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emical dynamics of a 1st tier
dendrimer dispersed o/w nanoemulsion†

Naveen Kumari, *ab Man Singh, b Hari Om a and K. M. Sachin b

Olive, castor and linseed oil (oil-in-water) nanoemulsions were prepared using Tween-20, sodium dodecyl

sulfate, and cetyltrimethylammonium bromide (0.12 w/w%) with 0.02 w/w% cellulose acetate propionate

(CAP), 0.02 w/w% cellulose acetate butyrate (CAB), 6.2 w/w% ethyl acetate, 5.5 w/w% ethanol and 7.8 w/w%

glycerol as dispersion agents. To study the dispersion effect of trimesoyl 1,3,5-tridimethyl malonate (TTDMM,

1st tier), nanoemulsions were prepared with olive, castor and linseed oil. Their density, viscosity, surface

tension and friccohesity measurements at T ¼ (293.15, 303.15, and 315.15) K, hydrodynamic radii, surface

excess concentration, surface area per molecule, and antioxidant activities were studied. Dispersion variations

of TTDMM on varying surfactant and specific interactions of the hydration spheres and ester moiety of

TTDMM with ethyl acetate, ethanol and glycerol linked oil–water–surfactant networks have been established.

The variations in physicochemical properties suggest that the oil–TTDMM interaction abilities of the surfactant

and co-surfactant moieties in the nanoemulsions cause a hydrophobic segregation. The physicochemical

study of both blank and TTDMM loaded nanoemulsions have illustrated the thermodynamic stabilities in

terms of hydrophobic–hydrophilic, hydrophilic–hydrophilic, van der Waals and hydrogen bonding interactions.
1. Introduction

Recently, the preparation of stable nanoemulsions (NEs) has
emerged as one of the challenging tasks for pharmacists as well
as academicians, with critical roles played by the temperature
and other chemical additives or stabilizers.1–3 Such systems with
pertinent Brownian motions manifest essential entropic stabili-
zation to modulate the structural expression of the dispersed
phase. Numerous studies have shown electrostatic interactions,
van der Waals forces and hydrophilic–hydrophobic force gradi-
ents as crucial stabilizing factors for functional chemical linkages
between active molecular sites. These factors serve as important
interfaces amongst the physicochemical properties (PCPs) of
emulsions to mediate dispersion rather than conventional sol-
ubilisation.4,5 In fact, it is merely the entropically active nature of
emulsions that facilitates a kinetic modulation of the dispersed
phase. This attribute of emulsions forms the basis of their utility
as drug delivery vehicles for several natural hydrophobic
compounds.6–8 Emulsication typically focusses on the mixing of
hydrophobic and hydrophilic phases, enabled via the addition of
surfactants that gradually segregate along the interface.2,9,10 On
the basis of the extent of the interfacial mixing of hydrophobic
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and hydrophilic phases, two variations of emulsions are recog-
nized, namely, microemulsions and nanoemulsions.11,12 Despite
the fact that both systems have oil, water and surfactant as their
constituents as well as little variations in the physicochemical
attributes, the distinction prevails in terms of surfactant
concentration, and thermodynamic and kinetic stabilities.12–16

One of the most formidable challenges in the formation of
nanoemulsions is the attainment of 1 : 1 oil–surfactant stoichi-
ometries, where co-surfactants or additive sources can play
a crucial role. Despite such immense potential to facilitate an
improved structural expression of the dispersed phase, the
formation of long-term stable food grade nanoemulsions has
emerged as a daunting task for food chemists. The probable
factors responsible for this are the right selection of oil–surfac-
tant proportion with structurally supporting contributions of co-
surfactants and co-solvents. As a consequence, anionic, cationic
and non-ionic surfactants are preferred for the pharmaceutical
and food grade design of nanoemulsions, keeping in mind
toxicity related complications. Typical methods for making
nanoemulsions fall into high and low energy categories, on the
basis of energy inputs.17,18 The common aim of all of these
methods is to transform the intact cohesive forces (CFs) of the
respective dispersed and dispersion phases into frictional and
intermolecular forces (IMFs) to increase the number of func-
tional nanoscale droplets. High energy methods make use of
external shear to reduce the droplet size via combinations of oil
and water, with themost common variations being high pressure
homogenization and ultrasonication.1,19 On the contrary, low
energy methods, such as emulsion-inversion point and phase
RSC Adv., 2019, 9, 12507–12519 | 12507
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inversion temperature, reduce the particle size through compo-
sitional or thermal energy changes.18,20 Some recently reported
emulsication methods are bubble bursting at an oil/water
interface, evaporative ripening, pH enabled molecular dissocia-
tion and the anti-solvent approach.14,21 Although studies have
reported numerous applications of nanoemulsions, still,
a mechanistic understanding of molecular kinetics and engi-
neering needs to be studied more thoroughly. For instance,
factors such as pH, temperature, molecular additives, inclusion
of additive surfactants, self-assembly driven functional coales-
cence and proper consideration of hydrophilic–lipophilic
balance could strongly inuence the emulsication.2,20,22,23

Interestingly, to date, no systematic study has been reported
on the impact of a TTDMM dendrimer on the progressive
enhancing of surfactant hydrophobicity due to dispersion effi-
cacies. Therefore, a study of functional, structural linkages with
thermodynamic stabilities of the dispersed phases and disper-
sion medium seems to be the fundamental need of the hour.
The use of toxically optimal agents like ethanol, glycerol,
cellulose acetate propionate (CAP), cellulose acetate butyrate
(CAB), poly-ethylene glycol, citric acid and several others can
signicantly modulate the dispersion of edible oils, where
applications as diverse as protein extraction, waste recovery,
and metallurgical processing of ores could be signicantly
improved. The same dispersion of edible oil can be studied for
the impact of CAP and CAB on the thermodynamic stability of
olive oil (OO), castor oil (CO) and linseed oil (LO) with Tween-20
(Tw-20), sodium dodecyl sulfate (SDS), and cetyl-
trimethylammonium bromide (CTAB) o/w nanoemulsions at
293.15, 303.15, and 313.15 K.
2. Experimental section
2.1 Materials

Cellulose acetate propionate (CAP), cellulose acetate butyrate
(CAB), Tween-20 (Tw-20), sodium dodecyl sulfate (SDS), cetyl-
trimethylammonium bromide (CTAB), castor oil (CO), olive oil
(OO), linseed oil (LO), ethyl acetate (EA), glycerol and ethanol (Table
S1†) were purchased from Sigma Aldrich (St. Louis, MO, USA).
2.2 Preparation of the nanoemulsions

Quaternary mixtures were prepared of surfactant, ethyl acetate,
ethanol, glycerol and water. Oil equivalent to (0.02 w/w%) was
added to a 100 mL round bottomed ask and the quaternary
mixture was added, which was termed the emulsion. Aer that,
cellulose acetate butyrate and cellulose acetate propionate were
separately added and the resulting mixtures were subjected to
magnetic stirring at 500 rpm and 298.15 K for 2 h, and the
resulting mixtures were named blank nanoemulsions (NEs)
(Table S2†). For preparing the dendrimer (TTDMM) loaded
nanoemulsion, TTDMM (0.166 mM) was dissolved in ethanol
and used in the same manner as the preparation of blank
nanoemulsions. The nal obtained blank and TTDMM loaded
nanoemulsions (DNEs) were used for further physicochemical
parameter measurements.
12508 | RSC Adv., 2019, 9, 12507–12519
2.3 Physicochemical studies

Densities were measured using an Anton Paar ‘Density meter’
DSA 5000 M. The temperature inside the densimeter was
controlled to �1 � 10�3 K with a built-in Peltier device. The
instrument was calibrated with Milli-Q water and dry air. Before
and aer each measurement, the tube was washed with acetone
and dried uninterruptedly till a persistent oscillation period was
obtained, by passing dried air through a tube using an air
pump. The repeatability in the density was found to be 1 � 10�3

kg m�3.
Surface tensions and viscosities of the prepared nano-

emulsions were estimated by pendant drop number and
viscous ow time, respectively, with a Borosil Mansingh Sur-
vismeter24–27 (calibration no. 06070582/1.01/C-0395, NPL,
India) at 293.15 to 313.15 K. The temperature of the survis-
meter was controlled by a Lauda Alpha KA 8 thermostat to
�0.05 K. The pendant drop number was counted with an
electronic counter, while the viscous ow time was recorded
with an electronic timer with an accuracy of �0.1 s. The Sur-
vismeter was properly washed with acetone and dried
completely before the viscosity and surface tension measure-
ments. Calibration was done to ensure the accuracy of the
data. Ten pendant drop number (PDN) and viscous ow time
(VFT) readings were taken to ensure reproducibility and
precision. Surface tensions and viscosity uncertainties were in
the range of �0.35 mN m�1 and �0.004 � 10�3 kg m�1 s�1.
The accuracy and comparison with the literature values are
reported28–30 in ESI Table S3.†
2.4 Calculations

The friccohesity of the prepared nanoemulsions was calculated
using the Mansingh equation (eqn (1)):

s ¼ ho

go

��
t

to

��
n

no

��
(1)

Here, ho, go, to and no and h, g, t and n are the h, g, VFT and PDN
of the solvent and sample, respectively.

Surface excess concentration (Gmax) and surface area (1/Gmax)
per molecule were calculated using the Josiah Willard Gibbs
equation (eqn (2)):

Gmax ¼ � 1

2:303nRT

�
vg

v log c

�
T

(2)

Here, R is the gas constant; T is absolute temperature and
vg

v log c
is the slope of the plot between g and the logarithm of

the oil concentration at a xed temperature.
For determining the contribution of the philic–phobic force

gradient in nanoemulsion formation, the hydrodynamic radius,
Rhyd, was calculated using the Einstein equation (eqn (2)):31

Rhyd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3f

4pNAC

3

s
(3)

Here, f is the volume fraction, NA is Avogadro's number and C is
the oil concentration.
This journal is © The Royal Society of Chemistry 2019
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2.5 Particle size and zeta potential measurements

The particle size, polydispersity index and zeta potential of the
prepared nanoemulsions were determined by the dynamic
scattering technique using a Zetasizer Nano ZS 90 (Malvern
Instruments, UK). The samples were analysed at 25 �C with
a backscattering angle of 173�.

2.6 Antioxidant activity measurements

Antioxidant activities of the drug encapsulated formulations
were evaluated through the free radical scavenging effect of
stable DPPHc measured using a previously reported spectro-
photometric method.31–33 For radical scavenging activity (RSA)
determination, a 0.006% DPPHc solution in ethanol was
prepared. For screening RSA, the pure DPPHc solution was
mixed with DNEs in a 1 : 1 ratio. Thereaer, on vigorous
shaking, these samples were kept in the dark for an incubation
period of 30 min. The relative RSAs were evaluated as a measure
of comparative % decrease in absorbance of pure DPPHc at lmax

¼ 520 nm, ascertained via the measurement of the absorbance
of a DPPH + NEs 1 : 1 mixture at the same wavelength. The
measurements were made using a Spectro2060 plus model UV/
Vis spectrophotometer. The respective RSAs were calculated
using the following equation:

Scavenging activity % ¼
�
Ao � As

Ao

�
� 100

where Ao and As are the absorbance of pure DPPHc and DNEs,
measured at 520 nm.

2.7 Statistical analysis

All of the experiments were performed in triplicate and the
results are reported as mean� the standard deviation, standard
uncertainties (0.68 level of condence) and combined expanded
uncertainties (0.95 level of condence).

3. Results and discussion
3.1 Density

Density (r) values for the blank NEs, shown in Table S4,† as
a function of oil, surfactant and used stabilizers, were estimated
at T ¼ 293.15, 303.15, and 313.15 K. For the blank NEs, r

continuously decreased from 293.15 to 313.15 K due to a weak-
ening of the cohesive force (CF) and electrostatic interac-
tions.4,34 Such behaviour was also observed due to
compositional changes with temperature that cause different
solute–solvent interactions (Fig. S1†).35 With CAP, the r value
decreased as CO > LO > OO (Tw-20 and CTAB) and the CO > OO >
LO trend was observed with SDS from 293.15 to 313.15 K. It was
observed that the r value for (OO + SDS) NEs was stable up to
303.15 K, then drastically decreased at 313.15 K and 303.15 K
with CAP and CAB, respectively. Hence, the opposite trend was
observed in the (OO + SDS) NEs with CAP and CAB. This may be
due to a change in the hydrophobicities due to the presence of
CAP and CAB.36 In the presence of TTDMM (0.166 mM), the r

value signicantly decreased at 293.15, 303.15 and 313.15 K.
The decrease in r for the OO + CAP NEs was (0.31, 0.38, 0.37),
This journal is © The Royal Society of Chemistry 2019
(0.83, 0.59, 0.70) and (0.55, 0.54, 5.54)%, for the CO + CAP NEs,
it was (0.41, 0.75, 0.47), (0.38, 0.61, 0.64) and (0.65, 0.65, 0.68)%,
and the LO + CAP NEs, it was (0.51, 0.51, 0.55), (0.60, 0.61, 0.69)
and (0.55, 0.56, 0.54)% with Tw-20, SDS and CTAB at 293.15,
303.15 and 313.15 K, respectively. The decrease in r was due to
decreasing hydrophobic–hydrophobic interactions and domi-
nance of the electrostatic interactions between the hydrophilic
and ester moieties of TTDMM (Fig. S2, S3,† 1 and 2).37 Similarly,
in the presence of CAB, the TTDMM NEs show a decrease in the
r values: for OO + CAB, (0.38, 0.41, 0.38), (0.66, 0.67, 0.65) and
(0.64, 0.61, 0.64)%, for CO + CAB, (0.35, 0.33, 0.32), (2.55, 1.03,
1.18) and (0.63, 0.65, 0.60)%, and for LO + CAB, (0.46, 0.48,
0.57), (0.51, 0.51, 0.44) and (0.64, 1.26, 0.91)% with Tw-20, SDS
and CTAB at 293.15, 303.15 and 313.15 K, respectively. Thus, the
density values reect the compactness of the solution, which
depends on the nature of the solute–solvent interactions.38 The
temperature in terms of intermolecular interactions also plays
a pivotal role in the engagement of oil droplets into TTDMM.
The r values were higher due to multiple stronger intermolec-
ular interactions, i.e. phobic–phobic (oil–TTDMM).
3.2 Surface tension (g)

The surface tension (g) or surface energy denes the active
involvement of the NE solvent in oil activities where the cohe-
sive force or surface energy of a solvent decreases to interact
with OO, CO and LO. Stronger oil–solvent interactions reect
a weaker cohesive force with disruption of the hydrogen
bonding network, with a lower g and vice versa. The hydro-
phobic alkyl chain of TTDMM accumulates on the solvent
surface, thereby increasing the g value. The g values of the
prepared NEs were observed in the order of OO > CO > LO, and
they are listed in Table S5,†where the g values for the blank NEs
decrease for all formulations with increasing T¼ 293.15, 303.15
and 313.15 K, except for OO + CTAB (CAP or CAB) NEs and OO +
SDS + CAP NEs (Fig. 3). The decrease in the g values infers an
increase in molecular thermal activity and hydrogen bonding,
due to which the binding forces or cohesive forces weakened at
the same rate. The decrease in g for (OO + TW-20 + CAP NEs)
was 5.54% from 293.15 to 313.15 K. For the CO + CAP NEs, the g
values decreased by 8.60, 2.77 and 1.82%, and for the LO + CAP
NEs, they decreased by 3.59, 7.08 and 12.03% with Tw-20, SDS
and CTAB from 293.15 to 313.15 K, respectively. The observed
decreasing order of the g values for the CAP stabilized NEs is
(Tw-20 > SDS > CTAB) with CO and (CTAB > SDS > Tw-20) with
LO (Fig. 3). For the CAB stabilized NEs, the decreasing order of g
values is (Tw-20 > SDS) with OO, (Tw-20 > SDS > CTAB) with CO,
and (SDS > Tw-20) with LO from 293.15 to 313.15 K (Fig. 4). The
decreased g values infer attenuation of water, surfactants and
stabilizer (CAP or CAB) molecules. In the CAB stabilized NEs,
the g values decrease for the OO NEs by 6.65 and 1.40% for Tw-
20 and SDS, respectively, for the CO NEs, they decrease by 8.24,
3.92 and 1.30% with Tw-20, SDS and CTAB, respectively, and for
the LO NEs, they decrease by 2.62 and 2.63% with Tw-20 and
SDS, respectively, from 293.15 to 313.15 K. The presence of
hydrophobicities in the bulk system of NEs reduced the net
inward force gradient via decreasing the surface energy of
RSC Adv., 2019, 9, 12507–12519 | 12509
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Fig. 1 Possible molecular arrangements of LO-TTDMM with ionic surfactants.
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Fig. 2 Possible molecular arrangements of LO-TTDMM with non-ionic surfactants.
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individual molecules, which reduced the g values. Furthermore,
with increasing temperature, the kinetic energy of the indi-
vidual molecules increases, which weakens the effectiveness of
the intermolecular interactions between oil and solvent
components.39,40 Thus, this increased molecular motion makes
it easier to stretch the solvent surface, which causes the
lowering of g. Likewise, the g values increased by 2.40 and
36.37% for the CAP stabilized OO + SDS and OO + CTAB
systems, respectively, and 0.37 and 1.03% for the CAB stabilized
OO + CTAB and LO + CTAB systems from 293.15 to 313.15 K.
This may be due to the highest charge density shown by the
ionic surfactants via formation of individual hydration spheres
(^N+–, Br�, –SO3

� and Na+), which may not interfere with the
phobic–phobic and philic–phobic interactions (Fig. S2, S3,† 1
and 2).

In the presence of TTDMM (0.166 mM) in the CAP stabilized
NEs, the g values increased compared to the blank NEs; for OO
+ CAP NE systems, (CTAB > Tw-20 > SDS) by (37.18, 16.40 and
8.46%) at 293.15 K, (Tw-20 > CTAB > SDS) by (18.39, 15.47 and
10.07%) at 303.15 K, and (Tw-20 > CTAB > SDS) by (23.05, 15.01
and 9.05%) at 313.15 K. For the CO + CAP NE systems, the g

value increments are (CTAB > Tw-20 > CTAB) by (10.63, 10.61
and 9.92%) at 293.15 K, (Tw-20 > SDS > CTAB) by (12.24, 11.42
This journal is © The Royal Society of Chemistry 2019
and 10.23%) at 303.15 K, and (Tw-20 > SDS > CTAB) by (17.74,
9.68 and 9.53%) at 313.15 K. For the LO + CAP NE systems
(Fig. 3), the g value increments are (Tw-20 > CTAB > SDS) by
(17.65, 10.68 and 8.17%), (Tw-20 > CTAB > SDS) by (17.50, 11.65
and 8.11%), and (CTAB > Tw-20 > SDS) by (20.48, 17.45 and
14.0%) at 293.15, 303.15 and 313.15 K, respectively (Table S5†).
Similarly, in CAB stabilized NEs, the g values increased for the
OO + CAB NE systems as (CTAB > SDS > Tw-20) by (14.88, 13.72
and 8.35%), (CTAB > SDS > Tw-20) by (15.45, 15.20 and 7.81%),
and (Tw-20 > CTAB > SDS) by (16.24, 14.69 and 14.16%) at
293.15, 303.15 and 313.15 K, respectively. For the CO + CAB NE
systems (Fig. 4), the g value increment order is (Tw-20 > CTAB >
SDS) by (14.77, 12.96 and 10.91%), (Tw-20 > CTAB > SDS) by
(15.22, 12.54 and 10.38%), and (Tw-20 > SDS > CTAB) by (20.50,
12.45 and 12.25%) at 293.15, 303.15 and 313.15 K, respectively.
Further, for the LO + CAB NE systems, the g value increment
order is (Tw-20 > SDS > CTAB) by (11.77, 10.69 and 7.89%), (Tw-
20 > SDS > CTAB) by (12.37, 12.09 and 7.62%), and (SDS > Tw-20
> CTAB) by (12.11, 10.68 and 6.57%) at 293.15, 303.15 and
313.15 K, respectively (Table S5†). As compared to the blank and
DNEs, the g values are highly increased, hence the addition of
TTDMM increased the hydrophobic domain in the system.
Furthermore, due to the presence of hydrophobic dominance
RSC Adv., 2019, 9, 12507–12519 | 12511
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Fig. 3 The g values of EA +OO+CAP +W+ Tw20 + E +G (>), EA + CO+CAP +W+ Tw20 + E +G (,), EA + LO+CAP +W+ Tw20 + E +G (D)
(A), EA + OO+CAP +W+ SDS + E + G (>), EA + CO+ CAP +W+ SDS + E + G (,), and EA + LO + CAP +W+ SDS + E + G (D) (B) and EA +OO +
CAP +W + CTAB + E + G (>), EA + CO + CAP +W + CTAB + E + G (,), and EA + LO + CAP +W + CTAB + E + G (D) (C) with ( ) and without
( ) at T ¼ 293.15, 303.15 and 313.15 K, respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
6/

20
25

 5
:4

8:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
between the long alkyl chain of the fatty acid, surfactant and
TTDMM, the molecular orientation of hydrophobic chains
forms a stable lm around the NE surface (Fig. S2, S3,† 1 and
2).36,39
Fig. 4 The g values of EA +OO+CAB +W+ Tw20 + E + G (>), EA + CO
G (D) (A), EA + OO + CAB +W + SDS + E + G (>), EA + CO + CAB +W + S
OO + CAB + W + CTAB + E + G (>), EA + CO + CAB + W + CTAB + E +
without ( ) at T ¼ 293.15, 303.15 and 313.15 K, respectively.

12512 | RSC Adv., 2019, 9, 12507–12519
3.3 Viscosity (h)

Viscosity (h) values of the BNEs and DNEs are given in Table
S6.† The h values of blank NEs with CAP or CAB strongly
decrease with increasing temperature from 293.15 to 313.15 K.
+ CAB +W+ Tw20 + E + G (,), and EA + LO + CAB +W+ Tw20 + E +
DS + E + G (,), and EA + LO + CAB +W + SDS + E + G (D) (B) and EA +
G (,), and EA + LO + CAB + W + CTAB + E + G (D) (C) with ( ) and

This journal is © The Royal Society of Chemistry 2019
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The decrements in h values for OO + CAP are (40.17, 37.40 and
37.99%), for CO + CAP, they are (44.59, 41.61 and 43.06%), and
for LO + CAP, they are (43.10, 40.29 and 38.58%) with Tw-30,
SDS and CTAB from 293.15 to 313.15 K, respectively (Fig. 5).
Similarly, for the CAB stabilized NEs, the decrease in h values
for OO is (40.21, 38.49 and 36.40%), for CO, it is (43.61, 45.18
and 43.02%), and for LO, it is (42.39, 41.58 and 38.90%) with
Tw-20, SDS and CTAB from 293.15 to 313.15 K, respectively
(Table S6†). Therefore, with rising temperature caused by
higher molecular thermal activity, the structure of the system
develops a fast ow through a uniform capillary with a shorter
time and weakens frictional forces on the laminar ow.33,41 On
comparison of the h values, it is clear that higher values were
observed with the Tw-20 surfactant. The h values for the blank
NEs were observed in the order of (Tw-20 > SDS > CTAB) for the
OO and CO (CAP or CAB) systems, (SDS > CTAB > Tw-20) for LO +
CAP, and (Tw-20 > SDS > CTAB) for the LO + CAB NE systems
(Table S6† and Fig. 6). The highest h values being observed with
the Tw-20 surfactant (for both CAP and CAB) prove that it may
develop stronger interactions with strong bonding and form
a rigid system, and that adjacent laminar ow takes a longer
time within a uniform capillary (Fig. S2, S3,† 1 and 2).42

In the presence of TTDMM, the h values increase for both
CAP and CAB stabilized NEs. The increment in h values is (4.68,
7.53 and 6.05%) and (7.69, 9.11 and 22.61%) for OO + CAP with
SDS and CTAB at 293.15, 303.15 and 313.15 K, respectively. For
the CO + CAP NEs, the increments are (4.87, 7.23 and 8.75%),
(6.83, 6.32 and 1.28%), and (5.42, 4.83 and 2.36%) with Tw-20,
SDS and CTAB at 293.15, 303.15 and 313.15 K, respectively.
For the LO + CAP NEs, the increments are (9.57, 6.82 and 1.14%)
with SDS at 293.15, 303.15 and 313.15 K, respectively. Interest-
ingly, the h values decrease for OO + CAP + Tw-20 by 0.99 and
Fig. 5 The h values of EA +OO +CAP +W+ Tw20 + E + G (>), EA + CO
G (D) (A), EA + OO + CAP +W + SDS + E + G (>), EA + CO + CAP +W + S
OO + CAP + W + CTAB + E + G (>), EA + CO + CAP + W + CTAB + E +
without ( ) at T ¼ 293.15, 303.15 and 313.15 K, respectively.

This journal is © The Royal Society of Chemistry 2019
41.33% at 293.15 and 303.15 K, respectively, and for LO + CAP
NEs with Tw-20 and CTAB, they decrease by 1.21 and 3.60% at
293.15 and 313.15 K, respectively. Further, for the CAB stabi-
lized NEs, the h values increased in the presence of TTDMM.
The increments for the OO + CAB NEs are (4.91, 8.57 and
3.58%), (6.34, 5.81 and 5.58%), and (7.29, 7.15 and 4.15%) with
Tw-20, SDS and CTAB at 293.15, 303.15 and 313.15 K, respec-
tively. For the CO + CAB NEs, the increase in the h values are
(0.03, 5.05 and 1.77%) and (7.26, 4.89 and 3.37%) with SDS and
CTAB at 293.15, 303.15 and 313.15 K, respectively. For the LO +
CAB NEs, the increments are (8.54, 6.09 and 3.35%), (11.71, 6.26
and 2.44%), and (17.91, 15.22 and 7.06%) with Tw-20, SDS and
CTAB at 293.15, 303.15 and 313.15 K, respectively (Fig. 5 and 6).
The increase in the h values reects the increase in hydropho-
bicity, where greater phobic–phobic interactions and phobic–
philic repulsion are observed. However, the h values also
decreased for CO + CAB with Tw-20 by 7.68, 5.32 and 11.28% at
293.15, 303.15 and 313.15, respectively (Fig. S2, S3,† 1 and 2).
3.4 Dual force interconversion via friccohesity (s)

Table S7† shows that the s values of the NEs decreased with
temperature by 30–55% for both CAP and CAB stabilized NEs.
This could be attributed to weakening in frictional force (FF)
and cohesive force (CF) at higher kinetic energy of individual
molecules. However, the decrements in the s values observed in
linear trends also show the proper homogenization of CF and
FF. The s values of the oils were observed in a different order:
for CAP NEs, (CO > LO > OO), (CO > LO > OO), and (LO > CO >
OO) with Tw-20, SDS and CTAB, respectively. Similarly, in the
presence of TTDMM, the order for the CAP NEs is (CO > LO >
OO), (LO > CO > OO), and (LO > CO > OO) with Tw-20, SDS and
+ CAP +W+ Tw20 + E + G (,), and EA + LO + CAP +W + Tw20 + E +
DS + E + G (,), and EA + LO + CAP +W + SDS + E + G (D) (B) and EA +
G (,), and EA + LO + CAP + W + CTAB + E + G (D) (C) with ( ) and

RSC Adv., 2019, 9, 12507–12519 | 12513
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Fig. 6 The h values of EA +OO+CAB +W+ Tw20 + E + G (>), EA + CO + CAB +W+ Tw20 + E + G (,), and EA + LO + CAB +W+ Tw20 + E +
G (D) (A), EA + OO + CAB +W + SDS + E + G (>), EA + CO + CAB +W + SDS + E + G (,), and EA + LO + CAB +W + SDS + E + G (D) (B) and EA +
OO + CAB + W + CTAB + E + G (>), EA + CO + CAB + W + CTAB + E + G (,), and EA + LO + CAB + W + CTAB + E + G (D) (C) with ( ) and
without ( ) at T ¼ 293.15, 303.15 and 313.15 K, respectively.
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CTAB, respectively (Fig. 7). Further, for the CAB NEs, the trend
of s values observed was (CO > LO > OO), (CO > LO > OO), and
(LO ¼ CO > OO) with Tw-20, SDS and CTAB, respectively. In the
presence of TTDMM with CAB, the trend of s values observed
was (LO > CO > OO), (LO > CO > OO), and (LO > CO > OO) with
Tw-20, SDS and CTAB, respectively (Fig. 8). These trends depict
the actively participating p conjugated molecules in the NE
dispersion, which increase the phobic–phobic and philic–
Fig. 7 The s values of EA +OO+CAP+W+Tw20 + E +G (>), EA +CO+
(D) (A), EA +OO+CAP +W+ SDS + E +G (>), EA + CO+CAP +W+ SDS
+ CAP +W+CTAB + E + G (>), EA + CO+CAP +W+CTAB + E + G (,),
( ) at T ¼ 293.15, 303.15 and 313.15 K, respectively.

12514 | RSC Adv., 2019, 9, 12507–12519
phobic interactions via dual force interconversion. As shown in
Table S7,† the NEs with CAP and CAB get stabilized, and in the
presence of TTDMM, higher s values are observed for the Tw-20
NEs. This may be due to effective inter-conversion of CF to FF
via the long alkyl chain of Tw-20 with oil, which would develop
FF due to CAP or CAB with its bulkiness as compared to SDS and
CTAB. However, for both CAP and CAB NEs, the lowest s values
were observed with the CTAB and SDS surfactants, which
CAP +W+Tw20 + E +G (,), and EA + LO+CAP +W+ Tw20+ E +G
+ E +G (,), and EA + LO+CAP +W+ SDS + E +G (D) (B) and EA +OO
and EA + LO +CAP +W+CTAB + E + G (D) (C) with ( ) and without

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 The s values of EA +OO+CAB +W+ Tw20 + E + G (>), EA + CO+ CAB +W + Tw20 + E + G (,), and EA + LO + CAB +W + Tw20 + E +
G (D) (A), EA + OO + CAB +W + SDS + E + G (>), EA + CO + CAB +W + SDS + E + G (,), and EA + LO + CAB +W + SDS + E + G (D) (B) and EA +
OO + CAB + W + CTAB + E + G (>), EA + CO + CAB + W + CTAB + E + G (,), and EA + LO + CAB + W + CTAB + E + G (D) (C) with ( ) and
without ( ) at T ¼ 293.15, 303.15 and 313.15 K, respectively.
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suggests hydration sphere formation by ^N+– and Br� (CTAB),
and –SO3

� and Na+ (SDS), where these ions are responsible for
the higher entropy of the NE system (Fig. 7 and 8). Hence, the
small Na+ and Br� hydration spheres of SDS and CTAB,
respectively, interfere in the phobic–phobic interactions.43 In
the current study, the s value of the NEs effectively shows the
stability and dispersion behaviour of TTDMM in the NE system
(Fig. S2, S3,† 1 and 2).

3.5 Hydrodynamic radius (Rhyd)

The Rhyd values for the BNEs and DNEs are given in Table S8,† as
a function of oil, surfactant and co-surfactant addition, and
temperature from 293.15 to 313.15 K. The Rhyd values provide
detailed information about how the oil–surfactant dispersion
and hydration spheres of the ionic part of the surfactants
hindered the tendencies in the bulk of the system. Due to this
hindered tendency of hydrophobic and hydrophilic interac-
tions, there is rotational conversion in the philic–phobic forces,
which increases the energy decrease at a constant shear ow
rate.4 In our study, the Rhyd results suggest the signicant
possibilities of nanoemulsion self-assemblies with perfect
molecular arrangements. As compared to the BNEs, the DNEs
had smaller Rhyd values with selected NE components (Table
S8†). The Rhyd of the BNEs decreased with increasing tempera-
ture from 293.15 to 313.15 K, whereas it increased for LO + CAP
with SDS and CTAB, and LO + CAB with Tw-20 and SDS,
attributed to the immediately weaker structural orientation at
higher thermal energy. Furthermore, with increasing tempera-
ture from 293.15 to 313.15 K, hydration sphere formation by
–SO3

� and Na+ is repressed, weakening intermolecular forces
due to the presence of charge density on the ions and TTDMM
ester moiety. For the BNEs and DNEs, Rhyd > 0 could infer
This journal is © The Royal Society of Chemistry 2019
a spherical shape of the NE droplets. Rhyd < 0 suggests amajority
of hydrophobicity and non-spherical shape in the case of LO +
CAP BNEs with Tw-20, due to the presence of unsaturated pi-
conjugation, which completely favours phobic–phobic interac-
tions with the long alkyl chain of Tw-20. In the presence of
TTDMM, Rhyd < 0 is also observed in the case of CO + CAB with
Tw-20 at 293.15, 303.15 and 313.15 K, OO + CAP with Tw-20 at
293.15 K, and LO + CAP with Tw-20 at 293.15 K. The wider Rhyd

variation with different oils and surfactants with increasing
temperature indicates the decrease in solute–solvent interac-
tions. Such trends reveal that ^N+–, Br�, –SO3

� and Na+ form
their own hydration spheres, which show contrasting electro-
static repulsion in between the hydration spheres and the
TTDMM ester moiety, which leads to discrete chemical inter-
actions in the NE bulk system.30 This could be due to secondary
CF working within the system, which also explains the h and g

values (Table S8†).

3.6 Surface excess concentration (Gmax) and surface area (1/
Gmax) per molecule

To understand the oil–TTDMM and surfactant interfaces, ionic
surfactant hydration sphere formation by ^N+–, Br�, –SO3

�

and Na+ and consequent surface segregation of water molecules
and the NE interface, Gmax values of the blank and DNEs at the
air–water interface (AWI) were obtained using Gibbs eqn (2).
Tables S9 and S10† show the temperature dependent (from
293.15 to 313.15 K) Gmax and (Gmax)

�1 values of the blank and
DNEs, where a negative slope was observed for the blank and
DNEs stabilized with both CAP and CAB, which suggests the
stronger hydrophilic stabilization of the oil–water droplet
interfaces. However, in the OO + CAP + CTAB blank NEs, Gmax

shows a positive increase that caused a small disturbance to the
RSC Adv., 2019, 9, 12507–12519 | 12515
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oil–water interface. Although blank NEs with Tw-20, SDS and
CTAB in the presence of both CAP and CAB were stabilized
systems, Gmax showed a decrease from 293.15 to 313.15 K. The
decreases for OO + CAP are 14.67 and 4.14%, for CO + CAP they
are 14.44 and 8.98%, and for LO + CAP they are 9.75 and 13.02%
with Tw-20 and SDS, respectively, from 293.15 to 313.15 K.
However, in the presence of CTAB with the OO + CAP NEs, Gmax

shows an increase of 27.66% and again decreased by 8.09 and
17.65% for the CO + CAP and LO + CAP NEs, respectively.
Similarly, the Gmax of the CAB stabilized NEs shows an increase
for OO + CAB of 7.29, 7.70 and 6.04%, for CO + CAB of 14.10,
10.05 and 7.62%, and for LO + CAB of 8.84, 8.85 and 5.43% with
Tw-20, SDS and CTAB at 293.15 to 313.15 K, respectively. This
increase illustrates the stronger oil–water surface activity with
higher dispersion patterns of the NEs. Furthermore, in the
presence of TTDMM, the Gmax values increased, which indi-
cated the stronger oil–TTDMM dispersion within the aqueous
surfactants with CAP or CAB. The increases in the Gmax values
for the OO + CAP NEs are 16.40, 18.39 and 23.05% with Tw-20,
8.46, 10.07 and 9.05% with SDS, and 37.18, 15.47 and 15.10%
with CTAB at 293.15, 303.15 and 313.15 K, respectively. For the
CO + CAP NEs, the increases in the Gmax values are 10.61, 12.24
and 17.74% with Tw-20, 9.92, 11.42 and 9.68% with SDS, and
Fig. 9 Antioxidant activity of TTDMM nanoemulsions (DNEs) with (a) OO

12516 | RSC Adv., 2019, 9, 12507–12519
10.63, 10.23 and 9.53% with CTAB at 293.15, 303.15 and 313.15
K, respectively. For the LO + CAP NEs, the increases in the Gmax

values are 17.65, 17.50 and 17.45% with Tw-20, 8.17, 8.11 and
14% with SDS, and 10.64, 11.65 and 20.08% with CTAB at
293.15, 303.15 and 313.15 K, respectively. Additionally, the
kinetic energy of the system from 293.15 to 313.15 K also
inuences the hydration spheres (formed by ionic surfactants)
and kinetic energy transport of individual molecules, which
stimulated the oil–water surface segregation. Hence, the
increases in the Gmax values observed in random order or drastic
variations from 293.15 to 313.15 K could be due to greater ionic
dissociation by CTAB and SDS, creating a higher kinetic energy
that attracts a higher Br� and Na+ hydration sphere population
to the bulk via electrostatic interactions.44

3.7 Particle size and zeta potential measurements

Tables S11 and S12† contain the particle size (PS), PDI and zeta
potential values of the BNEs and DNEs, where PS was obtained
in the range of 171.3 � 2.1 to 322.2 � 6.2 nm for the BNEs and
78.8 � 4.4 to 176.8 � 3.5 nm for the DNEs, and the PDI values
were obtained in the range of 0.149 � 0.029 to 0.881 � 0.031 for
the BNEs and 0.060 � 0.017 to 0.356 � 0.009 for the DNEs,
showing the homogeneity of the NEs aer TTDMM dispersion.
, (b) CO and (c) LO with anionic, cationic and non-ionic surfactants.

This journal is © The Royal Society of Chemistry 2019
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The obtained PS and PDI values for the BNEs show regular
variation, which suggests that the oil–surfactant interaction
materialized on account of the distinctly oscillating hydrophilic
and hydrophobic domains of the medium components. An
irregular variation also infers interaction patterns of oil and
different cationic, anionic and non-ionic surfactants with CAP
and CAB, which are also responsible for abrupt Brownian
motions. In the TTDMM dispersed NEs, PS and PDI values of
>176.8 � 3.5 nm and 0.356 � 0.009 were obtained, respectively,
which implies that the TTDMM dispersed oil droplets of the
DNEs have a similar size distribution to the BNEs, which is
considered as a reliable synergistic effect of medium interac-
tions between TTDMM and oil with different surfactants.
Hence, the PDI values of >0.350 account for the uniform
compositional behaviour of the prepared NEs. Furthermore,
Fig. 10 Possible antioxidant free radical mechanism of TTDMM–oils (OO

This journal is © The Royal Society of Chemistry 2019
vital key zeta potential data were measured using dynamic light
scattering, which indicated the moderate stability of the NEs.
Hence, in this study, aer TTDMM dispersion in the NEs, the
obtained PS, PDI and zeta potential values showed the higher
stability and dispersion, and non-uniformity of the TTDMM–oil
nanodroplets with the CAP and CAB additives, as compared to
the BNEs.
3.8 Antioxidant activity of the TTDMM dispersed NEs

Fig. 9 depicts the antioxidant activity of the blank and DNEs,
where the DNE system shows an excellent radical scavenging
activity as compared to the aqueous surfactant solution. This
may be due to the catalytic activity of oil causing TTDMM to
undergo a chemical process, which favours the release of H+
, CO and LO).

RSC Adv., 2019, 9, 12507–12519 | 12517
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ions into the NE system.32,33 The donated H+ ions are easily
accepted by the DPPH radical to become a stable diamagnetic
molecule. In the presence of TTDMM, the oil–TTDMM mixture
having strong phobic–phobic interactions with a higher surface
area would also be responsible for the higher radical scavenging
activity.28 As shown in Fig. 9, the % RSA was observed in the
order of OO > LO > CO, because a larger number of pi bonds
could strengthen the hydrophobic interactions with TTDMM
(Fig. 10). The highest antioxidant activity was observed for the
OO NEs that have electron clouds on the TTDMM surface,
which act as sub-orbitals. Thus, these sub-orbitals respond to
the electron cloud of OO, producing 97.89% DPPH scavenging
activity; hence, such a constricting mechanism favours H+

release from TTDMM more easily. However, the three –OH
groups of CO inhibit the electron cloud, which reduces the
electron repulsion. Similarly, in the case of LO, the presence of
an asymmetric pi bond distribution favoured a disturbed
molecular alignment and orientation, hence inhibiting the H+

releasing activity. Hence, the oil–TTDMM hydrophobic inter-
action dominated over the water–ethyl acetate, ethanol and
glycerol interactions, which could not interfere with the oil–
TTDMM hydrophobicity. Furthermore, the hydrophilic part of
Tw-20, SDS and CTAB might also not affect the hydrophobic
interaction, hence the hydrophilic part of the surfactants
engaged with the water–ethyl acetate, ethanol and glycerol
interfaces. For the CAP stabilized NEs, antioxidant activity was
observed in the order of Tw-20 > CTAB > SDS for all of the
selected oils. Similarly, for the CAB stabilized NEs, the activity
orders are CTAB > SDS > Tw-20, Tw-20 > CTAB > SDS, and Tw-20
> CTAB > SDS with OO, CO and LO, respectively. The highest
antioxidant activity was observed with Tw-20, due to strong
hydrophobic engagement in oil–TTDMM-Tw20. This also
proves that TTDMM remained in cluster form where the
benzene ring in the core has delocalized pi electrons, which
affect the nearby non-bonding electron pairs that undergo
electron–electron repulsion as per the Lennard-Jones poten-
tial.19 In general, electron shielding of H-bonded –CH– of
TTDMM shows a transition state, and these activities only
happen in the case of the mono-dispersed form, not in the
agglomerated or aggregated form. In the presence of TTDMM,
the lowest antioxidant activity of the DNEs was obtained with
SDS, which may be due to the development of electrostatic
interactions between the –SO3

�, Na+ and electron rich sites of
the ester groups (pC]O and –COO–) of TTDMM. These results
show an inhibition in the electron donating affinity of the ester
group, which is responsible for the decreasing radical scav-
enging activity.

4. Conclusions

The stable nanoemulsions of a TTDMM dendrimer have been
successfully prepared and analysed for the effect of philic–
phobic modulation. The interaction activities of different oils,
surfactants and chemical additives for TTDMM stabilization
have been reported in the current study with their physico-
chemical properties (PCPs) estimated at T ¼ 293.15 to 313.15 K.
It has been revealed that the variation in PCPs with a change in
12518 | RSC Adv., 2019, 9, 12507–12519
temperature along with added additives shows the dispersion of
the TTDMM–oil interaction with cationic, anionic and non-
ionic surfactants. The strong phobic–phobic interaction
between long alkyl chains of the oils and surfactants produced
structural compactness that led to a lower r, where the free ion,
i.e. Na+ and Br�, hydration spheres developed a dynamic
structural modulation. Therefore, the presence of unsaturated
moieties in the oils and different surfactants inuenced the
PCPs of the NEs and DNEs. The philic–phobic, phobic–phobic
and different electrostatic interactions play the greatest role in
TTDMM dispersion, along with NE stability.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Authors are thankful to Central Instrumental facility, Central
University of Gujarat, Gandhinagar (CIF-CUG), Deenbandhu
Chhotu Ram University of Science and Technology, Murthal for
providing necessary experimental facilities. Authors are also
thanks to Government of India for the award of research
fellowship under the project TEQIP-III.

References

1 S. Uluata, E. A. Decker and D. J. McClements, Food Biophys.,
2016, 11, 52–59.

2 K. Tong, C. Zhao, Z. Sun and D. Sun, ACS Sustainable Chem.
Eng., 2015, 3, 3299–3306.

3 L. Salvia-Trujillo, R. Soliva-Fortuny, M. A. Rojas-Graü,
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