulsions that can be used as
carrier systems to deliver water insoluble or thermolabile compounds;
the encapsulation efficiency of the active compound in the droplets is
very high. In addition, a method to achieve an almost total dissolution
of curcumin was developed. The use of co-surfactants facilitates the
dissolution of curcumin into the paraffin oil drop. These nanoemulsions
could be used as drug carriers or as templates/molds/guides to produce
nanocapsules. This method might be applied in diverse fields related
to medical or food industries due to the fact that it avoids the use of
aggressive solvents like methanol, chloroform or dichloromethane.
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