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ABSTRACT - Purpose. The aim of study is to investigate role of co-surfactant in self-emulsification
process through rheological analysis of intermediate liquid crystalline (LC) phase formed during self-
emulsification. Methods. To mixture of Captex® 200P (C200) and Tween 80 (T80) (SES Plain), either
medium hydrocarbon chain co-surfactant (Capmul® MCM (CMCM): SES C) or long hydrocarbon chain co-
surfactant (Peceol™ (P): SES P) was added separately at different concentration levels. Self-emulsification
was monitored by visual observations, turbidimetric and droplet size measurement. Mesophases obtained by
30% v/v aqueous hydration of SES were characterized by polarizing microscopy, differential scanning
calorimetry (DSC) and rheological studies. Results. SES Plain exhibited ‘bad’ emulsification owing to
instantaneous gel formation in aqueous media. Almost all SES C have shown ‘good’ emulsification with
transparent appearance, very low turbidity value and nano size droplets. All SES P presented ‘moderate’
emulsification with milky appearance, high turbidity value and coarse droplets. Polarizing microscopy
revealed formation of lamellar phase in hydrated SES Plain and in all SES P while almost all hydrated SES
C exhibited formation of micellar cubic phase. In DSC studies, higher extent of LC phase formation was
observed in SES C as compared to SES P. Rheological study clearly demonstrated presence of elastic and
partially recoverable mesophase in SES Plain, which was transformed into a viscous and non-recovering
mesophase with addition of CMCM while there was no change in rheological status of SES Plain after
addition of P. The weak and viscous LC phase in SES C must have not presented any resistance to strain
induced deformation. Therefore, it might have ruptured easily and quickly, releasing jet of nanosize droplets
whereas elastic mesophase in SES P might have ruptured with little resistance resulting in coarse droplets.
Conclusion. The ability of co-surfactant to promote self-emulsification was attributed to their influence on
viscoelastic properties of intermediate LC phase.

INTRODUCTION However, the ability of co-surfactant with a
specific ~ composition to  promote  self-
Self-emulsifying system (SES) has emerged as emulsification is still not completely revealed
one of the most promising and efficient oral 4,5).
delivery system for lipophilic drugs. Their ability In spite of various attempts to understand
to enhance oral bioavailability of these drugs, the mechanism of self-emulsification, the process
ease of manufacturing and commercial is still not well elucidated (3, 5). However,
applicability present these as delivery system of according to Reiss (6), self-emulsification occurs
choice (1-3). SES is isotropic mixture of oil and when the entropy change that favours dispersion
hydrophilic surfactant, which spontaneously is greater than the energy required to increase the
emulsify when introduced in aqueous media surface area of the dispersion. For a system to
under mild agitation. However, a third self-emulsify, the interfacial tension between oil
component, a lipophilic surfactant is added as a and water interface must be very low or negative
co-surfactant to this mixture to decrease and hydrophilic surfactant alone or in
emulsification time and droplet size achieved combination with lipophilic co-surfactant lowers
after self-emulsification. The self-emulsification the interfacial tension to a very low value (7).

is observed with particular co-surfactant and
specific ratio of oil: surfactant: co-surfactant can
lead to efficient selfeemulsification i.e Correspondence Author: Prof. Anant R. Paradkar, Institute
Isificati h ed dropl e of Pharmaceutical Innovation, University of Bradford,
emulsification with lower or nano sized droplets. Bradford, West Yorkshire, BD7 IDP, United Kingdom.
E-mail: A. Paradkar@Bradford.ac.uk
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ABBREVIATIONS. CIPAC, Collaborative
International Pesticide Analytical Council; CMCM,
Capmul® MCM; C200, Captex® 200P; DSC,
differential scanning calorimetry; DW, distilled
water; Dsp volume median diameter; G’, elastic
modulus; G*, loss modulus; Hz, Hertz; LC, liquid
crystalline; LVR, linear viscoelastic region; P,
Peceol; Pa, Pascal; SBW, structurally bound water
ratio; SEDDS, self-emulsifying drug delivery
system; SES, self-emulsifying systems; SES C,
SES with Capmul® MCM as co-surfactant; SES P,
SES with Peceol® as co-surfactant; SD, standard
deviation; T80, tween 80; tan 6 , loss tangent; 9,
phase degree

Improvement in self-emulsification with addition
of co-surfactant was attributed to their ability to
increase the fluidity of interfacial surfactant film
and thereby decreasing bending stress at droplet
curvature, which results in smaller droplets after
emulsification (7, 8). Many researchers have
claimed that self-emulsification proceeds through
formation of LC phase at interface and the rate
and extent of water penetration into LC phase
determines the rate of emulsification (9-13).
Although, formation of LC phase during self-
emulsification was proved both theoretically and
practically, correlation between spontaneous
emulsification and LC phase formation is still not
fully established (4).

It was noted that efficient self-
emulsification is observed with specific co-
surfactant and with particular ratio of oil:
surfactant: co-surfactant. As self-emulsification is
very rapid and spontaneous process, it is not
possible to monitor it with normal set of
experimental conditions. Therefore, arresting this
process at a critical stage will be more
advantageous to investigate self-emulsification
ability of specific SES composition. Previous
reports proved that self-emulsification proceed
through LC phase formation and its subsequent
rupture due to water penetration, but the effect of
physical and structural properties of LC phase on
self-emulsification performance has not been
thoroughly explored. Rheological measurement is
proved as a sensitive tool to investigate the
microstructure of a system. Therefore, it will be
noteworthy to investigate the effect of viscoelastic
properties of intermediate LC phase obtained by
controlled hydration of SES on self-
emulsification performance. In our previous
study, we have proved the role of viscoelastic
properties of intermediate LC phase in self-
emulsification process of oil: surfactant mixture
in absence of co-surfactant by using rheological

tools (14). It was concluded that droplet size
achieved after self-emulsification is function of
nature and pattern of LC phase rupture, which in
turn depend on viscoelastic properties of formed
LC phase. With this background, the role of co-
surfactant in self-emulsification can also be
revealed through rheological analysis of
intermediate LC phase. Hence, aim of the present
work is to study the effect of co-surfactant and its
hydrocarbon chain length on self-emulsification
process through rheological analysis of
intermediate LC phase.

MATERIALS AND METHODS

Materials. Captex” 200P (C200: mixed diesters
of caprylic/capric acid of propylene glycol) and
Capmul® MCM (CMCM: Glyceryl mono- and
dicaprate: HLB: 5-6) were generous gift samples
from Abitec Corporation, USA. C200 has the
following fatty acid distribution, Caprylic (Cs):
77% and Capric (Cy): 21.7%. CMCM is
approximately 1:1 mixture of Cg /C;y mono-
/diglycerides with 2% free glycerol and has
following fatty acid composition, Caprylic (Csg):
84.3% and Capric (Cy): 15.7%. Peceol® (P:
Glyceryl monooleate: HLB: 3-4) was gift sample
from  Gattefosse, France. It has 44%
monoglycerides, 44% diglycerides and 10%
triglycerides. The fatty acid composition of P is
oleic acid (Cys.1): 76.6% and linolenic acid (Cys.,):
11.7%. Tween 80 (T80: Polyoxyethylene 20
sorbitan monooloeate) was purchased from Merck
Chemicals, Mumbai, India. Distilled water was
used for hydration of SES.

Formulation of SES. All lipid excipients were
warmed at 45°C for 1 h before mixing on a
controlled temperature water bath. C200 and T80
were mixed homogenously at 1:1 ratio (SES
Plain) and then CMCM or P was added separately
to this mixture at five different concentration
levels viz., 20, 40, 60, 80 and 100% w/w of oil:
surfactant mixture. SES with CMCM were termed
as SES C while those prepared with P were
denoted as SES P (Table 1). Prepared SES
(unhydrated) were used for visual observation,
turbidimetric and droplet size measurement.

Hydration of SES. The prepared SES were
hydrated at 10, 30, 50 and 70% v/v hydration
levels with distilled water and stored for 24 h.
SES with optimum hydration were used for
further evaluations.
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Evaluation of SES
Emulsifying properties

Emulsifying properties of SES were visually
observed as per Collaborative International
Pesticide Analytical Council (CIPAC) test (15). A
fixed amount (0.6 mL) of SES were added to 400
mL distilled water at 25°C and performance of
spontaneous emulsification was observed visually
and analyzed according to droplet formation
pattern. The appearance of formed emulsion was
also considered for evaluation of self-emulsifying
properties of SES. This test was performed in
triplicate.

Droplet size measurement

Droplet size was measured by Laser
Diffractometer (LD) Mastersizer 2000 Ver. 2.00
(Malvern Instruments, Malvern, UK). The data
was presented in terms of volume median
diameter (Dso) and span, which were calculated
by Malvern Software Ver 3.0. For measurement,
SES were pre-diluted by addition of 0.6 mL of
SES to 90 mL of distilled water under slow
agitation at room temperature (25°C). The system
was analyzed by dispersing it in 100 mL distilled
water as dispersant. Analysis was done in
triplicate and mean results are presented.

Turbidimetric evaluation

Nepheloturbidimetric evaluation was done to
monitor the progress of emulsification. SES (0.1
mL) was added to 0.1N hydrochloric acid (150
mL) under continuous stirring (10 rpm) on
magnetic plate (Ika-Werke, Staufen, Germany) at
25°C. The increase in turbidity was measured
using a turbidimeter (Type 131, Systronics,
Ahmedabad, India). However, since the time
required for complete emulsification was too
short, it was not possible to monitor the rate of
change of turbidity (rate of emulsification). All
observations were carried out within 0-1000 NTU
range. Analysis was done in triplicate.

Polarizing light microscopy

Hydrated SES were transferred to a specially
fabricated glass tube (internal diameter 0.5 cm)
and then viewed for presence or absence of
birefringence under polarizing microscope at

25°C with A % compensator (Nikkon Eclipse E
600, Nikon Instech Co., Japan) and under 40X
magnification.

Differential scanning calorimetry (DSC)

DSC measurements were performed with Mettler
Toledo 82le instruments equipped with an
intracooler (Mettler Toledo, Switzerland). A 10 +
3 mg of hydrated SES was placed in closed
aluminum crucibles and subjected to heating from
-20 to 100 °C and the scanning rate was 5 °C/min.
Calibration was performed with Indium/zinc
standards.

Rheological studies

Rheological measurements of hydrated SES were
performed using a controlled stress rheometer
(Viscotech Rheometer, Rheologica Instruments
AB, Lund, Sweden). Data analysis was done with
Stress RheolLogic Basic software, version 5.0. A
cone and plate geometry was used with 25 mm
diameter and cone of 1.0 °. Fresh sample was
used for every test and all measurements were
carried out at 25°C. All tests were carried out in
triplicate.

Viscometry: The samples were exposed to
increasing stress (1-50 Pa) and relation between
shear stress and shear rate was studied.

Oscillation stress sweep: Linear viscoelastic
region (LVR) was determined in the stress range
of 1-50 Pa and at a constant frequency (0.25 Hz).
The ability of hydrated SES to resist the
deformation with applied stress was recorded in
terms of trends of elastic modulus (G’) and loss
modulus (G”).

Oscillation frequency sweep: The samples were
exposed to increasing frequency (0.01-1.0 Hz) at
a constant stress within LVR. Effect of frequency
on G', G", phase degree (3) and loss tangent (tan
d) were recorded.

Creep-recovery: SES samples were exposed to a
constant stress in LVR for 100s. It was then
instantly removed and the recovery was followed
for 200s. The creep compliance, J (defined as
ratio between measured strain and applied stress)
was recorded against time.
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RESULTS
Emulsifying properties

Visual test applied in this study was modification
of CIPAC test (15). The tendency of spontaneous
emulsification and appearance of formed
emulsion were taken in consideration. ‘Good’
emulsification was noted when droplets are
formed spontaneously in water resulting in a
transparent emulsion while it was noted as
‘moderate’ for spontaneous emulsification with
milky appearance (Table 1).

In case of SES Plain, instantaneous
formation of turbid gel was observed on addition
to water. Therefore, this mixture without co-
surfactant was considered as ‘bad’ emulsifying
system as spontaneous emulsification was not
observed. Emulsifying properties of SES C with
lower concentration of CMCM (SES 20%, 40%
and 60% C) was considered as ‘good’ as
spontaneous emulsification with formation of
transparent emulsion was observed for these SES.
SES 80% C and SES 100% C have shown
spontaneous emulsification with slight milky
appearance; therefore have ‘moderate’
emulsifying properties. All SES P have
‘moderate’ emulsifying properties and have
produced milky emulsion. The observed
difference between SES 80% and 100% C and all
SES P was presence of large dispersed oil
droplets after emulsification in later case.

Droplet size measurement

Droplet size measurement of all studied SES is
shown in Table 1. Droplet size measurement of
SES Plain was not feasible due to formation of
gel in aqueous media. Observed volume median
diameter for almost all SES C was in nano size
except in SES 100% C, where observed droplet
size was close to one micron. It was further noted
that as CMCM concentration was increased, there
was an increase in droplet size. However, such
correlation was missing in SES P. For all SES P,
droplets observed after emulsification were in
micron size. Among all SES C, SES 100% C has
presented larger droplet size after emulsification.
However, in case of all SES P, the observed
droplet size was much larger than that of SES
100% C.

Turbidimetric evaluation

In the turbidity measurement, the amount of
scattered light is measured and used in turbidity
calculations as per the Rayleigh’s theory (16).
The turbidity of the solution is function of the size
of droplets, number of droplets and the refractive
index difference between medium and the
droplets (17). Turbidity measurement of SES
Plain was not feasible due to gel formation. From
Table 1, it was concluded that turbidity value of
SES P was higher than SES C. Secondly, for SES
C, it was observed that turbidity increased with an
increase in concentration of CMCM while such
co-relation was missing in SES P.

Polarizing light microscopy

The characterization of the LC phase formed after
hydration of SES was done under polarizing light
microscope and based on Rosevear (18) and
Ivanova et al. (19) classification system. Prepared
SES were hydrated at 10, 30, 50 and 70% v/v
with distilled water and analyzed for phase
characterization. The 30% v/v hydration level was
selected as LC phase were not formed at 10%
hydration level while at higher hydration level,
emulsification was observed. Secondly, higher
hydration level produced very low viscous system
especially in case of SES 80% P and SES 100%
P, which presented practical difficulties in use of
common rheological geometry for both SES C
and SES P. For all further measurements, SES
were hydrated at 30% v/v with distilled water.

The observed LC phases in the hydrated
SES are shown in Figure 1 and Table 2. In case of
SES Plain, birefringence was observed. Among
SES C, only SES 20% C presented birefringence
while all other SES C have shown dark texture.
The SES 20% C with comparatively lower
concentration of CMCM must be in transition
mode where complete transformation of lamellar
phase must have not processed owing to low
CMCM concentration. All SES P exhibited
birefringence under polarizing microscope (Table
2). Thus, lamellar phase formation was observed
in SES Plain, SES 20% C and all SES P while
micellar cubic phase was present in rest of the
studied SES C. (20-22).
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Table 1. Composition, droplet size, turbidity and emulsification properties of various SES

Concentration
Self- of co- Droplet size
emulsifying surfa/ctant measurement Tu;?}(gty ’ Emulsification properties®
system M ((:W W)
M P (Dsy)ypm*  Span ™"
SES Plain NA NA NA NA gelling ‘Bad’ emulsification with
gelling
SES20% C  20% NA 0.101 + 0.820 + 11+0.283 ‘Good’ transparent
0.00058 0.00336 nanoemulsification
SES 40% C  40% NA 0.102 £ 0.819 + 2 £0.063 ‘Good’ transparent
0.00048 0.00469 nanoemulsification
SES 60% C  60% NA 0.104 =+ 0.951+ 5 +£0.126 ‘Good’ transparent
0.00039 0.00269 nanoemulsification
SES 80% C  80% NA 0.961 + 3.07+ 100 £2.21 ‘Moderate’ turbid
0.00688 0.018810 microemulsification
SES 100% C 100% NA 1.258 + 3.30+ 138 +£4.22 ‘Moderate’ turbid
0.01021 0.023430 microemulsification
SES20% P NA 20% 3.56 + 3.90 + 217 £7.42 ‘Moderate’ turbid
0.06336 0.04875 microemulsification with large
oil droplet
SES40% P NA 40% 16.22 + 2513 + 170 +£4.54 ‘Moderate’ turbid
0.31304 0.03945 microemulsification with large
oil droplet
SES 60% P  NA 60% 11.906 £ 2934+ 102 £2.14 ‘Moderate’ turbid
0.24157 0.05515 microemulsification with large
oil droplet
SES 80% P NA 80% 11.380+  6.143 + 169 +3.55 ‘Moderate’ turbid
0.16842 0.07248 microemulsification with large
oil droplet
SES 100% P NA 100% 5.213 + 6.882 + 426 + ‘Moderate’ turbid micro-
0.06047 0.09428 13.54 emulsification with large oil
droplet

A, mean + S.D. (n=3); b, Span=d(0.9)-d(0.1)/d(0.5); c, performed in triplicate

Differential scanning calorimetry (DSC)

The formation of LC phase in SES results from
interaction of water molecule with the surfactant.
Gati et al. (23) reported presence of bound and
free water in surfactant based systems with LC
phase formation. Bound water, which is
consumed for the formation of LC phase, has
different thermal properties as compared to free or
unbound water. It is reported that the state of

water in surfactant based system is indicated by
position of the peak in DSC thermal profile.
During DSC studies of such system, peak
corresponding to melting of unbound water
appears close to 0°C (24). Thermal profiles of
SES were studied for presence of an endothermic
peak corresponding to free water close to 0 °C.
Thermal profile of SES Plain, distilled water
(DW) and different SES C are given in Figure 2.
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B

Figure 1. Photographs of different LC phase observed under polarizing light microscope in studied SES:
A- Lamellar phase; B- Micellar cubic phase.

Table 2. Phase characterization of different SES using plain polarizing microscopy

Sr. No. SES Texture analysis Phase identified
1 SES Plain birefringence lamellar
2 SES 20%C birefringence lamellar
3 SES 40%C dark background micellar cubic
4 SES 60%C dark background micellar cubic
5 SES 80%c ~ dark background micellar cubic
6 SES 100%C dark background micellar cubic
7 SES 200p  Virefringence lamellar
8 SES 400p  Pirefringence lamellar
9 SES 6oop ~ Pirefringence lamellar
10 SEs 8ovsp  Cirefringence lamellar
1 SES 100%p  Pirefringence lamellar

For SES Plain, there was no endothermic peak
close to 0 °C corresponding to the melting of free
water, similar to that for pure water (Figure 2:
DW). This endothermic peak of free water was
seen only in thermal profile of SES 40% C.

Thus, it was concluded that free water was
completely utilized for formation of LC phase in

SES Plain and all SES C except SES 40% C. In
case of SES P, SES 20% P thermal profile had not
shown any endothermic peak for free water. All
other SES P have exhibited an endothermic peak
for free water, thus confirming partial utilization
of added water for formation LC phase (Figure 3).
In SES 20% P, due to comparatively high
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hydrophilic surfactant concentration, added water
was completely utilized for formation of LC
phase.

Rheological studies

Rheological analysis was performed to investigate
viscoelastic properties of LC phases formed after
30% v/v hydration of SES. Measurements were
performed by steady- state flow (rotational) and
dynamic (oscillatory) measurement modes. The
rheological data of SES Plain and SES 20%, 40%
and 60% from SES C and SES P is reported as
SES with higher concentration of co-surfactant
followed the same trend as that of SES 60% of
respective SES class.

The shear rate and shear stress profiles of
the SES Plain, SES 40% C and SES 40% P are
shown in Figure 4. SES Plain and SES 40% P
have shown non-Newtonian relationship (pseudo
plastic) between shear stress and shear rate while
direct relationship was seen in SES 40% C.
Therefore, formation of lamellar LC phase was
confirmed in SES Plain and all SES P, where as
formation of micellar cubic phase was exhibited
by almost all SES C. SES 20% C exceptionally
exhibited non-Newtonian relationship owing to
lamellar phase formation (25).

Hydrated SES were subjected to an
increasing stress and trends of G’ were observed
to calculate LVR (Table 3). For SES Plain, G’
was much higher than G’ throughout the applied
stress range and also has high LVR, which
indicated presence of a strong and elastic gel
structure (26). With addition of CMCM as co-
surfactant to SES Plain, G’ was tremendously
reduced and situation was reversed i.e. G’ was
greater than G’ over entire stress. Same trend was
observed in all SES C. These findings suggested
presence of weak and viscous intermediate LC
phase structure in SES C. Opposite trend of G’
and G’* was observed when CMCM was replaced
by P as a co-surfactant. The elastic nature of SES
Plain was maintained in SES P within LVR
region although elasticity was slightly decreased
with addition of P. The observed LVR for both
SES C and SES P was narrow than that of SES
Plain, indicating reduction in gel strength. As
LVR for SES C and SES P was totally different;
the different stress were selected for subsequent
frequency sweep (27).

For all SES C, frequency sweep was carried
out at a stress of 20 Pa and for all SES P; stress
was fixed at 1.5 Pa. For comparison, frequency

sweep of SES Plain was carried out both at 20 Pa
(SES Plain I) and 1.5 Pa (SES Plain II). Similar
trends of G’ and G’ over applied frequency were
observed for both SES Plain I & II, even though
the stress was varied. In both cases, G’ was much
greater than G’ and both were stable over applied
frequency range (Figure 5).

In SES C, the trend of G’ and G’’ was
reversed as compared to SES Plain (Figure 6).
The G’ was monotonously increasing over the
applied frequency and was much greater than G’
over entire frequency. Exactly opposite trend was
observed in SES P where G’ was greater than G”’
over applied frequency (Figure 7).

In stress sweep, SES P have presented
elastic behavior within LVR and viscous behavior
above LVR whereas in frequency sweep, elastic
behavior was observed over entire frequency
range. This observed discrepancy may be due to
the ability of frequency sweep to represent the
true rheological ground state of the material as it
was performed within LVR (26).

Based on observed phase degree values,
rheological behavior of a system can be predicted
(28). The elastic nature of LC phase in SES Plain
was confirmed by its d, which was less than 45°
and shifted towards highly elastic state with
applied frequency (Figure 8 & 9 at 20 Pa and 1.5
Pa, respectively). The o values for SES C were in
viscous mode (close to 90°) (Figure 8), while in
SES P; 6 was less than 45° (Figure 9). Therefore,
elastic behavior was seen in SES Plain and SES P
while viscous behavior was seen in SES C.

Loss tangent is ratio of G’ to G* and indicate

rheological nature of system. The division of
material as elastic or viscous is based on observed
value of tan § (27). For SES C, it was well above
one while in SES Plain and SES P, it was less
than one (Figure 10 & 11, respectively). Thus,
intermediate elastic LC phase was seen in SES
Plain and SES P while viscous LC phase was
observed in SES C (27).
In creep recovery, the viscoelastic property of
material is determined from recovery component
in terms of instantaneous elastic recovery and
elastic recovery (29). LC phase in SES Plain has
shown complete instantaneous elastic recovery
(Figure 12: Region A-B) and partial elastic
recovery (Figure 12: Region B-C) after removal
of stress. Trend was similar for SES plain at both
20 and 1.5 Pa. Exactly opposite trend of creep
recovery was observed for SES C and SES P
(Figure 13 & 14, respectively). In SES C, neither
instantaneous elastic nor elastic recoveries were
present while in SES P both were present.
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Figure 2. Thermal profiles of SES Plain, distilled water (DW) and different SES
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Figure 3. Thermal profiles of different SES P
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Figure 4. Rheograms of SES presenting correlation between shear stress and shear rate
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Table 3. Stress sweep results for different SES

Stress sweep * (1-50 Pa)
SES Observation
G’ Pa G’ Pa LVR Pa

Elastic —all over
the stress

SES 20% C 0.003100 - 0.029470 0.9513-0.1244 18.0-26.0  Viscous- all over stress

SES Plain 6431.00 - 7420.00 5556.00 - 682.60 16.0 - 50.0

SES 40% C 0.007676 - 0.005655 0.1320 - 0.1347 18.0-26.0  Viscous- all over stress
SES 60% C 0.001036 - 0.007683 0.1253 - 0.1251 18.0-26.0  Viscous- all over stress
SES 80% C 0.007360 - 0.008918 0.1194 - 0.1259 16.0-26.0  Viscous- all over stress
SES 100% C 0.005889 - 0.021200 0.1373-0.1310 16.0-30.0  Viscous- all over stress

SES 20% P 70.0700 - 0.0520 17.620 - 1.160 1.00 - 3.68  Elastic within LVR
SES 40% P 83.8700 - 0.0098 31.270-0.373 1.00 -2.26  Elastic within LVR
SES 60% P 6.9430 - 0.0234 5.900-0.134 1.00-1.92 Elastic within LVR
SES 80% P 7.6640 - 0.0162 4.729 - 0.508 1.00 - 1.63 o
Elastic within LVR
SES 100% P 1.4615 - 0.0185 0.944 - 0.588 1.00-1.63  Elastic within LVR
-+ 20% CG' +40% C G’ =60%CG'
++20%CG" 40 % CG" +=+60% C G"
& Plain I G' =+ Plain II G' . ;
=PlainI G" ~= Plain II G" 6.00E-01
1.20E+04
"L 4.00E-01 -
£ 8.00E+03 %
1) &)
2 2
= = 2.00E-01
_Q 4.00E+03
; - 0.00E+00 = r .
0.00E+00 + v . e 0.00E+00 2.50E-01 5.00E-01 7.50E-01 1.00E+00
000E+DD 2. 50E-01 5.00E-01 7.50E-01 1.0

Log Frequency Hz
Log Frequency Hz g q .
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DISCUSSION

The system selected for the study composed of oil
(C200): surfactant (T80) and either of long
hydrocarbon chain co-surfactant (P) or medium
hydrocarbon chain co-surfactant (CMCM). The
system selection was based on the inability of oil;
surfactant mixture to undergo spontancous self-
emulsification at selected ratio (1:1). Some
mixture of oil and surfactant has been reported to
self-emulsify without co-surfactant and their self-
emulsification performance have been
investigated previously (14). Conventionally,
proportion of co-surfactant is less than that of
surfactant but in this study rheological
investigation of LC phase has been performed all
over the range, where surfactant: co-surfactant
ratio was extended up to 1:2 (2).

A good correlation was observed between
visual observations droplet size and turbidimetric
measurements. SES with lower turbidity value
have ‘good’ emulsifying properties and have
presented nano size droplets on emulsification.

300

For SES 80%C and SES 100% C with higher
ratio of surfactant: co-surfactant (above 1:1),
droplet size was close to one micron. The
rheological properties of these SES were similar
to that of SES with lower concentration of
CMCM. Therefore, it can be concluded that
rheological investigation was unable to reflect this
minute difference in droplet size observed among
different SES C. The observed difference in
droplet size may be due to excess penetration of
water into the bulk oil causing massive interfacial
disruption and ejection of droplets into the bulk
aqueous phase (2). In case of SES P, higher
turbidity value and coarse droplets were observed
on emulsification. Thus, self-nanoemulsification
was observed for almost all SES C while self-
microemulsification was evident in all SES P.

The extent of LC phase formation in
studied SES was determined by calculating
structurally bound water (SBW). The SBW
determines the extent of LC phase formation;
higher the SBW, higher is extent (30). From
Table 4, it can be concluded that there was almost
100% LC phase formation in SES Plain and all
SES C. In case of SES P, it was observed that as
concentration of P increased, the SBW was
decreased (Table 5). Decrease in the relative
concentration of hydrophilic surfactant with an
increase in lipophilic co-surfactant may be the
underlying mechanism for such observations.
Thus, lower extent of LC phase formation was
evident in SES P as compared to SES C.

From rheological studies, presence of
partially recoverable elastic LC phase was
observed in SES Plain with only oil and
surfactant. With addition of CMCM as co-
surfactant to this mixture, elastic mesophase was
transformed into  viscous non-recoverable
mesophase while elastic and partially recoverable
mesophase was observed after addition of P as co-
surfactant. Thus, rheological status of SES Plain
was reversed after addition of CMCM while it
was unchanged with P as co-surfactant. This
observed difference may be attributed to the
nature of molecular packaging at the interface of
these two co-surfactants with  different
hydrocarbon chain length. It is reported that
amphiphilc co-surfactant with short or medium
hydrocarbon chain length has more affinity for
polar head groups of the surfactant molecule due
to their comparatively higher solubility and thus,
cause swelling of head group of surfactant. In
contrast, long chain co-surfactant cause swelling
of hydrocarbon tail of surfactant due to their poor
diffusion ability. This leads to an increased
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Table 4. Results for first melting transition for free water in DSC thermal profiles of SES

Plain, DW and SES C

SES Onset (°C) Peak End Heat SBW
O O J/g %
SES Plain NA NA NA 0 100
SES 20%C NA NA NA 0 100

SES 40%C -0.66 -0.17 0.53 -2.96 99.12
SES 60%C NA NA NA 0 100
SES 80%C NA NA NA 0 100
SES 100%C NA NA NA 0 100
DW -0.36 3.03 7.95 -336.64 NA

Table 5. Results for first melting transition for free water in DSC thermal profiles of SES P

SES Onset (°C) Peak End Heat SBW
(°C) (°O) J/g %
SES 20% P NA NA NA 0 100
SES 40% P -17.85 -0.24 4.14 -21.76 93.47
SES 60% P -17.12 -1.60 4.30 -43.25 87.04
SES 80% P -18.52 0.66 4.73 -43.84 86.86
SES100% P -19.6 -5.89 -2.94 -75.49 77.38

hydrocarbon chain interaction resulting in a non-
flexible interface. Therefore, in presence of long-
chain co-surfactant lamellar LC phase is formed
or maintained at interface with greater rigidity or
elasticity. On other hand, medium chain co-
surfactant decreases the hydrocarbon interaction
leading to transition of lamellar phase to a viscous
intermediate structure (7, 8, and 27). Therefore,
addition of CMCM with medium hydrocarbon
chain length, transformed the elastic interface of
SES Plain into a weak and viscous structure,
while elastic LC phase was maintained after
addition of long- hydrocarbon chain co-surfactant
P to SES Plain. Hence, during emulsification, the
rupture pattern of elastic intermediate mesophase
and a viscous mesophase will be totally different
leading to the difference in size of resulting
droplets.

Wakerly et al. (10) and Rang et al. (13)
proposed that efficiency of self-emulsification is
function of rate and extent of water penetration
into formed intermediate LC phase. Therefore,
observed difference in the droplet size of SES C
and SES P can be correlated to the difference in
viscoelastic properties of intermediate LC phase.
The weak and viscous LC phase in SES C must
have not presented any resistance to the strain
induced deformation and hence might have
ruptured easily and quickly (31). Thus, nano-size
droplets are achieved from such interface
disruption while elastic and strong intermediate
LC phase structure in SES P must have presented
comparatively higher resistance against strain
induced deformation resulting in coarse droplets
after emulsification. The observed outcomes are
in compliance with our previous reports where
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self-emulsification performance attributed to
particular ratio of oil: surfactant was evaluated by
rheological analysis of intermediate LC phase
(14). The observed ‘moderate’ self-emulsifying
ability of SES P was attributed to presence of low
LVR in stress sweep, slight dependence of G’ and
G’’ over applied frequency and absence of
complete creep recovery percent (32).

To confirm the LC phase characterization
of studied SES, 30% v/v hydrated SES were
analyzed by small angle neutron scattering
(SANS). Produced signal was observed to be very
weak and therefore, analysis was non-conclusive.
Pouton (2) also defined the limitation of advanced
diffraction techniques like SANS to characterize
the system based on vegetable oil (MCT) due to
production of ill-defined spectra.

CONCLUSION

The observed difference in self-emulsification
performance of these two co-surfactants was
function of their influence on viscoelastic
properties of LC phase, which in turn depend on
co-surfactant hydrocarbon chain length. Thus,
study has established the correlation between
hydrocarbon chain length of co-surfactant and
their self-emulsification ability. It was noted that
for efficient self-emulsification, intermediate LC
phase must be weak and viscous and medium
chain co-surfactant have ability to yield such LC
phase structure especially when a medium chain
oil and hydrophilic surfactant are used for
preparation of SES. Thus, significance of
viscoelastic properties of intermediate LC phase
was re-insisted in this study.
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