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Abstract—The correlation between a dispersed phase/dispersion medium interfacial tension G at a storage
temperature of 22°C and the dispersity and stability of oil-in-water miniemulsions, which result from tem-
perature-induced phase inversion, has been revealed for hydrocarbon/polyoxyethylene(4)lauryl ether/water
systems (in the presence and absence of felodipine) with the help of conductometry, tensiometry, and disper-
sion analysis. At 6 < 3.5 X 107®N /m, oil-in-water nanoemulsions, which have narrow monomodal particle
size distributions and are stable for a month, are a fortiori formed. Felodipine has been shown to serve as a
cosurfactant, which is incorporated into the adsorption layer of a basic stabilizing nonionic surfactant. There-
with, ¢ values increase and the temperature of phase inversion decreases, while the concentration of the basic
surfactant in an optimal composition must be substantially reduced. A heptane/water nanoemulsion (droplet
size of 75 nm) stabilized with a basic nonionic surfactant and Tween 80 exhibits a high solubilization capacity
with respect to felodipine and ensures its efficient mass transfer through a model membrane.

DOI: 10.1134/S1061933X16060028

1. INTRODUCTION

In recent decades, the development of drug dosage
forms that increase the bioavailability and efficiency of
already-available drugs has acquired a doubtless prac-
tical and scientific significance, because it makes it
possible to markedly decrease the duration and expen-
diture as compared with the elaboration, approbation,
and manufacturing application of new drugs. The
urgency of the problem is aggravated by the fact that
most of the modern drugs are lipophilic and poorly
soluble in water, with this circumstance substantially
decreasing their bioavailability [1—3]. To increase the
bioavailability of lipophilic drugs and protect them
from hydrolysis and other types of degradation,
including enzymolysis, they may be incorporated into
nanosized particles, such as micelles, liposomes, nio-
somes, vesicles, and droplets of oil-in-water micro-
and nanoemulsions, that are capable of transporting
them in aqueous media [4—10].

Nanoemulsions represent a specific type of liq-
uid/liquid dispersions, which have average particle
radius r,, in a range of 10—100 nm and a narrow parti-
cle size distribution [11—13]. Sometimes, so-called
“miniemulsions” containing dispersed phase particles
with submicron sizes (diameter d < 1 um) and average
diameter d,, lying in a range of 100—500 nm are incor-
rectly attributed to nanoemulsions [14]. Nanoemul-
sions are distinguished by kinetic stability, optical

transparency (sometimes, they are only slightly opal-
escent even at a high dispersed phase content), low
viscosity, highly developed interfacial surface possess-
ing high adsorption capacity, and ability to penetrate
through organs and tissues of the human organism and
transport drugs of different natures [10, 15—17]. The
unique properties of nanoemulsions are attracting
increasing worldwide interest of researchers in them
and make them promising for application in pharma-
cology, cosmetology, veterinary medicine, food
industry, etc. All of this especially concerns oil-in-
water (O/W) nanoemulsions.

As hasbeen emphasized in a number of reviews [12,
15—18], in contrast to self-organized disperse systems
(microemulsions, micellar solutions, and surfactant-
based lyotropic liquid crystals), nanoemulsions are
thermodynamically unstable, although they can,
under certain conditions, retain their properties and
particle size distribution unchanged for a long time.
Dispersed phases of both nano- and microemulsions
are known to be composed of nanosized particles;
however, these disperse systems differ fundamentally
from each other in accordance with the detailed anal-
ysis performed in [19, 20]. In particular, nanoemul-
sions are advantageous in having a simpler component
composition and a much lower surfactant concentra-
tion.
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Fig. 1. Structural formula of FD.

Nanoemulsions are most commonly produced by
high-energy methods using high-pressure homoge-
nizers, fluidizers, or ultrasonic dispersers [21—25].
These methods are, as a rule, based on empirical opti-
mization of the preparation procedure, nanoemulsion
composition, and selection of stabilizing surfactants
[26—30]. At the same time, due attention is not always
focused on the physicochemical foundations of
nanoemulsion stabilization with respect to coales-
cence, flocculation, and Ostwald ripening (isothermal
distillation), which lead to nanoemulsion degradation.

Recently, low-energy nanoemulsion production
methods, which entail only slight stirring and are very
economical, have drawn increasing attention of
researchers [31—36]. These methods are believed to
yield stable nanoemulsions with smaller particle sizes
than do high-energy methods. Classifications of the
low-energy methods are diverse and often misleading.
The classification based on the presence or absence of
emulsion phase inversion, which is accompanied by a
spontaneous change in the curvature of an interfacial
surfactant layer, seems to be rather simple and reason-
able. According to this classification, a method in
which the formation of a nanoemulsion is induced by
a rapid transfer of surfactant or dispersed phase mole-
cules to a dispersion medium without a reversal in the
sign of the interface curvature is referred to as “self-
emulsification.” If emulsification is associated with a
spontaneous change in the curvature of a stabilizing
surfactant layer, which is accompanied by a change in
the type of an emulsion, these methods are classified
as phase inversion methods. Phase inversion during
the formation of nanoemulsions may be initiated by
either a change in the composition (Phase Inversion
Composition (PIC method), which is sometimes
referred to as the EIP (Emulsion Inversion Phase)
method) [37—42] or a change in temperature (Phase
Inversion Temperature (PIT) method) [35, 36,
43, 44].

The PIT method, which is believed to be most
promising for the production of nanoemulsions [35,
36, 45—47], was proposed by Shinoda et al. [43, 44].
This method may be implemented with the use of
polyethoxylated nonionic surfactants (NSs), the solu-
bility of which strongly depends on temperature. In
this case, the PIT, which is sometimes referred to as

the “hydrophilic—lipophilic balance temperature”
(Ty1p), is the key physicochemical parameter. This
temperature corresponds to the coincidence between
the solubilities of a stabilizing NS in water and oil,
which leads to the zero curvature of the interfacial
layer and ultralow values of the interfacial tension [36,
43, 44]. At a temperature below PIT, when polyethox-
ylated chains are hydrated and a stabilizing NS has
higher affinity for water than for oil, an O/W emulsion
is formed. When the temperature is higher than PIT,
the NS is dehydrated, it becomes lipophilic and stabi-
lizes water-in-oil (W/O) emulsions. The PIT method
consists in careful dispersing of an emulsion at 7y 5
followed by rapid cooling or heating for the formation
of O/W or W/O nanoemulsions, respectively [43, 44].

It should, however, be noted that the PIT method,
i.e., the temperature-variation-induced phase inver-
sion, does not always ensure the formation of stable
nanoemulsions [48, 49]. The reasons for this and the
mechanisms of nanoemulsion formation still remain
hypothetical and debatable. At the same time,
nanoemulsions are, as a rule, stabilized using a rather
narrow spectrum of NSs or their mixtures, which are
not always suitable for medical application. In most
cases, nanoemulsions obtained by the PIT method
contain additives of electrolytes (commonly, NaCl),
because of the necessity to determine the PIT value by
the electrical conductivity method; however, this is
often undesirable from the medical point of view.
There is so far actually no information on the effect of
lipophilic drugs on the PIT values, properties, and sta-
bility of nanoemulsions. We have found only two
works devoted to the influence of ibuprofen [50] and
o-tocopherol [51] on the PIT values and dispersity of
O/W nanoemulsions.

The goal of this work was to study the effect of a
lipophilic drug, felodipine, on the PIT in hep-
tane/polyoxyethylene(4)lauryl ether/water systems
and the dispersity and stability of nanoemulsions
obtained by the PIT method with the aim of efficient
incorporation of the drug into O/W nanoemulsions.

2. EXPERIMENTAL
2.1. Objects

Felodipine base (FD, (RS)-3-ethyl-5-methyl-4-
(2,3-dichlorophenyl)-2,6-dimethyl-1,4-dihydropyri-
dine-3,5-dicarboxylate) is a modern antihypertensive
and antianginal drug, calcium channel blocker [52].
The structural formula of FD is presented in Fig. 1.
This lipophilic drug has a very low solubility in water
(S, = 2.2 x 107° M [6]) and a low bioavailability of no
higher than 20% upon oral administration. FD is elec-
trically neutral, stable in solutions, and almost unaf-
fected by pH; its molecular weight is M,, = 384.2 Da.

The aforementioned characteristics make FD a
good model drug for the development of colloido-
chemical foundations for the production of stable
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O/W nanoemulsions containing incorporated drugs.
FD produced by PCAS Co. (Finland) with a purity of
99% was used in the work.

Polyoxyethylene(4)lauryl ether (Brij® L4, BR),
which is rather frequently used for the preparation of
nanoemulsions by the PIT method [36, 45, 53], was
chosen as a basic stabilizer. This NS is not micelle-
forming and is poorly soluble in aqueous media;
according to the data of the manufacturer (Sigma-
Aldrich, United States), its HLB = 9.7, and M,, =
362 Da [54].

A hydrophilic micelle-forming NS, polyoxyeth-
ylene(20)sorbitan monooleate (Tween® 80, Tw) with
HLB = 15 [55], M,, = 1310 Da, and critical micelle
concentration (CMC) of 0.012 mM [54] (Sigma-
Aldrich), was sometimes used as an additional stabi-
lizer as received.

The NSsused in the work had been approved by the
United States Food and Drug Administration to be
used in the medicine and food industries.

Heptane and decane, which have greatly different
solubilities in water, were selected as dispersed phases
of emulsions to study the effect of the Ostwald ripen-
ing on their stability.

Organic solvents (heptane, decane, ethanol, and
n-propanol, Sigma-Aldrich) were of reagent grade.

Triply distilled water with electrical conductivity K
equal to 1.5 uS/cm (22°C) was used in the experi-
ments. In all cases, sodium azide (0.01 wt %, i.e., in a
concentration 66—3300 times lower than NaCl con-
centrations used upon conductometric determination
of PIT values [56, 57]) was added to water to prevent
the components of the emulsions from bacterial deg-
radation. The « value of the aqueous sodium azide
solutions was 187 uS/cm (22°C).

2.2. Methods

2.2.1. Conductometric Examination of Emulsions
at Different Temperatures

Electrical conductivity of emulsions was measured
at different temperatures (10—95°C) using a setup
composed of an LC 120 universal shaker (LAB-PU-
02, Russia), a thermostated sealed glass cell with an
inlet for a temperature controller probe, a Five Go™
FG3 conductometer (Mettler-Toledo, Switzerland),
and a water circulation thermostat. The oscillation fre-
quency and amplitude of the back-and-forth motion
of the shaker platform were 250 min~! and 10 mm,
respectively. Specific conductivity was measured while
varying temperature with steps of 0.1°C at an accuracy
of £0.5%. Emulsion sample volumes were in a range
of 30—33 cm?. The heating rate was 1°C/min.

The «(7) curves for the temperature dependences
of specific conductivity were employed to determine
the PIT values for different emulsion compositions.
The PIT values were determined as means of tempera-
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ture values corresponding to the maximum and mini-
mum (i.e., equal to zero) specific conductivities of the
emulsions [43, 44]. In addition, the PIT values were
found as temperatures corresponding to the minimum
in the dependence of di/dT derivative on 7.

2.2.2. UV Spectroscopy

FD solubility in heptane BR solutions was found
spectrophotometrically with an Agilent 8453 single-
beam spectrophotometer (United States) operating in
a wavelength range of 200—1000 nm. The spectra were
measured relative to solutions with the same composi-
tions, but free of the drug. Quartz cells with a thickness
of 1 cm were used for the measurements.
Absorbance A was determined with an accuracy of
+1 % 10~ rel. units.

Heptane BR solutions with different concentra-
tions were preliminarily saturated with FD. For this
purpose, excess amounts of the drug were added to
them, and the mixtures were stored in dark under peri-
odic stirring on a magnetic stirrer until equilibrium
solubility values were reached in accordance with
spectrophotometric data. Before the spectrophoto-
metric measurements, a sample of a supernatant over
an FD sediment was carefully taken and filtered
(0.22 um, Millipore); then, the sample was diluted
with n-propanol, in which the FD absorption maxi-
mum was, according to our data, observed at wave-
length A,,,, = 363 nm, while the value of molar extinc-
tion coefficient E,,,, corresponding to the absorption
maximum was 6795 £ 20 M~ cm~! (22°C). The values
of FD solubility Sy were calculated by the following
relation:

SF = (Amax/Emax)Pa

where A4, is the absorbance of an examined diluted
sample at A,,, = 363 nm and P is the dilution of the
sample, which was equal to 101—301 times.

2.2.3. Precise Turbidimetry

Solubility of BR in an aqueous sodium azide solu-
tion was studied by a precise turbidimetry procedure,
which we had developed earlier [58]. The efficiency of
this procedure was confirmed for the determination of
the solubility of lipophilic NSs with low HLB values
and perfluorodecalin in water and aqueous micellar
solutions of hydrophilic NSs [5, 6, 58, 59].

An accurately weighed portion of BR was dispersed
in an aqueous sodium azide solution using a UZDN
ultrasonic disperser (Russia) operating at a frequency
of 22 kHz with subsequent cooling for 1 min. A series
of extremely diluted emulsions with known molar BR
concentrations (Cgg = (0.86—5.02) x 10~* M) was
prepared by diluting the obtained emulsion with the
aqueous sodium azide solution. The resulting emul-
sions were stable to aggregation and sedimentation for
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a long time; their spectra were recorded with an Agi-
lent 8453 spectrophotometer (see Section 2.2.2) in a
wide wavelength range (200—1000 nm) at preset time
intervals 7 after the moment of preparation. These data
were employed to determine the equilibrium solubility
of the studied lipophilic NS in the aqueous sodium
azide solution (Sgg = 9.1 X 10~* M, 22°C) by the pro-
cedure that we had previously described in detail else-
where [5, 6, 58, 59].

2.2.4. Tensiometry at Different Temperatures

Interfacial tension ¢ was measured by the rotating
droplet method with a SITE 100 tensiometer (Kriiss,
Germany), operating in the range of ultralow ¢ values
(lower than 10~ mN/m) and a wide temperature
range (from 0 to 100°C). The rotation rate of a capil-
lary tube 2.5 mm in diameter filled with an examined
aqueous phase was varied from 2000 to 6000 rpm,
while the volume of a nonpolar liquid droplet intro-
duced into the tube was 0.2—1 uL. Being rotated in an
optimum regime, the droplet of the nonpolar liquid
(an NS solution in heptane) acquired a cylindrical
shape. The volume of an introduced droplet and the
rotation rate of the capillary tube were chosen in a
manner such that the length of the nonpolar liquid cyl-
inder was four times larger than its diameter. The
interfacial tension was calculated using the DSA2 soft-
ware (Kriss) directly in the course of the experiment
by the following relation:

G = k@ (py — Po),

where k is an instrument constant, which depends on
the optics magnification factor (3X or 5X); ® is the
angular rotation rate of the capillary tube about its
major axis; r is the radius of the rotating cylindrical
droplet; and p,, and p, are the densities of the aqueous
and oil phases (p,, > p,), respectively, which were
determined by pycnometry with an accuracy of
+0.0005 g/cm? in advance.

The ¢ values of BR solutions in a hydrocarbon (in
the presence and absence of the drug) at the boundary
with the sodium azide solution were begun to be mea-
sured at a temperature above PIT; then, it was gradu-
ally decreased. Readings were recorded every 2—5°C
after thorough thermostating. In a temperature range
of T'< PIT, a sodium azide solution with BR concen-
tration equal to its equilibrium solubility
(Section 2.2.3) was used as an aqueous phase to avoid
intense transfer of the NS from the nonpolar phase to
water, which is accompanied by blurring of the droplet
contour and makes the calculation of the interfacial
tension impossible. The measurements were per-
formed while increasing the temperature. This
enabled us to avoid the problems that the authors of
[60] encountered when unsuccessfully trying to mea-
sure the interfacial tension by the rotating droplet
method at the paraffin oil/water interface in the pres-
ence of mixed HSs (Tw + Span 80 or Brij 96 + Brij 92).

2.2.5. Preparation of Nanoemulsions

O/W nanoemulsions were prepared by the PIT
method [43, 44] taking into account the correspond-
ing temperature values that we had determined for the
emulsion compositions being elaborated. The compo-
sitions were prepared from BR solutions in hydrocar-
bons (heptane or decane) with different concentra-
tions (Cgg = 6.7—16.6 wt %) and the aqueous sodium
azide solution. Hydrocarbon content was, in all cases,
20 wt %. A prepared mixture was placed into a sealed
glass vessel and dispersed for 20 min on a magnetic
stirrer (1200 rpm) at room temperature. Then, the
mixture was exposed for 30 min at PIT in a thermo-
stated chamber (Binder, Germany) under conditions
of forced air circulation and continuous stirring. After
that, the emulsion was abruptly cooled on an ice bath
and stored at room temperature (7, = 22 + 1°C) with
periodic control over particle sizes.

When FD was incorporated into the nanoemul-
sions, an analogous procedure was employed with the
only difference that the used BR solutions in heptane
were preliminarily saturated with FD. In a number of
cases, the aqueous phase contained Tw.

2.2.6. Dispersion Analysis

Particle size distribution in the emulsions was stud-
ied by dynamic light scattering with a Zetatrac™ high-
speed analyzer (NPA152 model, Microtrac Inc.,
United States) operating in the mode of laser diffrac-
tion. A laser diode served as a source of radiation with
a wavelength of 730 nm. An aqueous 0.01 wt %
sodium azide solution, which was used as the disper-
sion medium of the emulsions, served as a
reference medium. For each sample, periodic mea-
surements were performed for 60—120 min with inter-
vals of 3—6 min. The time was counted from the
moment of emulsion preparation. The data obtained
were processed using the Microtrac FLEX Software.
Differential distribution curves characterizing the vol-
ume fraction (or volume percentage) of particles of
each diameter were obtained.

2.2.7. Determination of Felodipine Mass Transfer

The rate of FD mass transfer by dispersed phase
particles of O/W nanoemulsions was measured in a
Franz-type diffusion cell consisting of donor and
acceptor chambers separated with a membrane. MF-
Millipore membranes made of a biologically inert
mixture of cellulose esters (pore diameter, thickness,
and porosity of 0.45 um, 150 um, and 75%, respec-
tively) were used. Such membranes are employed to
analyze the rate of drug release from microemulsions
[61]. A magnetic stirrer and a receptor medium pos-
sessing a high dissolving ability with respect to the
desired component were placed into the acceptor
chamber of the Franz-type cell. A water/ethanol
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Fig. 2. FD absorption spectra used for determining its sol-
ubility in heptane BR solutions with different concentra-
tions (Wt %): (I) 2.0 (by 109 times), (2) 5.8 (109),
(3)6.7 (136), (4 8.0 (136), (5 119 (271), and
(6) 16.6 (301). Parenthetic numerals represent the degrees
of saturated FD solution sample dilution with #-propanol.

binary mixture (60/40, weight/weight) has been rec-
ommended as the receptor medium for FD [62].

Felodipine amount /I that had diffused through

unit area over time ¢ was calculated by the following
equation:

Ix= C¢V/ay,

where Vis the receptor medium volume (7.5 cm?); g,
is the area through which the drug diffuses, this area
being equal to the membrane-covered orifice in the
Fanz-type cell (0.71 cm?); and Cp is the FD concen-
tration in the receptor medium at time moment #,
this concentration being determined by UV spectros-
copy using the extinction coefficient, which we
found for FD in the receptor medium (£5¢, = 6943 +
20 M~ cm™! at 22°C). Samples were taken at preset
time intervals; the undiluted samples were analyzed
and returned into the diffusion cell.

The experiments were repeated five or six times,
and average [y values were calculated. The time
dependences of I were used to determine the rate of
the diffusion mass transfer of the desired component.

3. RESULTS AND DISCUSSION

The PIT values of hydrocarbon/BR/aqueous
sodium azide solution emulsion compositions were
determined by conductometry in the absence and
presence of FD. BR concentration Cgy in a hydrocar-
bon was varied in a range of 2.0—16.6 wt %. The mass
fraction of a hydrocarbon in emulsions was equal
to 0.2.

To incorporate the drug into the emulsions, BR
solutions in hydrocarbons were saturated with FD, the
COLLOID JOURNAL Vol.79
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Fig. 3. Equilibrium isotherm of felodipine solubilization in
heptane BR solutions with different concentrations at
22°C.

concentration of which was determined by UV spec-
troscopy (Section 2.2.2). Figure 2 exemplifies the
absorption spectra that were used to estimate FD sol-
ubility Sy in heptane BR solutions. The FD solubility
linearly increases with BR concentration (Fig. 3)
seemingly due to the solubilization of the studied lipo-
philic drug in reverse BR micelles. The slope of the
Sr(Cgr) solubilization isotherm (Fig. 3) characterizes
the solubilization capacity (SC) of reverse BR micelles
with respect to FD (SC = 0.095 mol/mol), i.e., the
ratio between the numbers of molecules (or moles) of
the solubilisate and solubilizer in micelles. It should be
emphasized that the solubility of FD ina 16.6 wt % BR
solution is nearly 60 times higher than its solubility in
heptane. Thus, the concentration of the drug in
nanoemulsions may be controlled by varying BR con-
centration in the hydrocarbon.

The PIT values were determined from the tempera-
ture dependences of specific conductivity K and its
derivative dx/dT. The most typical results are shown in
Figs. 4—6. The following regularities have been
revealed for the studied emulsion systems.

1. A rise in hydrocarbon molecular mass causes an
increase in PIT at the same component composition
(Fig. 4).

2. The PIT value substantially decreases with a
growth in the concentration of a stabilizing surfactant
in the hydrocarbon (Fig. 5).

3. The introduction of a hydrophilic NS is accom-
panied by an increase in PIT (Fig. 6).

4. FD induces a substantial decrease in PIT at the
same component composition (Fig. 7).
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Fig. 4. Temperature dependences of (a) specific conduc-
tivity and (b) its temperature derivative for hydrocar-
bon/BR/aqueous sodium azide solution systems: (/) hep-
tane and (2) decane. BR concentration in a hydrocarbon is
8wt %.

The PIT values served as the basis for the prepara-
tion of O/W miniemulsions by the method of tem-
perature-induced phase inversion. We have obtained
30 emulsions; however, only those with PIT > T
appeared to be O/W emulsions at room temperature.
When PIT < T, W/O emulsions are formed at 7 =
22°C (Fig. 7), which are outside of the scope of this
communication.

Since we further intend to incorporate O/W
nanoemulsions into solutions of polymer adhesives
with the purpose of developing polymer matrixes for
drug delivery, with strict requirements being imposed
on these matrices concerning the limitation of the
residual content of organic solvents, the main results
were obtained for emulsions based on heptane, which
is more volatile than decane is.

Dispersion analysis was performed for O/W emul-
sions obtained by the PIT method and stored for dif-
ferent time periods (from 0.1 h to 30 days). It has been
shown that the concentration of the basic stabilizing
NS substantially affects their dispersity and stability.
As Cgy is increased, O/W emulsions containing sub-
micron particles growing with time and having a wide
size distribution (Fig. 8a) transform into emulsions
having a bimodal distribution and containing fraction
of nanosized droplets (Fig. 8b) and, further, to stable

K, uS/cm (a)
Ty
200 4 |
160 F | 1
120 + I
80 |
40 F |
PIT PIT
O 1
10 20 30 40 50
b T,°C
dx/dT, uS/(cm deg) ®)
100 -
S0 20 3 PIT
7 *
_5ol0 > 40 * 5C0
—100 | i 4 & ’
—150 e A <
—200 - 4 ‘e
A 4
—250 5 A )
—300L 2

Fig. 5. Determination of PIT from the temperature depen-
dences of (a) specific conductivity and (b) its temperature
derivative for heptane/BR/aqueous sodium azide solution
emulsions at different stabilizer concentrations: (/) 8.0,
(2) 11.9, (3) 12.8, and (4) 16.6 wt %.

nanoemulsions with a narrow particle size distribution
(Fig. 8c).

To answer the question as to the identity of the rea-
sons for the different results of the PIT method, pre-
cise measurements of interfacial tension ¢ were per-

K, uS/cm
180
160 +
140
120
100
80
60
40
20

0 . e
20 25 30 35 40

Fig. 6. Temperature dependences of specific conductivity
for heptane/BR/aqueous sodium azide solution systems in
the (/) absence and (2) presence of Tw. Concentrations of
BR in heptane and Tw in water are 11.9 and 0.9 wt %,
respectively.
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CBR’ wt %

Fig. 7. Dependences of PIT values on NS concentration in
heptane solutions for heptane/BR/aqueous sodium azide
solution systems in the (/) presence and (2) absence of FD.

formed for BR solutions in heptane at a boundary with
an aqueous sodium azide solution at different tem-
peratures in the absence and presence of FD (Fig. 9)
and for a 8 wt % BR solution in decane (Fig. 10). The
minima in the 6(7) dependences corresponded to the
PIT values of the studied emulsion systems and were
in good agreement with the conductometry data (Fig.
7). These dependences were also used to determine the
values of the interfacial tension at 7y g and T,

The comparison between the tensiometry and dis-
persion analysis data has shown a reliable correlation
between the values of interfacial tension at PIT and T
and the properties of the obtained emulsions (see
Table 1). It is obvious that the lower the interfacial ten-
sion at the temperature of HLB the more intense the
dispersion process, which is initiated by the intense
NS mass transfer to the aqueous phase upon rapid
cooling. In this case, smaller particles of dispersed oil
phase will be formed. Moreover, the lower ¢ at the
interface in an emulsion at Ty, the less intense the pro-
cesses of emulsion degradation via coagulation,
coalescence, and Ostwald ripening and the more sta-
ble an obtained O/W emulsion will be.

It should be especially emphasized that the results
of our tensiometric measurements are in good agree-
ment with the data of frequently-cited work [63] (see,
e.g., [64, 65]), in which interfacial tension 6, has been
measured for microemulsions, which belong to
types I, 11, and 111 according to Winsor’s classification
and are based on water/n-alkan/alkyl polyglycoesters
of different structures systems. For type-I microemul-
sions, G,, corresponds to the interface between an
O/W microemulsion and an excess oil phase occurring
at equilibrium with it. For type-II microemulsions, it
corresponds to the interface between a W/O micro-
emulsion and an equilibrium excess aqueous phase.
For type-1II microemulsions, it characterizes the
interface between equilibrium excess aqueous and oil
phases (with a bicontinuous microemulsion located
between them), the necessary amounts of which have
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Fig. 8. Differential curves of dispersed phase particle size
distribution for heptane/water emulsions obtained at BR
concentrations of (a) 8.0, (b) 11.9, and (c) 12.8 wt % and
different durations of storage at 22°C: (a) (/) 0.1, (2) 3,
(3) 4.5, (4) 22, and (5) 120 h; (b) (1) 25, (2) 45, (3) 69, and
(4) 117—496 h; and (¢) (1) 18, (2) 69, (3) 140, and (4) 720 h.

been taken from a three-phase system and artificially
brought into contact in a Spinning drop tensiometer
[63]. As the temperature is elevated, the I — 111 — 11
structural transformations occur in the microemul-
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Fig. 9. Temperature dependences of interfacial tension at
heptane BR solution/aqueous sodium azide solution inter-
faces at different NS concentrations in the (a) absence and
(b) presence of FD: (a) (1) 8.0, (2) 11.9, and (3) 12.8 wt %
and (b) (1) 6.7, (2) 8.0, (3) 11.9, and (4) 16.6 wt %. BR
solutions in heptane are saturated with FD.

sions, and the temperature dependence of 6, exhibits
a minimum (~10~> N/m) corresponding to a micro-
emulsion with a bicontinuous structure [63]. Since the
polytherms of interfacial tension (Figs. 9, 10) are sim-
ilar to the 6,,(7) dependences [63], and the values of
¢ at PIT correspond to the minimum and amount to
~107°—10"7 N/m (see Table 1), it may be assumed that
bicontinuous microemulsions are formed in the exam-
ined systems at PIT.

The tensiometry data were taken into account
when analyzing the effect of Ostwald ripening (OR) on
the dispersity and stability of emulsions using the Lif-
shitz—Slyozov—Wagner (LSW) equation, according to
which, the rate of OR under quasi-stationary condi-
tions is constant and determined as follows [66—68]:

0= dr} [dt = 86DC..V,/9RT = dr}, [dt,

where r, is the critical radius characterizing particles
that, at a given time moment, are in unstable equilib-
rium with a dispersion medium, with the sizes of par-
ticles having r < r. decreasing, while the sizes of parti-

o, mN/m
1~
Ty
I
|
0.1 +
|
0.01 | |
|
|
0.001 + :
|
0.0001 i ! . J
0 20 40 60 80

T,°C

Fig. 10. Temperature dependence of interfacial tension for
8 wt % BR solution in decane at an interface with an aque-
ous sodium azide solution.

cles with r > r, are increasing; r,, is the average particle
radius that approximates r, [69, 70]; D is the diffusion
coefficient of dispersed phase molecules in a disper-
sion medium; and concentration C,, is expressed as
volume fraction [69, 70].

At Cgr = 8 wt %, when the values of the interfacial
tension for both studied hydrocarbons at 7 are rather
close to each other (Table 1), polydisperse emulsions
are formed with submicron particle sizes (Fig. 8a).

Figure 11 shows the "a3v(’) dependences for such emul-
sions. The maximum rates of droplet growth of 383
and 19 nm?/s for heptane- and decane-based
miniemulsions, respectively, were determined from
the initial linear parts of these dependences. The
higher degradation rate for miniemulations with
hydrocarbon more soluble in water confirms the sub-

stantial effect of OR. However, the "a3v(t) dependences
are nonlinear and cannot be described by the LSW
equation (Fig. 11). The parameters of this equation
used in the calculations, as well as the calculated val-
ues of OR rate (w;gyw), are presented in Table 2. The
data obtained have shown that the particles grow due
to OR and coalescence.

When the interfacial tension at 7 decreases to
~6 X 10~ N/m, the PIT method yields emulsions that
have a bimodal particle size distribution with a sub-
stantial fraction of nanosized particles (Table 1,
Fig. 8b). At 6 values of ~10~7 and 10-°® N/m at PIT
and T, respectively, this approach ensures the forma-
tion of stable O/W nanoemulsions with a narrow par-
ticle size distribution (Table 1, Fig. 8c).

Thus, the temperature dependences of the interfa-
cial tension at the dispersed phase/dispersion medium
model interfaces plotted for the range comprising PIT
and T make it possible to predict the perspectives for

COLLOID JOURNAL Vol.79 No.1 2017
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Table 1. The values of PIT and interfacial tension at a dispersed phase/dispersion medium boundary at PIT and

9

T, the

st>

type of emulsions resulting from phase inversion in hydrocarbon/BR/aqueous sodium azide solution systems with different
concentrations of the stabilizer in the presence and absence of incorporated felodipine

o o Type of emulsion
CBR’ wt % PIT, C PIT — 7;t, C GP]T’ N/m GTSt’ N/m at 7.;t — 220C
without felodipine
with n-decane
Oo/W
8.0 50.9 28.9 1.8 x 10°° 74 % 1073 monomodal
polydisperse
with n-heptane
Oo/W
8.0 45.0 23.0 2.0x10°° 6.0 x 10> monomodal
polydisperse
Oo/W
11.9 29.3 7.6 3.0 x 10~ 5.5 x 10-6 bimodal
with a nano-
disperse fraction
o/W
12.8 26.7 4.7 1.4 x 1077 3.5 % 10~° nanoemulsion,
d,, = 150 nm
16.6 20.0 2.0 — — W/0
with felodipine
with n-heptane
Oo/W
6.7 28.1 6.1 6.4 x 107 57 % 10-6 bimodal
with a nano-
disperse fraction
o/W
8.0 25.1 3.1 4.0x 1077 2.3 x 10~° nanoemulsion,
d,, = 150 nm
11.9 17.1 —4.9 — - W/0
12.8 16.5 -5.5 — - W/0
16.6 15.9 —6.1 — — W/0

the preparation of stable O/W nanoemulsions by the
PIT method.

It has been established (Figs. 7, 9) that FD
decreases PIT and noticeably reduces (from 12.8 to
8 wt %) the basic stabilizing NS concentration opti-
mum for the formation of O/W nanoemulsions; i.e., it
acts as a cosurfactant, which is incorporated into the
adsorption layer of the basic NS and hydrophobizes it.
This limits the feasibility of elevating FD concentra-
tion in O/W nanoemulsions by increasing Cgy (see
Fig. 3), because, at concentrations higher than 9.5 wt
%, the PIT values appear to be lower than room tem-

COLLOID JOURNAL Vol.79

No.1 2017

perature, thus corresponding to the formation of W/O
emulsions (Fig. 7).

The incorporation of a hydrophilic surface-active
additive (Tw, 0.9 wt %) has made it possible to reach
an optimum PIT value (26.7°C) at a higher BR con-
centration (11.9 wt %) and, accordingly, a higher con-
tent of FD in a nanoemulsion (6.25 x 10~3 M, which
is 2840 times higher than that in water). The developed
O/W nanoemulsion (7,, = 75 nm) with a narrow parti-
cle size distribution appears to be stable for a month or
longer. It ensures a much more efficient FD mass
transfer through a model membrane than a micellar
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3

3 -7
ry” x 1077, nm

0 30 60 90 120
t,h

Fig. 11. Time dependences of cubed average particle radii
for submicron hydrocarbon/water emulsions stabilized
with BR (8 wt %): (I, I') heptane, (2, 2') decane, (I, 2)
experimental data, and (7', 2') data calculated by the LSW
equation.

solution of Tw with a corresponding concentration
does (Fig. 12).

4. CONCLUSIONS

The effect of lipophilic drugs on the interfacial ten-
sion at an oil + NS/water interface, which simulates
interfaces of corresponding emulsions, in the vicinity
of PIT has not been studied previously. However, the
stability and dispersity of emulsions obtained by the
method of temperature-induced phase inversion
depend namely on the interfacial tension at the dis-
persed phase/dispersion medium interface.

For hydrocarbon/BR/aqueous sodium azide solu-
tion systems (in the presence and absence of FD addi-
tives), conductometry, tensiometry, and dispersion
analysis data have revealed a correlation between the
values of the interfacial tension at a dispersed
phase/dispersion medium interface at PIT and T
(22°C) and the dispersity and stability of O/W emul-

I, ug/cm?
1400 -

1200
1000
800
600
400
200

0 10 20 30 40 50
t,h

Fig. 12. Time dependences of felodipine mass transfer by
(1) droplets of the heptane/water nanoemulsion stabilized
with BR (11.9 wt %) and Tw and (2) Tw micelles [3]. In
both cases, Tw concentration in the aqueous phase is
0.915 wt %.

sions. For example, nanoemulsions (average droplet
radius r,, < 85 nm) with a narrow monomodal particle
size distribution (stable for a month) are certainly
formed when the interfacial tension at PIT isin a range
of (1.4—4.0) x 1077 N/m, while, at T, it is no higher
than 3.5 X 10~° N/m.

Thus, it has been proven that the analysis of the
temperature dependences of the interfacial tension at
hydrocarbon NS solution/water interfaces simulating
interfaces in emulsions is efficient from the point of
view of predicting an optimum composition for
obtaining stable O/W nanoemulsions by the PIT
method.

It has been established that FD plays the role of a
cosurfactant, which is incorporated into an adsorption
layer of a basic stabilizing NS to increase the interfa-
cial tension at a dispersed phase/dispersion medium
interface and decrease the PIT value. Therewith, the
concentration of the basic HS in a composition opti-
mum for the formation of O/W nanoemulations must
be rather low.

Table 2. The values of the parameters entering into the Lifshitz—Slyozov—Wagner equation and the rate of OR (®; gw)
for hydrocarbon/water miniemulsions stabilized with BR (8 wt %)

Parameter® n-Heptane n-Decane
D, m%/s 7 % 10710[71] 5.9 x 10710
V.., m3/mol (22°C) 1.47 x 1074 1.95 x 104
C., volume fraction 5.0 x 1070 [72] 7.0 x 1078
Op sw» nm3/s 11.0 0.2

*The values of ¢ are presented in Table 1.

COLLOID JOURNAL Vol.79 No.1 2017
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The PIT method has been employed to obtain a
stable heptane/water nanoemulsion (r,, = 75 nm) sta-
bilized with BR and Tw; the nanoemulsion has a high
solubilization capacity with respect to FD and pro-
vides efficient transfer of this drug through a model
membrane.
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