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In the present work, nanoemulsions were fabricated utilizing the high-energy emulsification method. The selection
of the ratio of surfactant (tween 80)/co-surfactant (lauroglycol 90) mixtures (S ;) used for the preparation of
nanoemulsion was done on the basis of the area occupied by S . molecules at the interface. A , at the interface
gives the information about the molecules that adsorb at the oil-water interface pack together. The small value of
A . indicates that strong adsorption has taken place at the oil-water interface. Moreover, it indicates a close contact
between oil and water too. Molecular orientations of surfactant molecules at this ratio are nearly perpendicular
to the interface, providing a more close packing thereby producing a more stable nanoemulsion. A composition
that contains different ratios of surfactant (tween 80)/co-surfactant (lauroglycol 90) mixtures (S _. ) was prepared
to achieve a small A value. Surface tension value was used to estimate the area per molecule and surface excess
concentration. The value of A for S . ratios 1:0, 1:1, 2:1, 3:1, 4:1, 5:1, 1:2, and 1:3 were found to be 0.83, 0.82,
0.70, 0.62, 0.54, 0.60, 0.86, and 0.87, respectively. Among these S . ratios, ratio 4:1 was selected for preparing the
nanoemulsion as it exhibited the low A, required for optimum emulsification conditions. It can be inferred that the
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ratio for producing a stable
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INTRODUCTION

Nanoemulsions, stabilized by nanoparticle-sized
surfactant molecules, consist of transparent dispersions with oil
and water [1,2]. These are kinetically stable systems in which
stability is maintained for months [3-6]. Nanoemulsions’
kinetic stability, largely influenced by droplet size, makes them
insensitive to gravitational forces and reduces attractive forces
between droplets [5—8]. Moreover, the formulation also does
not get destabilized by droplet’s flocculation [9].

Surfactants are generally used in the production of
nanoemulsions as they lower the interfacial tension between
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two liquids by getting adsorbed at the interface of oil-water
leading to the formation of droplets coated with surfactant;
which if further sheared, become interconnected and lead to
breaking of droplets into fine ones. As a result of the coating,
the movement of oil molecules from the droplet to the bulk
aqueous phase is inhibited thereby preventing coalescence or
flocculation of the droplets.

Surfactants are commonly small-chain fatty acids or
alcohols that are soluble in both water and oil. A molecule’s
hydrocarbon portion determines its solubility in oil. In contrast,
the polar -COOH and -OH groups have an affinity for water that
allows a long chain of nonpolar hydrocarbons to dissolve in it.
When these molecules are located at an air/water or oil/water
interface, the hydrophilic (water-loving) groups may be trapped
in the aqueous phase, while the hydrophobic (water-hating)
chains can be released. Surface activity is the adsorption, at an
interface, of a monomolecular layer (or monolayer) of oriented
surfactant. In other words, surface tension at the interface of air
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and liquid is the free energy essential for the enlargement of
the surface per unit area of the solution. When surfactants are
added to a liquid system, the surface tension is reduced owing
to the adsorption of these molecules as monolayers. Surface
excess concentration (I') is a quantity of surfactant adsorption
at liquid surfaces. This is the excess total of surfactant per unit
area of the surface over the amount that would be present if
the surfactant concentration were uniform all the way to the
surface. More adsorption of surfactant/co-surfactant mixture
(S,,.) at the interface leads to a reduction in surface tension.

When surfactant alone fails to sufficiently reduce
interfacial tension for nanoemulsion, short-chain co-surfactants
are added to achieve near-zero tension. Co-surfactants easily
penetrate into the surfactant monolayer and get themselves
occupied at empty areas between surfactant molecules resulting
in more interfacial fluidity and lowering in bending force of oil—-
water interface. Therefore, the interfacial film becomes more
flexible, and various film curvatures are formed, which are later
required for nanoemulsion formation. One more objective of
adding co-surfactant in formulation is to reduce the amount
of surfactant required. The proper selection of co-surfactants
and surfactants and the determination of their minimum
concentration in a formulation is important.

The impact of surfactants on reducing interfacial
tension is crucial for stabilizing oil/water nanoemulsions. As an
example, a hydrophobic surfactant in the oil droplet increases
the interfacial tension at the interface, while a hydrophilic one
reduces it. In contrast, emulsifiers with more than one molecule
at the interface result in a greater reduction of interfacial tension
in comparison to surfactants with only one molecule. Throughout
the emulsion system, the temperature exaggerated the reduction
of interfacial tension, even though the concept of hydrophilic—
lipophilic balance (HLB) number focuses on the surfactant
molecule itself, not its interactions with water and oil [10].

In one of'the previous studies by Mehta et al. [ 11], water
and diesel nanoemulsion have been prepared where a selection
of S . has been done based on surfactant thermodynamic
properties such as minimum surface area per molecule (A )
and surface excess concentration (I' ). This approach has
been used in other published works also where nanoemulsions
have been prepared for a pesticide [12], for water-in-diesel fuel
nanoemulsion [13].

For nanoemulsions of drugs, the assortment of co-
surfactant and surfactant has been based on the miscibility
studies, solubility studies, and HLB value and selection of S__
ratio has been done from the pseudoternary phase diagram in
almost all the published works [14—17]. Other criteria that can
be used for the selection of S_. ratio are based on surfactant
thermodynamic properties such as A and I [18]. The
value of A__ implies the mean area engaged by each adsorbed
molecule at the interface [11]. The smallest A . and the largest
I" value of surfactant indicates that the surfactants are crammed
more closely and adsorbed more powerfully at the interface thus
increasing the strength of the interfacial film and ensuring that
the resultant nanoemulsion formed will exhibit greater physical
stability.

The formulation of selegiline nanoemulsion has
already been published whereby the criteria for the selection

of S _. ratio has been reported on the basis of the construction
of a pseudoternary phase diagram [19]. The objective of this
paper is to select a ratio of surfactant and co-surfactant for the
preparation of nanoemulsion on the basis of A value. To the
best of our knowledge, the calculation involved in determining
the A . used for selecting S . ratio has not been reported in
detail.

EXPERIMENTAL SECTION

Materials

A gift sample of selegiline was provided by Sun
Pharmaceutical Industries Ltd., New Delhi, India, Lauroglycol
90 from Gattefosse, Saint Priest, Cedex, France and Sefsol 218®
from Nikko Chemicals, Tokyo, Japan. Tween 80 was procured
from Merck, Mumbai, India, and grape seed oil from Falcon,
Bengaluru, India. All other solvents and chemicals used during
the experiments were of analytical grade.

Screening of S__ on the basis of minimum surface area per
molecule (A )
min

In the present study, Tween 80 was used as the
surfactant and lauroglycol 90 as the co-surfactant. The chemical
structures of Tween 80 and lauroglycol 90 are presented in
Figure 1.

Surface tension measurement

Different molar concentrations of S . were prepared
and the surface tensions were calculated at room temperature
(20°C = 2°C) using a stalagmometer that was previously
calibrated with distilled water before use. The surfactant
solution (S_. ) was freshly prepared for measurement. Table
1 explains the preparation of different concentration (mol/l)
solutions of tween 80 and lauroglycol 90. For example, to
prepare 0.00001 mol/l solution of tween 80 about 0.0123 ml of
tween 80 was dissolved in water (q.s. 11). Table 2 explains the
preparation of different concentration (mol/l) solution of S__ .
The stalagmometer was filled with the experimental liquid.
The numbers of drops were counted as the meniscus moved
from the upper mark of the stalagmometer to the lower mark.
Similarly, the stalagmometer was filled with reference liquid
(i.e., water), and numbers of drops were counted. The surface
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Figure 1. Chemical structure of Tween 80 and Lauroglycol 90.
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Table 1. Preparation of different concentration (mol/l) of Tween 80 and Lauroglycol 90 solutions.

Tween 80 Lauroglycol 90
Concentration
(mol/l) Amount of tween 80 dissolved  Volume (ml) of tween 80  Amount of Lauroglycol 90 Volume (ml) of Lauroglycol 90
in water (gs. 11)* dissolved in water (qs. 11)°  dissolved in water (gs. 1 1) dissolved in water (qgs. 1 1)
0.00001 0.0131 0.0123 0.00254 0.00249
0.0001 0.1310 0.1230 0.02584 0.02490
0.001 1.3100 1.2350 0.25840 0.24900
0.01 13.1000 12.3500 2.58400 2.49400
0.1 131.0000 123.5000 25.84000 24.9400
*molar mass of tween 80 x concentration (mol/l).
®Amount (g) converted to volume by dividing with density.
Table 2. Volume (ml) of S, dispersed in water (gs. 1 1) to prepare _1 dy
different concentration (mol/l) solutions of S L= ————— 11 2)

Volume (ml) of S__

S, (Tween 80:
Lauroglycol 90) Concentrations (mol/l)
0.00001 0.0001 0.001 0.01 0.1

1:0 0.0123° 0.1230 1.2350  12.3500 123.5000
1:1 0.0070 0.0730 0.7420  7.4220  74.2200
2:1 0.0090 0.0900 0.9000  9.0000  90.0000
3:1 0.0090 0.0980 0.9800  9.8000  98.0000
4:1 0.0100 0.1000 1.0000  10.0000 100.0000
5:1 0.0100 0.1060 1.0660  10.6600 107.0400
1:2 0.0050 0.0570 0.5700  5.7000  57.7000
1:3 0.0040 0.0490 0.4900  4.9000  49.0000

“Volume (ml) of tween 80 dissolved in water (gs. 1 1) x (percentage of tween +
100) + Volume (ml) of lauroglycol 90 dissolved in water (gs. 1 1) x (percentage
of lauroglycol + 100).

tension for the different S ; was calculated using equation (1),
as explained previously [20]

d
Y=Y, x %< (1)

n, dz

where n, and n, are the number of drops produced by
the same volume of the two liquids, y, and y, are the surface
tension of test liquid and water (or reference), n, and n, are the
number of drops of test liquid and water, and d, and d, are the
density of test liquid and water (i.e., 0.800 g/cm?), respectively.
Here, y, was 72 dyne/cm at 20°C. The value of d, was determined
using the specific gravity bottle method.

Surface excess concentration (I, )

I’ . is aparameter used for determining the maximum
adsorption efficiency that can be achieved by surfactants at
liquid/liquid or liquid/air interface. In general, higher /" at the
interface means an accretion of larger surfactant molecules may
develop binding strength that consequently produces a stable
emulsion [21]. I’ can be determined from equation (2), as
explained previously [18,22-24].

2303 RT dlge

where I' s the number of molecules adsorbed
per unit area of interface (mol/cm?), y represents the surface
tension (units: mNm™'), 7 is the absolute temperature, R is the

dy . .
gas constant (8.314 Jmol'K™), and [dl_Y] is the slope obtained
gc

from the plot between surface tension and log concentration of
surfactant which normally shows a linear decrease pattern.

Minimum surface area per molecule (4,,)

A isthe minimum area per molecule in nm*/molecule
at the interface. Lesser the area engaged by surfactant per
molecule, the more stable will be the resulting nanoemulsion as
the molecules will strongly adsorb themselves at the interface
and the direction of the surfactant molecule at the interface will
be at right angles to the interface. Alternatively, surfactants
occupying a huge surface area per molecule will lead to the
adsorption of molecules resulting in parallel packing. The
average area occupied by each adsorbed molecule is given by
the following equation explained previously [14,17-19]:

10[4
A== 3)

max

where N is Avogadro’s number (6.023 x 10%
molecules/mole).

Nanoemulsion formation

Selegiline (55 mg) was dissolved in the oil phase by
using a Vortex Mixer (Nirmal Instrument, India). A specific
quantity of S . was mixed. The resultant solution was mixed
with distilled water under constant stirring and then this
premix was homogenized using a high-speed homogenizer
(Heidolph, Germany) for 15 minutes at 25°C + 1°C to form a
coarse emulsion. Finally, the resulting premix was processed
with a high-pressure homogenizer (STANSTED® pressure Cell
Homogeniser, Essex CM19 5FN, UK) to form nanoemulsion
[19,25,26].

Characterization of nanoemulsion

Nanoemulsion droplet size was evaluated by Zetasizer
Ver 6.01 (Malvern Instruments, Ltd, UK). Formulation (1 ml)
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Table 3. Surface tension values of different S,

Surface tension (mNm™) + S.D.

S, (Tween 80: Concentration (mol/l)
Lauroglycol 90)
0.00001 0.0001 0.001 0.01 0.1
1:0 87.84 +7.02 84.46 +£6.33 69.72 +5.63 57.79+5.17 48.80 + 4.64
1:1 86.84 + 6.85 84.18 £ 6.21 64.67 +5.47 56.81+5.09 4793 +£4.43
2:1 86.77 £ 6.76 84.00+6.16 50.12+4.77 46.00 + 4.22 4437+ 4.15
3:1 86.56 + 6.74 83.68 £ 6.12 47.41+4.29 40.09 +3.79 38.85+3.55
4:1 86.12 £ 6.55 82.87 £ 6.04 39.93 +£3.63 33.78 £3.39 31.37+3.12
5:1 87.84 +£7.01 84.46 + 6.49 63.67 +£3.87 39.30+3.48 38.53+3.27
1:2 88.41 +7.32 86.30 + 6.62 71.01 +5.88 60.48 +5.22 51.39+4.83
1:3 89.71. +£7.81 87.52+6.93 73.01 £5.92 63.45+5.39 52.36 £4.96
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Figure 2. Plots of surface tension (mNm') versus log concentration for different surfactant: co-surfactant
ratios (or S . ). (a) 1:0; (b) 1:1; (c) 2:1; (d) 3:1; (e) 4:1; (f) 5:1; (g) 1:2; (h) 1:3.

mix-
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Table 4. Surface properties of mixed surfactants with different
mixing ratios.

T —
90) dige cm?) molecule)
1:0 —-10.47 2.00 0.83
1:1 -10.51 2.01 0.82
2:1 —-12.28 2.34 0.70
3:1 -13.90 2.65 0.62
4:1 —-15.85 3.03 0.54
5:1 —-14.37 2.74 0.60
1:2 -9.98 1.91 0.86
1:3 —9.87 1.88 0.87

was taken in a cuvette and mean droplet size and droplet size
distribution (PDI) were determined at room temperature
(25°C £ 2°C). The percentage transmittance of undiluted
formulation was recorded by using a UV-visible double
beam spectrophotometer at 630 nm. The refractive index
of the formulation was examined at 25°C + 2°C by using an
Abbe’s-type refractometer (Guru Nanak Instruments, New
Delhi, India). Zeta potential is a parameter to evaluate the
surface charge of dispersed phase droplets; it was measured
on the basis of electrophoretic mobility of the dispersed phase
droplets by using Zetasizer (Nano-ZS, Malvern Instruments,
Worcestershire, UK). Determination of zeta potential was done
at a temperature of 25°C + 2°C.

RESULTS AND DISCUSSION

Several authors have reported that surfactant mixtures
result in the formulation of emulsions with the smallest size and
greater stability as compared to the emulsions produced using
only one surfactant [27,28]. It is possible that this phenomenon
is caused due to the fact that the surfactants mixed together can
develop a film around dispersed droplets and by strengthening
the interfacial film, the droplets are able to maintain their
stability [9,29]. It is supposed that the lipophilic and hydrophilic
emulsifiers are aligned with each other in a system of this kind
providing emulsifier film with an enhanced rigidity and strength
by hydrogen bonding [28].

In the present study surface tensions for different
S, were evaluated and are listed in Table 3. A graph of log
concentration of S . versus surface tension (y) showed that
surface tension decreased linearly with surfactant concentration
(Fig. 2). The value of I’ and A , were determined by using
equations (2) and (3), respectively. Table 4 indicates that S__
ratio 4:1 had the highest value of I, (3.03 x 1073 mol/l) and
S, ratio 1:3 had the lowest value (1.88 x 10~ mol/l). On the
other hand, S ; ratio 1:3 had the highest value of A . (0.87 x
107 nm*/molecule) and S__ ratio 4:1 exhibited the least value
of A . (0.54 x 107 nm*/molecule), whereas S__ ratios 1:0, 1:1,
2:1, 3:1, 5:1, and 1:2 had middle value between A . values
of S . ratio 1:3 and 4:1. This may be due to the structure and
hydrophobicity of tween 80 and lauroglycol 90. Lauroglycol
90 possesses low molecular weight and a hydrophilic group

therefore less number of lauroglycol molecules were required
to attain the o/w interface till saturation. Thus, the lowest
surface area per surfactant molecule (A . ) was augmented as
the concentration of lauroglycol increased. Moreover, a large
hydrophobic group was responsible for the fewest moles of
lauroglycol being occupied per cm? to reach surface saturation.
There is a large surface area per molecule occupied by these
hydrophobic groups; this allows the molecule to be adsorbed
and packed parallelly [10,22].

Since both the surfactants, i.e., tween 80 and
lauroglycol 90 have different solubility in water, the less water-
soluble one (lauroglycol 90) will transfer more hastily between
the oil-water interface compared to tween 80, when mixed
together, because the surfactant with minor head group adsorbs
more at the interface [ 10]. It can be proposed that the orientation
of oil-soluble surfactant at the water-in-oil interface protrudes
hydroxyl groups into the aqueous phase, facilitating them to
develop hydrogen bonds with the water molecules, thereby
decreasing reducing the superfluous link between hydrocarbon
chains and water molecules, which consequently, as a result,
promote compatibility of both surfactants at the interface [28].

When the ratio of tween 80 and lauroglycol 90 was 4:1,
the S . exhibited alow value of A, proposing that the oil/water
interface was tightly packed thus, at the interface, the surfactant
molecules were tilting almost perpendicularly [22]. In this way,
the tween 80 and lauroglycol molecules in a 4:1 ratio packed
themselves most closely at this ratio. It also suggests that as
compared to the other ratios of S__ , they absorbed sturdily at
the interface therefore enhancing the potency of the interfacial
film. In contrast to 4:1, other mixing ratios had slightly higher
values of A ., and the nanoemulsion stability decreased
concomitantly. The nanoemulsion with tween 80: lauroglycol
90 ratio of 4:1 displayed good stability revealing that using a
4:1 mixer ratio, surfactant mixtures produced better synergistic
effects and surface activity. The selection of 4:1 ratio among all
S, ratios was justified based on the A . value required (i.e.,
the smallest) for the production of a stable o/w nanoemulsion.

It is reported that a low value of A . corresponds to
an interfacial system with low free energy that promotes the
forming of microemulsions, as a result, their stability will
increase and at the interface, it facilitates molecular exchange.
In other words, low A . means that the S_. molecules removed
from the interface to the adjacent bulk phase require lower
energy [30].

The droplet size and polydispersity index (PDI) value
of selegiline nanoemulsion were found to be 61.43 = 4.10 nm
and 0.203 + 0.005. This PDI revealed that the formulation had
narrow size distribution as well as droplet size uniformity.
The confirmation of nanoemulsion stability involves assessing
transmittance, a parameter closely linked to droplet size.
Therefore, any fluctuation in transmittance indicates alterations
in droplet size and distribution. In the case of selegiline
nanoemulsion, a transmittance of 98.80% =+ 0.04% was
observed, indicating its transparency and clarity. Nanoemulsion
showed a refractive index of 1.30 + 0.01, implying the isotropic
nature of the formulation. The determined zeta potential
for nanoemulsion was found to be —34 mV suggesting the
production of a stable formulation.
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CONCLUSION

The present work revealed that the optimum A__ value
could be used for the screening of S__ . As per the literature search,
generally, screening of S . ratio for preparation of nanoemulsion
has been carried out on the basis of a pseudoternary phase diagram
which seems to be a time-consuming approach whereas in the
present discussed approach the most favorable S . ratio was
identified by calculating thermodynamic properties including
I' . andA . . Thisapproach is less time-consuming and provides
an understanding of the wrapping of surfactant molecules at the
oil-water interface so that one can understand the surfactant’s
orientation at an interface which in turn provides information
regarding the stability of the formulation. The discussed
approach is very simple and less time consuming to screen out
the surfactant mixture ratio for the production of nanoemulsion.

LIST OF ABBREVIATIONS

I' .. Surface excess concentration; A ., Minimum
surface area per molecule; S . , Surfactant mixture.
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