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Abstract: The focus of the present work is to evaluate the interactions of an anti-allergic drug
(diphenhydramine hydrochloride, DPH) with anionic (sodium dodecyl sulfate, SDS) and cationic
(cetylpyridinium chloride, CPC) surfactants in the aqueous medium. The mixed micellization
behavior and surface properties of drug-surfactant mixtures have been examined by surface tension
measurements. Various theoretical approaches were applied to explore the synergistic or non-ideal
behavior of the current mixed systems. Furthermore, the binding studies of drug with surfactants
have been elaborated by UV—-visible spectroscopy. Benesi-Hildebrand (B-H) theory was used to
compute stoichiometric ratio, binding constant, and free energy change for the drug-surfactant
mixtures. The outputs are deliberated taking into consideration the use of surfactants as capable
drug delivery agents for DPH and hence advance bioavailability.

Keywords: diphenhydramine hydrochloride; sodium dodecyl sulfate; cetylpyridinium chloride;

mixed micellization; binding studies

1. Introduction

A pharmaceutical drug or medicine is a substance that causes physiological changes in
the human body and is used to treat or cure a disease. To study physicochemical properties
of the drug is of most importance to understand the drug action at the molecular level
which is highly dependent upon the solution behavior of the drug. Many drugs used
in pharmaceutical formulations or drug delivery are surface-active drugs [1-21]. The
surface-active agents are organic molecules having both hydrophilic and hydrophobic
parts in the same body. The solvent being polar is attracted by the hydrophilic part
while the hydrophobic part composed of long carbon chains favors the hydrophobic
interaction. The presence of two opposite nature parts in the same body, allows these
molecules to adsorb at the surface or interface and reduce the surface tension of the examine
solution. The applications of these molecules are vast and in almost every field including
household products, pharmaceuticals, biomedical, food industries, and cosmetics [22]. In
pharmaceuticals the use of surface-active agents increases due to its self-assembling nature.
These surface-active agents can act as a solubilizer, stabilizers, and dispersion agent in
pharmaceuticals. They are also used as an antibacterial agent. They are also used as an
excipient to improve the drug formulation of antibiotics. Drug because of amphiphilic
in nature or surfactant-like structure they form small organized aggregates, micelle at
a specific concentration known as critical micelle concentration (CMC). Micelle is a key
point to provide various functional properties of the drug in the presence of different
pharmaceutical excipients.

The bioavailability and therapeutic efficacy of the drug depend on solubility [23-25].
According to Khadka et al. [26] almost 70% of new chemical entities discovered for pharma-
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ceutical applications have poor water solubility. The less soluble drug gives unsatisfactory
and variable consumption while excess drug doses lead to several side effects. Hence,
various strategies have been applied to improve the solubility of the drug, including the
use of surfactants. The surfactants are widely used in drug delivery and the mixed system
composed of drug and surfactants are better competent as compared with their single
components counterparts. The main action of surfactant is the transport of the drug to
the specific sites; thus, they lessen the drug degradation and enhance bioavailability. The
surfactant molecule being the imitate to bio membrane help in studying the interaction of
the different drug with a membrane.

Diphenhydramine (DPH) is an ethanolamine, an antihistamine of H; receptor, a first-
generation drug, and has anticholinergic properties [27-29]. The reported value of pKa for
DPH is 8.87, so the DPH ionized in an aqueous solution and acquired a positive charge.
We checked the pH of the pure and mixed solution and found a constant value ~ 7.0. DPH
works by blocking the effects of histamine a natural substance produces in the body during
an allergic reaction. Histamines play a major role in mediating nasal allergy symptom:s,
such as mucus formation, swelling, and itching [30]. Some other conditions like hay
fever, nausea, vomiting, and dizziness are also controlled by using this drug. It is found
in many nonprescription products as the sole active ingredient or combined with other
ingredients for the treatment of colds, allergies, and insomnia. It is available in oral tablets,
chewable tablets, liquid-filled capsules, and liquid solution forms. It is also used on the
skin in the form of topical anti-itch cream, gels, and sprays. Being first-generation DPH
has more efficacy in the treatment of allergies than some second-generation antihistamine
drug Desloratadine. The surface activity of this compound is due to the presence of the
diphenylmethane group (Figure 1).
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Diphenhydramine hydrochloride (DPH) Sodium dodecyl sulfate (SDS) Cetylpyridinium chloride (CPC)

Figure 1. Structure of amphiphiles.

The main aim of this work is to investigate the interaction of anti-allergic drug
(DPH) with anionic (SDS) and cationic (CPC) surfactants. The micellar compositions,
self-aggregation, mutual interaction, interfacial adsorption, and thermodynamic of the
mixed system were studied in detail. Different physical theories of mixed micelle like
Rosen, Rubingh, Clint, and Motomura have been used to understand the interactions
between drug and surfactant components. Furthermore, the binding studies of drug with
surfactants have been elaborated by UV-visible and steady-state fluorescence.

2. Experimental Section
2.1. Materials

Sodium dodecyl sulfate (SDS), cetyl pyridinium chloride (CPC) were the product
from Sigma-Aldrich (St. Louis, MO, USA) having purity >98%, while diphenhydramine
hydrochloride (DPH), was purchased from Molecule-on (New Lynn, Auckland, New
Zealand). The structures of all amphiphiles are shown in Figure 1. All chemicals were
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used as provided by the supplier without further purification. Ultrapure deionized double
distilled water has been used to make the solution of amphiphiles and their mixtures.

2.2. Methods
2.2.1. Surface Tension Measurement

The surface tension values (y) of drug, surfactants, and their mixtures were recorded
by using an attension tensiometer (Sigma 701, Attension, Germany) over the temperature
of 298.15 K. We have followed the ring method (Du Nouy principle) to measure the surface
tension. According to Du Nouy principle the force is measured before a liquid film is tear
using a torsion meter and surface tension calculated from the diameter of the ring and the
tear-off force. The instrument was calibrated with double distilled ultrapure water having
surface tension value (y) = 70 mN-m~! at 298.15 K. Before each measurement, the ring
was heated on an ethanol flame until glowing red and finally cleaned by washing in water.
The y values for pure and mixtures of amphiphiles were obtained by adding concentrated
amphiphiles solution in the vessel containing water. The y values continuously declined
on the adding of amphiphiles solution up to a specific value of concentration and then it
became constant. This constant value of concentration refers to the CMC value, as shown
in Figure 2. Surface tension data is replicated three times for each experiment.
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Figure 2. Surface tension (y) vs. log [C] plots for CPC + DPH mixed systems.

2.2.2. Electronic Absorption Measurement

UV-visible spectrophotometer (Thermo Scientific, Waltham, MA, USA, Evolution 300)
was used to obtained absorption spectra of DPH in the presence of SDS and CPC using a
quartz cuvette. The measurements were done to recognize the nature of the interaction
between the drug and surfactants. Benesi-Hildebrand equation was used to compute
the binding constant (K). The absorption spectra of DPH have been recorded over 200 to
400 nm (Figure 3). For absorption of drug surfactant mixture, increasing equivalents of
surfactants were added by keeping the concentration of drug constant (Figure 3).
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Figure 3. Adsorption spectra of DPH with increasing concentration of (A) SDS, (B) CPC.

3. Results and Discussion
3.1. Critical Micelle Concentration of Single and Mixed Amphiphiles

The critical micelle concentration of single and mixed amphiphiles has been deter-
mined from surface tension vs. concentration plots (Figure 2). CMC plays a significant
role in many product formulations in various industries. When the interface between the
two-phase is saturated with the amphiphile monomers, the formation of micelle in the bulk
is taking place naturally. When we add an amphiphile to the water or solvent, the inter-
facial tension (force per unit length, mN/m) decreases. When the amphiphile molecules
adsorb at the interface, they replace some water molecules. The amphiphile-water inter-
action is weaker than the water—-water molecular interaction, results in contraction force
decreases (surface tension decreases). At the saturation point (CMC), the amphiphile starts
to aggregate and form a globular structure known as a micelle. Exploring the CMC values
of an amphiphile is very crucial as it is an important indicator where it can effectively
emulsify, solubilize, and disperse. Determining the CMC via surface tension is one of the
classical ways. Figure 2 is showing a graph between surface tension vs. concentration of
amphiphile, the CMC is determined when the surface tension becomes almost constant.
The CMC values of solo and mixture of amphiphiles determined by the surface tension
are presented in Table 1. The CMC values of single amphiphiles are well-matched with
earlier reported values [31-33]. The presence of an aromatic ring and 16 carbon in the
chain of the CPC molecule make the CMC less than SDS. The DPH has a higher CMC
value due to the rigid structure having two rings. So, it is tough for DPH molecule to fit in
the curved area for the formation of the CMC. Therefore, the formation of micelle takes
place at a higher concentration. Usually, the CMC values for mixtures are found between
the CMC values of the two amphiphiles [34-37]. The CMC value of DPH is decreased
in the presence of SDS and CPC. The decrease in CMC with the addition of surfactants
suggests a synergistic interaction between the drug and surfactant molecules. Generally,
the hydrophobic interaction between the chains and electrostatic repulsion between the
head groups decide the onset of micelle formation. A micelle is formed when hydrophobic
interaction in the system predominates over electrostatic repulsion. For SDS+DPH mixed
system the CMC values are lower than the individual amphiphiles (except «; = 0.1). The
electrostatic repulsive interactions between SDS ions are reduced by the addition of drug
molecules through the electrostatic attractive interactions between (5O4) group of SDS and
NH" group of dug molecules (Figure 4). Hence, as a result, monomers aggregate more
easily and CMC values of DPH decreases in the presence of SDS. In the case of CPC+DPH
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both have a positive charge on the head group. The hydrophobic interactions may over-
come the electrostatic repulsions between the cationic head group of CPC and DPH, and
an increase in the hydrophobicity may cause the drug molecules to move slightly deeper
into the micelle interior. The decrease of CMC of the drug in the presence of CPC (having

both positive charge head groups) favored the increase in the hydrophobic interaction and
decrease in the electrostatic self-repulsion.

Table 1. Micellar parameters, experimental critical micelle concentration (CMC), ideal critical micelle concentration (CMC¥),

micellar mole fraction (X7)

, ideal mole fraction (Xildeal), interaction parameter (8), activity coefficients (f1, f) of DPH +

SDS/CPC mixed (systems at temperature T = 298.15 K. Values are the mean =+ SD (n = 3).

%
o () mw % XA wGi
SDS+DPH

0 112 £ 6.10

0.1 7.877 +£1.29 45.5 0.534 0.635 7.272 0.206 0.126 —2.75
0.2 6.622 +1.21 28.5 0.584 0.796 6.635 0.317 0.104

0.8 1.239 £ 0.58 8.80 0.647 0.984 12.363 0.214 0.006

0.9 1.010 £ 0.63 7.89 0.657 0.993 13.961 0.193 0.002

1 7.150 = 0.87

CPC+DPH

0 112 + 6.1
0.1 4416 £1.17 7.65 0.728 0.938 3.988 0.744 0.121 —4.92
0.3 1.890 £ 1.12 2.67 0.811 0.983 4.317 0.857 0.058
0.5 1.037 £+ 1.03 1.62 0.802 0.993 5.938 0.793 0.022
0.7 0.906 + 1.05 1.16 0.863 0.997 5.518 0.901 0.016
0.9 0.703 £ 091 0.905 0.872 0.999 7.133 0.890 0.004

1 0.815 + 0.23

Cclr
Hs(
Ccr

UONORIAUL orqoydospAH

Electrostatic Repulsion

B)

(A) (

Figure 4. Schematic representation of the interactions (hydrophobic and electrostatic) between (A) DPH + SDS, (B) DPH + CPC.

To judge the interaction between two amphiphiles, theoretical models were used. The

ideal and nonideal solution behavior of amphiphile mixtures can be described by using the
pseudo-phase separation model. The ideal values of CMC (CMC¥) can be assessed with
the help of experimental CMC values of single amphiphiles using Clint’s relations [38,39]:

1 oy n (%)
CMC* CMC; CMGC,

)

CMC* = ideal critical micelle concentration of the mixed system
CMC; = critical micelle concentration of surfactant (SDS/CPC)
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CMC,; = critical micelle concentration of the drug (DPH)
o« = mole fraction of surfactant (SDS/CPC)

The ideal value of CMC (CMC*) can be predicted from the CMC values of single
amphiphiles by this model. It helps to know the ideality of the mixtures. In Table 1, ex-
perimental CMC and ideal CMC are listed. It is confirmed from Table 1 that the obtained
CMC values are seen to be less than CMC* values, showing a negative deviation from
ideality. The deviation from ideality refers to the interactions between the two amphiphiles.
If the deviation is negative (CMC < CMC¥), represent attractive interaction; deviation
is positive (CMC* < CMC), show repulsive interaction. Since both systems show nega-
tive deviation from ideality, hence an attractive interaction exists between the drug and
surfactant molecules.

3.2. Synergistic Effects

Although Clint equation is helpful to know the non-ideality of the mixture. But when
the two amphiphiles of different head groups are mixed, the interaction of the mixed system
cannot be predicted accurately by Clint’s equation. To solve this problem Rubingh [40-42]
gave a relation by applying regular solution approximation (RST). Rubingh theory is
one of the most frequently used theories among several others to get an insight into the
micellar constitution. Rubingh proposed a relation between CMC values of single and
mixed amphiphiles and stoichiometric mole fraction to compute the values of micellar
mole fraction of amphiphiles in the mixture (Xj).

(Xl)lel(leCMC/X1CMC1)

> =1 2)
(1 — Xl) li’l[(l — al)CMC/(l - X1)CMC2]

The values X; can be obtained by solving Equation (2) iteratively. According to
Motomura approximation [43,44], the micellar mole fraction in the ideal state is also
computed by using the following equation:

ideal __ 251 CMC2
1 a1CMCy + a,CMGCy

®)

The values of both X; and XilOleal are listed in Table 1. It is confirmed from the data that
the Xideal values are higher than X, for both mixed systems. This suggests the contribution
of surfactants is lower than the drug in the formation of mixed micelles.

Another interaction parameter (f) is also important to understand the nature and
magnitude of the interaction between two components. By using the calculated values X3,
the micellar interaction parameter () can be obtained by the given relation,

_ In(a;CMC/X;CMCy)
P ey @

The values of B may be positive, negative, or even zero. The § with negative values
imply synergism arising from attractive interactions, whereas the g with positive val-
ues indicated antagonism because of the repulsive interaction between the amphiphiles
molecules in the micellar phase. It is also a measure of any deviation from ideal behavior.
The values of § are listed in Table 1 and are found to be negative for both mixed systems.
The negative values of B indicate synergistic interaction. The SDS+DPH shows greater
synergism than CPC+DPH. This can be clarified based on fact that the DPH binds tightly
with SDS because of preferred electrostatic interactions amid the cationic head group of
DPH and anionic head group pf SDS, which form ion pair. For synergism between two
amphiphiles two circumstances must be trailed:

(1) B should be negative
() |8l > |In(CMC;/CMGy|
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It is confirmed from Table 1, both conditions are followed by all binary mixtures
studied. The evaluated values of § were used in Rubingh’s equation to calculate the
activity coefficients

fr = exp|B(1 - X1)’] ©)
f> = exp|B(X1)’] ©)

The calculated values are less than one which signifies the synergistic or non-ideal
behavior between drug and surfactant mixtures at all mole fractions.

3.3. Surface Parameters of Drug-Surfactants Mixtures

The unbalance attractive force between the surface molecules (force per unit of length)
is known as surface tension or surface energy. When amphiphiles are adsorbed at the
surface, some water molecules are replaced by the amphiphiles. The amphiphiles—water
molecules interaction is weaker than water—water molecular interactions, resulting in
contraction force decrease (surface tension decreases). The adsorption per unit area of
amphiphiles can be calculated by the Gibbs adsorption Equation (7):

—dy =Y Tidy; (7)

where

v = surface tension
I'; = surface excess
i = chemical potential of the ith components in the solution

For a multi-component system having n species and total concentration C, the equation
may be written as [45-47]
1 d
qux - < 7 ) (8)

~ 2.303nRT \ dlogC

where n represents the number of species present in the solution, and its value can be
calculated by the relation [20]
n = Xls np + X§ 1y
The values of Iy can be used to calculate the minimum area per surfactant molecules,
at the air/water interface by using the Equation (9) [31,48]

1018
NArmax

Apin = )
where N4 stands for Avogadro’s number. The packing of molecules at the surface, whether
the molecules are closely or loosely packed at the surface, are recognized by the A,
values. The values of these parameters are listed in Table 2. The values of I';;,x decreases
(Apin increases) in the presence of CPC while the values increase (Apin decreases) in the
presence of SDS. The lower values of I';x for DPH+CPC mixed system than pure DPH
is due to the larger hydrocarbon chain of CPC that resists the adsorption of the mixture
on the surface. This is further confirmed by the values of A,,;,. The larger values Iy, for
SDS+DPH mixed system than I';;5x value of DPH indicating that the SDS+DPH mixed
system possesses more adsorbing tendency at the surface and favors the micellization in the
bulk solution. The lower values of A,,;, for the SDS+DPH mixed system are accountable
for close packing. The higher values of A,,;,, for CPC+SDS mixed system than the value
for pure DPH indicating the formation of loose packing and micelle with a relatively high
charge density of CPC and DPH mixed system. The minimum area per molecule at an
ideal state (A;ze.1) can be computed from Equation (10)

Aigeal = X]A1 + (1= X7) A (10)
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where Xj is the mole fraction of component 1 at the surface. It is confirmed from Table 2,
that the values of A, for both mixed systems are lower than the A,,;, experimental values.
The A,,;;, values are also utilized to compute the packing parameter (p), the geometry of

micelle by the following Equation (11) [49]:

Vo

P= chmin

(11)

where V) = volume of exclusion per monomer in the aggregate, [ = is the maximum chain
length computed by the Tanford formulae [50]

Vo = (0.0274 +0.0269 (C, — 1)) nm (12)
l.= (0.154 +0.1265(C,, — 1))nm (13)
Table 2. Surface parameters of DPH and SDS/CPC mixed systems at temperature T = 298.15 K. Values are the mean £ SD (1 = 3).
& 106 I'max Amin Ajideal C Yeme Tleme
1 (mol-m~—2) (nm?) (nm?) Pt (mN-m~-1) (mN-m~1)
SDS+DPH

0 1.809 £ 0.21 0.917 £0.10 0.963 £+ 0.08 49.710 £ 0.67 20.290 + 0.67
0.1 2.213 +0.28 0.750 £+ 0.09 0.710 2.909 +0.14 31.350 + 0.81 38.650 + 0.81
0.2 2.257 £ 0.25 0.735 £0.13 0.699 3.061 £ 0.09 31.495 + 0.90 38.505 + 0.90
0.8 2.277 +£0.27 0.729 £0.11 0.681 3.688 £ 0.11 30.196 4+ 0.73 39.804 + 0.73
0.9 2.328 £0.21 0.713 £ 0.06 0.679 3.818 £ 0.07 30.124 +0.43 39.876 + 0.43

1 3.011 +£0.23 0.551 £ 0.04 2.700 £ 0.05 30.208 4+ 0.29 39.792 + 0.29

CPC+DPH

0 1.809 £ 0.21 0.917 £0.10 0.963 £+ 0.08 49.710 £ 0.67 20.290 + 0.67
0.1 1.219 £ 0.23 1.361 £ 0.09 0.866 3.022 £ 0.09 35.859 + 0.69 34.141 + 0.69
0.3 1.243 + 0.28 1.335 £ 0.15 0.864 3410 £0.13 35.502 + 0.73 34.498 + 0.73
0.5 1.541 + 0.19 1.077 £0.12 0.863 3.680 £ 0.11 35.362 + 0.48 34.638 + 0.48
0.7 1.266 + 0.14 1.311 £ 0.07 0.859 3.718 £0.15 34.929 +0.33 35.071 + 0.33
0.9 1.109 + 0.22 1.496 + 0.09 0.861 3.913 £0.08 35.285 4+ 0.18 34.715 + 0.18

1 1.933 £ 0.11 0.858 £ 0.05 3.920 £0.11 37.710 £ 0.15 32.290 + 0.15

The values of p are listed in Table 3. Spherical, rod and disk-like are some existing
morphologies of an amphiphile. Due to these different morphologies, the different struc-
tures like cubic, lamellar, and cage are possible depending on the p-value. The P values for
spherical, cylindrical, and lamellar particles are ~0.33, 0.33 to 0.5, and 0.5 to 1, respectively.
From Table 3 the p values of pure and mixtures are below 0.33, confirm spherical geometry.

Table 3. Molar concentrations (C5), micellar mole fraction at surface (X;), interaction parameter
at surface (%), packing parameter (p) and CMC/Cyy of DPH and SDS/CPC mixed systems at

temperature T = 298.15 K. Values are the mean £ SD (n = 3).

CS
. (mmol-dm~—3) X,° -#° p In ( %)
SDS+DPH
0 109 £ 11 0.23 -3.98
0.1 123+ 6.5 0.565 11.82 0.28
0.2 0.869 + 8.3 0.594 11.78 0.29
0.8 0.205 £+ 3.1 0.645 16.52 0.29
0.9 0.152 +£ 1.3 0.650 18.54 0.30
1 2.04 +£0.15 0.38
CPC+DPH
0 109 + 11 0.23 -6.81
0.1 0.951 + 6.8 0.860 417 0.15
0.3 0341 +7.1 0.897 4.79 0.16
0.5 0.207 £ 3.2 0.907 5.82 0.20
0.7 0.167 £ 0.23 0.976 4.33 0.16
0.9 0.122 £ 0.35 0.940 7.49 0.14
1 0.120 £ 0.17 0.24




Polymers 2021, 13, 1214

9of 14

To know the solution behavior of an amphiphile, the efficiency of surface adsorption
is the most important criterion. It is defined as the required molar concentration of an
amphiphile to produce maximum adsorption. Generally, when the surface tension value
of an amphiphile is reduced to 20 mN-m~!, maximum adsorption is acquired. The molar
concentration of an amphiphile at this point is known as Cpp and its negative logarithm
value is symbolized as pCyg. The larger pCyy values mean better efficiency of amphiphiles
is to be adsorbed. For both mixed systems the pCy is higher than pure DPH (Table 2),
indicating that the mixed systems have a higher adsorption tendency at the surface relative
to the solubilizing tendency in an aqueous medium.

The nature and strength of the interaction of the drug with surfactant at the surface can
be analyzed by using Rosen’s theory [51]. The micelle mole fraction at mixed adsorbed film
and interfacial micellar interaction parameter between two amphiphiles can be evaluated
by the following equations:

(X3)?In(aq CS / X5 CS)

_ vS)2 _ S _ %S\cS =1 (14)
(1= X5)7In[(1— a1)CS/ (1 - X§) 3]
gs = In(@C/ Psff 2Cf ) (15)
(1-X7)

where Cq, Cy, and C are molar concentration values of SDS/CPC, DPH, and their mixed
monolayer, respectively, «; is the mole fraction of SDS/CPC. Equation (14) was solved
iteratively for X?, which is then substituted in Equation (15) to calculate 8° values. As
seen from Table 3. The values of X7 increases with increasing the surfactant concentration
for both mixed systems, which suggests that more surfactant molecules are adsorbed to
make a mixed monolayer. The 8° values reflect the extent of interaction between drug and
surfactant at the surface. The B° values given in Table 3, are negative with the respective
average values (-14.66 and -5.32) being for SDS/DPH and CPC/DPH. The negative values
suggesting attractive interactions in mixed monolayer formation. Like bulk at the surface
for synergism following two conditions should exist:

(1)  B° should be negative
S C
@ 65> [im(2)]
It is clear from Table 3 that SDS+DPH mixed system follow the conditions. It is also

confirmed from data that 8° > B, which means attractive interactions at the surface are
stronger than in bulk.

3.4. Thermodynamic Parameters of Micellization

In the micelle formation, the ordered water structure break by the hydrophobic part
of the amphiphiles, and entropy of the system increases while there is a decrease in the free
energy. The attainment of a minimum free energy state is the main reason for the micelle
formation. The decrease in the free energy of any process describes spontaneity. Thus, the
formation of the micelle is a spontaneous process. With the help of the phase separation
model of micellization, the standard Gibbs free energy of micellization (AGY,) is calculated
from Equation (16) [47].

AGY = RTInXcmc (16)

All values of AGY, obtained for both mixed systems are negative (Table 4), suggesting
the feasibility of the micellization. The AG), values of DPH are less than the pure am-
phiphiles (SDS and CPC) suggesting micellization of the drug is less spontaneous than the
other two amphiphiles. The spontaneity of the DPH/CPC mixed system is slightly more
than DPH/SDS. The result is possible because SDS is less hydrophobic than CPC, longer
chain molecules favor micellization to a large degree. The synergistic interaction between
two amphiphiles-like interaction parameters also quantified by the term free energy of
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micellization. The values (listed in Table 4) are increases with increasing the SDS/CPC
concentration, suggesting synergistic interactions between DPH+SDS/CPC.

Table 4. Thermodynamic parameters of DPH and SDS/CPC mixed at temperature T = 298.15 K.
Values are the mean + SD (n = 3).

o -_AG;)': _'AGa(is .Gmin, —Gpx
(kj-mol—1) (kj-mol—1) (kj-mol—1)
SDS+DPH
0 15.37 £ 0.15 26.58 = 0.14 27.46 £ 2.67
0.1 21.95£0.18 39.41 £0.16 14.16 +2.35 4.484
0.2 22.38 £0.23 39.44 +£0.19 13.94 £ 1.90 3.994
0.8 26.53 £ 0.27 44.01 £0.12 13.25 £ 2.08 6.996
0.9 27.04 £0.20 4417 £0.24 12.93 + 1.67 7.794
1 2219 £0.33 35.41 £ 0.81 10.03 £ 0.90
CPC+DPH
0 15.37 £ 0.15 26.58 £ 0.14 27.46 £2.67
0.1 23.38 £0.18 51.37 £ 0.80 29.39 +£2.31 1.957
0.3 2549 £0.15 53.23 £0.18 28.54 +£2.39 1.637
0.5 26.97 £0.35 49.45 £0.99 22.93 £0.99 2.333
0.7 27.31 £0.31 55.01 £1.01 27.58 + 1.50 1.616
0.9 2794 +£0.17 59.23 £ 0.88 31.80 = 0.99 1.969
1 27.57 £0.57 4427 £1.34 19.49 +1.18

Rosen and Arason gave a simple relation between AG), and AG?, (standard gives the
energy of adsorption) [51,52]:

AGY, = AGY, — TEMC (17)
rmax

The 7temc is the surface pressure at CMC. The above equation is significant because it
describes the transfer of an amphiphile molecule from the surface to bulk at zero pressure.
The values of Ang for pure and mixed systems are also negative indicate spontaneity
of adsorption. The more negative values of AGY, than the AG),, confirm the adsorption

process is more favorable than micellization.
The synergism at adsorbed monolayer evaluated by a thermodynamic parameter

(Gmin) [53]

Gmin = AminYcmcNa

The values of Gpip, are listed in Table 4. The low values of Gyn for pure and mixed
systems indicate that the thermodynamically stable surfaces are formed, and hence drug-
surfactant interactions are favorable.

The activity coefficients could be used to determine another thermodynamic parame-
ter, the excess free energy of micellization based on Rubingh’s theory [54]:

AGexe = RT(Xlli’lfl + X211’lf2) (18)

All the calculated values of AG,y, are negative, indicating thermodynamically stable
micellization takes place.
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3.5. Spectroscopic Method (UV-Visible Spectroscopy)

When a drug is solubilized in a surfactant solution, the location, distribution, and
orientation of the drug in the micelle are of great importance to know the physicochemical
behavior of the drug. The interaction of drug (DPH) with anionic and cationic surfactants
has been analyzed by UV-visible spectroscopy. The absorbance spectra of DPH have
been analyzed in the presence of increasing equivalents of surfactants (Figure 3). It is
important to note here that surfactants have no peak in the UV-visible range. There
is only one characteristic peak of DPH at 257 nm, a characteristic peak of the tricyclic
region of the drug. On the addition of surfactants (SDS/CPC), the absorption intensity
of DPH increases. The hyperchromic effect in the drug surfactants mixture indicates the
formation of a new complex. As it is clear from the figure there is no significant shifting in
the spectrum so could not explain much about the behavior of the complex. The Benesi-
Hildebrand Equation (19) was used to determine the quantitative estimation of the binding
of surfactants with the drug [55].

L _ ! F— (19)
A— AO N K(Amax — AQ)[S]n Amax — AO

where (S) is the concentration of surfactants (SDS/CPC), A, Ag and Amax are the absorbance
values of DPH in the presence of surfactant, in the absence of surfactant, and the absorbance
due to the formation of the drug—surfactant complex. The plot of A%Ao vs. 1/[S]? gives
a straight line (Figure 5), which further indicates the formation of the 1:2 complex. The
Bensei-Hildebrand equation was used to calculate the binding constant from intercept to
slope ratio. The obtained binding constant values (K) are 3.349 x 10 and 8.469 x 107 M2
for DPH+SDS and DPH+CPC, respectively. It is clear from the binding constant values
that the DPH is showing more binding affinity toward SDS than CPC due to the less steric
hindrance caused by SDS single-chain hydrophobic group. The values of K is used to
calculate the values of free energy change by the Equation (20) [56].

AGg = —RTInK (20)
10 25
CPC+DPH
SDS+DPH (]
8_
2.0
> 6+ — )
: <
< < 1.5 °
= 4- =
1.0
2_
)
0 T T T T 0.5 T T T T
00 2.0x10™ 4.0x10" 6.0x10™ 8.0x 10" 10x 10" 0.0 50x107 1.0x10° 1.5x10° 20x10° 2.5x 108

Figure 5. The plot of 1/(A-Aq) vs. 1/ [S]? for the interaction of DPH with SDS and CPC in an aqueous solution.

The values of free energy change are —48.63 and —45.249 k]J-mol~! for DPH+SDS
and DPH+CPC, respectively. The values of AGx were found to be negative to confirm the
spontaneity of the process of complexation.

4. Conclusions

The mixed micellization of the anti-allergic drug, diphenhydramine hydrochloride,
with anionic (SDS) and cationic (CPC) surfactants, has been studied by surface tension
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and UV-visible spectroscopy. This study is of great importance from a biological and
pharmaceutical point of view. The outputs are deliberated taking into consideration the use
of surfactants as capable drug delivery agents for DPH and hence advance bioavailability.
The mixed micelle, interfacial and thermodynamic parameters were evaluated by surface
tension measurement while binding constant and free energy change were evaluated by
UV-visible spectroscopy. The following conclusions are drawn from our results:

(1) Experimental CMC values are seen to be less than CMC* values, showing a negative
deviation from ideality. The deviation from ideality refers to the interactions between
the two amphiphiles.

(2) The values micelle mole fraction of surfactants (X7) are lower than ideal values (Xildeal)
at all mole fractions, confirm a higher contribution of the drug in the mixed micelle.

(3) The calculated values of the interaction parameter (8) are negative suggesting syn-
ergistic interaction between the drug and surfactants. The SDS+DPH mixed system
shows greater synergism than CPC+DPH. This can be clarified based on fact that the
DPH binds tightly with SDS because of preferred electrostatic interactions amid the
cationic head group of DPH and anionic head group pf SDS, which form ion pair.

(4) The lower values of surface excess (I'yx) for DPH+CPC mixed system than pure
DPH is due to the larger hydrocarbon chain of CPC that resists the adsorption of the
mixture on the surface.

(5) The packing parameter (p) values of pure and mixtures are below 0.33, confirm
spherical geometry.

(6) The changed standard Gibbs free energy (AGY) obtained for both mixed systems are
negative, suggesting the feasibility of the micellization.

(7) The DPH is showing more binding affinity toward SDS (3.349 x 10%) than CPC
(8.469 x 107) due to the less steric hindrance caused by SDS single-chain hydropho-
bic group.

Author Contributions: N.A. and M.A R. were involved in experimental planning, interpreting data,
and writing the manuscript. N.A. planned and conducted UV-visible studies. A.M.A. and S.Y.A.
reviewed and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research work was funded by Institutional Fund Projects under grant no. (IFPHI-
013-130-2020). Therefore, authors gratefully acknowledge technical and financial support from the
Ministry of Education and King Abdulaziz University, DSR, Jeddah, Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This research work was funded by Institutional Fund Projects under grant no.
(IFPHI-013-130-2020). Therefore, authors gratefully acknowledge technical and financial support
from the Ministry of Education and King Abdulaziz University, DSR, Jeddah, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

1. Schreier, S.; Malheiros, S.V.; de Paula, E. Surface active drugs: Self-association and interaction with membranes and surfactants.
Physicochemical and biological aspects. Biochim. Biophys. Acta (BBA) Biomembr. 2000, 1508, 210-234. [CrossRef]

2. Causon, D.; Gettins, J.; Gormally, J.; Greenwood, R.; Natarajan, N.; Wyn-Jones, E. Ultrasonic relaxations associated with
aggregation in drugs. J. Chem. Soc. Faraday Trans. 2 1981, 77, 143-151. [CrossRef]

3. Yokoyama, S.; Fujino, Y.; Kawamoto, Y.; Kaneko, A.; Fujie, T. Micellization of an Aqueous Solution of Piperidolate Hydrochloride
in the Presence of Acetylcholine Chloride. Chem. Pharm. Bull. 1994, 42, 1351-1353. [CrossRef]

4. Attwood, D.; Tolley, J.A. Self-association of analgesics in aqueous solution: Association models for codeine, oxycodone, ethylmor-
phine and pethidine. J. Pharm. Pharmacol. 1980, 32, 761-765. [CrossRef] [PubMed]

5. Azum, N.; Ahmed, A.; Rub, M.A,; Asiri, A M.; Alamery, S.F. Investigation of aggregation behavior of ibuprofen sodium drug
under the influence of gelatin protein and salt. J. Mol. Lig. 2019, 290, 111187. [CrossRef]


http://doi.org/10.1016/S0304-4157(00)00012-5
http://doi.org/10.1039/f29817700143
http://doi.org/10.1248/cpb.42.1351
http://doi.org/10.1111/j.2042-7158.1980.tb13062.x
http://www.ncbi.nlm.nih.gov/pubmed/6110724
http://doi.org/10.1016/j.molliq.2019.111187

Polymers 2021, 13, 1214 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kumar, D.; Azum, N.; Rub, M.A; Asiri, A.M. Aggregation behavior of sodium salt of ibuprofen with conventional and gemini
surfactant. J. Mol. Lig. 2018, 262, 86-96. [CrossRef]

Rub, M.A.; Azum, N.; Khan, E; Asiri, A.M. Aggregation of sodium salt of ibuprofen and sodium taurocholate mixture in different
media: A tensiometry and fluorometry study. J. Chem. Thermodyn. 2018, 121, 199-210. [CrossRef]

Wan-Bahdi, W.; Mwakibete, H.; Bloor, D.M.; Palepu, R.; Wyn-Jones, E. Emf and ultrasonic relaxation measurements of premicellar
and micellar aggregation in the drug promethazine hydrochloride. J. Phys. Chem. 1992, 96, 918-925. [CrossRef]

Attwood, D.; Natarajan, R. Effect of pH on the micellar properties of amphiphilic drugs in aqueous solution. . Pharm. Pharmacol.
1981, 33, 136-140. [CrossRef]

Attwood, D.; Florence, A.T; Gillan, ].M.N. Micellar Properties of Drugs: Properties of Micellar Aggregates of Phenothiazines and
Their Aqueous Solutions. J. Pharm. Sci. 1974, 63, 988-993. [CrossRef]

Hwang, PM.; Vogel, H.]. Structure-function relationships of antimicrobial peptides. Biochem. Cell Biol. 1998, 76, 235-246.
[CrossRef] [PubMed]

Sarmiento, F.; Lopez-Fontan, J.L.; Prieto, G.; Mosquera, V.; Attwood, D. Mixed micelles of structurally related antidepressant
drugs. Colloid Polym. Sci. 1997, 275, 1144-1147. [CrossRef]

Atherton, A.D.; Barry, B.W. Photon correlation spectroscopy of surface active cationic drugs. J. Pharm. Pharmacol. 1985, 37,
854-862. [CrossRef] [PubMed]

Khan, E; Rub, M.A.; Azum, N.; Asiri, A.M. Mixtures of antidepressant amphiphilic drug imipramine hydrochloride and anionic
surfactant: Micellar and thermodynamic investigation. J. Phys. Org. Chem. 2018, 31, e3812. [CrossRef]

Rub, M.A.; Azum, N.; Khan, F; Asiri, A.M. Surface, micellar, and thermodynamic properties of antidepressant drug nortriptyline
hydrochloride with TX-114 in aqueous/urea solutions. J. Phys. Org. Chem. 2017, 30, e3676. [CrossRef]

Rub, M.A_; Khan, ].M.; Azum, N.; Asiri, A.M. Influence of antidepressant clomipramine hydrochloride drug on human serum
albumin: Spectroscopic study. J. Mol. Lig. 2017, 241, 91-98. [CrossRef]

Ruso, ].M.; Attwood, D.; Rey, C.; Taboada, P.; Mosquera, V.; Sarmiento, F. Light Scattering and NMR Studies of the Self-Association
of the Amphiphilic Molecule Propranolol Hydrochloride in Aqueous Electrolyte Solutions. J. Phys. Chem. B 1999, 103, 7092-7096.
[CrossRef]

Matsuki, H.; Hashimoto, S.; Kaneshina, S.; Yamanaka, M. Surface Adsorption and Volume Behavior of Local Anesthetics.
Langmuir 1994, 10, 1882-1887. [CrossRef]

Azum, N.; Rub, M.A.; Asiri, A.M. Interaction of antipsychotic drug with novel surfactants: Micellization and binding studies.
Chin. J. Chem. Eng. 2018, 26, 566-573. [CrossRef]

Azum, N.; Rub, M.A; Asiri, A.M.; Kashmery, H.A. Synergistic effect of an antipsychotic drug chlorpromazine hydrochloride
with pluronic triblock copolymer: A physicochemical study. J. Mol. Lig. 2018, 260, 159-165. [CrossRef]

King, S.-Y.P; Basista, A.M.; Torosian, G. Self-Association and Solubility Behaviors of a Novel Anticancer Agent, Brequinar Sodium.
J. Pharm. Sci. 1989, 78, 95-100. [CrossRef]

Bhadoriya, S.S.; Madoriya, N. Biosurfactants: A New Pharmaceutical Additive for Solubility Enhancement and Pharmaceutical
Development. Biochem. Pharmacol. Open Access 2013, 2. [CrossRef]

Vinarov, Z.; Katev, V.; Radeva, D.; Tcholakova, S.; Denkov, N.D. Micellar solubilization of poorly water-soluble drugs: Effect of
surfactant and solubilizate molecular structure. Drug Dev. Ind. Pharm. 2018, 44, 677-686. [CrossRef] [PubMed]

Klevens, H.B. Solubilization. Chem. Rev. 1950, 47, 1-74. [CrossRef] [PubMed]

Rangel-Yagui, C.O.; Pessoa, A., Jr.; Tavares, L.C. Micellar solubilization of drugs. J. Pharm. Pharm. Sci. 2005, 8, 147-165.
Khadka, P; Ro, J.; Kim, H.; Kim, I; Kim, J.T.; Kim, H.; Cho, ].M.; Yun, G.; Lee, J. Pharmaceutical particle technologies: An
approach to improve drug solubility, dissolution and bioavailability. Asian J. Pharm. Sci. 2014, 9, 304-316. [CrossRef]

Attwood, D.; Udeala, O.K. Aggregation of antihistamines in aqueous solution. The effect of electrolyte on the micellar properties
of some diphenylmethane derivatives. J. Pharm. Pharmacol. 1975, 27, 395-399. [CrossRef]

Sharma, S.; Kumar, K.; Chauhan, S. Micellization properties of antihistaminic drug diphenhydramine.HCI in aqueous electrolytic
solution: Conductometric and spectroscopic studies. J. Mol. Lig. 2020, 300, 112306. [CrossRef]

Srivastava, A.; Uchiyama, H.; Wada, Y.; Hatanaka, Y.; Shirakawa, Y.; Kadota, K.; Tozuka, Y. Mixed micelles of the antihistaminic
cationic drug diphenhydramine hydrochloride with anionic and non-ionic surfactants show improved solubility, drug release
and cytotoxicity of ethenzamide. J. Mol. Lig. 2019, 277, 349-359. [CrossRef]

Church, M.K. Allergy, Histamine and Antihistamines. Snake Venoms 2016, 241, 321-331.

Sharma, R.; Mahajan, R.K. An investigation of binding ability of ionic surfactants with trifluoperazine dihydrochloride: Insights
from surface tension, electronic absorption and fluorescence measurements. RSC Adv. 2012, 2, 9571-9583. [CrossRef]

Attwood, D. Micelle formation by some antihistamines in aqueous solution. J. Pharm. Pharmacol. 1972, 24, 751-752. [CrossRef]
[PubMed]

Khatua, PK.; Ghosh, S.; Ghosh, S.K,; Bhattacharya, S.C. Characterization of Binary Surfactant Mixtures (Cetylpyridinium Chloride
and Tween 60) in an Aqueous Medium. |. Dispers. Sci. Technol. 2005, 25, 741-748. [CrossRef]

Azum, N.; Rub, M.A.; Asiri, A.M. Bile salt-bile salt interaction in mixed monolayer and mixed micelle formation. J. Chem.
Thermodyn. 2019, 128, 406—414. [CrossRef]

Azum, N.; Rub, M.A.; Asiri, A.M. Interaction of triblock-copolymer with cationic gemini and conventional surfactants: A
physicochemical study. J. Dispers. Sci. Technol. 2017, 38, 1785-1791. [CrossRef]


http://doi.org/10.1016/j.molliq.2018.04.053
http://doi.org/10.1016/j.jct.2018.02.019
http://doi.org/10.1021/j100181a071
http://doi.org/10.1111/j.2042-7158.1981.tb13735.x
http://doi.org/10.1002/jps.2600630649
http://doi.org/10.1139/o98-026
http://www.ncbi.nlm.nih.gov/pubmed/9923692
http://doi.org/10.1007/s003960050194
http://doi.org/10.1111/j.2042-7158.1985.tb04989.x
http://www.ncbi.nlm.nih.gov/pubmed/2868091
http://doi.org/10.1002/poc.3812
http://doi.org/10.1002/poc.3676
http://doi.org/10.1016/j.molliq.2017.05.143
http://doi.org/10.1021/jp983900z
http://doi.org/10.1021/la00018a044
http://doi.org/10.1016/j.cjche.2017.09.009
http://doi.org/10.1016/j.molliq.2018.03.088
http://doi.org/10.1002/jps.2600780204
http://doi.org/10.4172/2167-0501.1000113
http://doi.org/10.1080/03639045.2017.1408642
http://www.ncbi.nlm.nih.gov/pubmed/29164955
http://doi.org/10.1021/cr60146a001
http://www.ncbi.nlm.nih.gov/pubmed/24538460
http://doi.org/10.1016/j.ajps.2014.05.005
http://doi.org/10.1111/j.2042-7158.1975.tb09467.x
http://doi.org/10.1016/j.molliq.2019.112306
http://doi.org/10.1016/j.molliq.2018.12.070
http://doi.org/10.1039/c2ra21020g
http://doi.org/10.1111/j.2042-7158.1972.tb09107.x
http://www.ncbi.nlm.nih.gov/pubmed/4404087
http://doi.org/10.1081/DIS-200035501
http://doi.org/10.1016/j.jct.2018.08.030
http://doi.org/10.1080/01932691.2017.1283510

Polymers 2021, 13, 1214 14 of 14

36. Azum, N.; Rub, M.A,; Asiri, A.M. Micellization and interfacial behavior of binary and ternary mixtures in aqueous medium. J.
Mol. Lig. 2016, 216, 94-98. [CrossRef]

37. Khan, F;Rub, M.A.; Azum, N.; Kumar, D.; Asiri, A.M. Interaction of an Amphiphilic Drug and Sodium Bis(2-ethylhexyl)sulfosuccinate
at Low Concentrations in the Absence and Presence of Sodium Chloride. J. Solut. Chem. 2015, 44, 1937-1961. [CrossRef]

38. Kumar, D.; Rub, M.A.; Azum, N.; Asiri, A.M. Mixed micellization study of ibuprofen (sodium salt) and cationic surfactant
(conventional as well as gemini). J. Phys. Org. Chem. 2018, 31, €3730. [CrossRef]

39. Clint, ].H. Micellization of mixed nonionic surface active agents. . Chem. Soc. Faraday Trans. Phys. Chem. Condens. Phases 1975, 71,
1327-1334. [CrossRef]

40. Holland, PM.; Rubingh, D.N. Nonideal multicomponent mixed micelle model. J. Phys. Chem. 1983, 87, 1984-1990. [CrossRef]

41. Azum, N.; Naqvi, A.Z.; Rub, M.A_; Asiri, A.M. Multi-technique approach towards amphiphilic drug-surfactant interaction: A
physicochemical study. J. Mol. Lig. 2017, 240, 189-195. [CrossRef]

42.  Azum, N.; Rub, M.A.; Asiri, A.M.; Bawazeer, W.A. Micellar and interfacial properties of amphiphilic drug-non-ionic surfactants
mixed systems: Surface tension, fluorescence and UV-vis studies. Colloids Surf. A Physicochem. Eng. Asp. 2017, 522, 183-192.
[CrossRef]

43. Lange, H.; Beck, K.-H. Zur Mizellbildung in Mischlésungen homologer und nichthomologer Tenside. Colloid Polym. Sci. 1973,
251, 424-431. [CrossRef]

44. Rub, M.A,; Azum, N.; Asiri, A.M. Binary Mixtures of Sodium Salt of Ibuprofen and Selected Bile Salts: Interface, Micellar,
Thermodynamic, and Spectroscopic Study. J. Chem. Eng. Data 2017, 62, 3216-3228. [CrossRef]

45. Shaheen, A.; Mir, A.W. Effect of additives on mixed micellization of a phenothiazine drug promethazine hydrochloride and an
ester-based pyridinium gemini surfactant. J. Dispers. Sci. Technol. 2020, 41, 1513-1525. [CrossRef]

46. Azum, N.; Rub, M.A_; Asiri, A.M. Self-association and micro-environmental properties of sodium salt of ibuprofen with BRIJ-56
under the influence of aqueous/urea solution. J. Dispers. Sci. Technol. 2017, 38, 96-104. [CrossRef]

47.  Zhou, Q.; Rosen, M.]. Molecular Interactions of Surfactants in Mixed Monolayers at the Air/ Aqueous Solution Interface and in
Mixed Micelles in Aqueous Media: The Regular Solution Approach. Langmuir 2003, 19, 4555-4562. [CrossRef]

48. Azum, N.; Rub, M.A_; Asiri, A.M. Micellization and Interfacial Behavior of the Sodium Salt of Ibuprofen—BRIJ-58 in Aque-
ous/Brine Solutions. . Solut. Chem. 2016, 45, 791-803. [CrossRef]

49. Ghosh, S.; Chakraborty, T. Mixed Micelle Formation among Anionic Gemini Surfactant (212) and Its Monomer (SDMA) with
Conventional Surfactants (C12E5and C12ES8) in Brine Solution at pH 11. ]J. Phys. Chem. B 2007, 111, 8080-8088. [CrossRef]
[PubMed]

50. Charles, T. The Hydrophobic Effect: Formation of Micelles and Biological Membranes, 2nd ed.; Wiley-Interscience: New York, NY,
USA, 1980.

51. Rosen, M.].; Aronson, S. Standard free energies of adsorption of surfactants at the aqueous solution/air interface from surface
tension data in the vicinity of the critical micelle concentration. Colloids Surf. 1981, 3, 201-208. [CrossRef]

52.  Mukerjee, P. The nature of the association equilibria and hydrophobic bonding in aqueous solutions of association colloids. Adv.
Colloid Interface Sci. 1967, 1, 242-275. [CrossRef]

53. Sugihara, G.; Miyazono, A.; Nagadome, S.; Oida, T.; Hayashi, Y.; Ko, J.-S. Adsorption and Micelle Formation of Mixed Surfactant
Systems in Water II: A Combination of Cationic Gemini-type Surfactant with MEGA-10. . Oleo Sci. 2003, 52, 449-461. [CrossRef]

54. Hall, D.G. Electrostatic effects in dilute solutions containing charged colloidal entities. J. Chem. Soc. Faraday Trans. 1991, 87,
3529-3535. [CrossRef]

55. Benesi, H.A.; Hildebrand, ].H. A Spectrophotometric Investigation of the Interaction of Iodine with Aromatic Hydrocarbons. J.
Am. Chem. Soc. 1949, 71, 2703-2707. [CrossRef]

56. Almgren, M.; Grieser, F.; Thomas, ].K. Dynamic and static aspects of solubilization of neutral arenes in ionic micellar solutions. J.
Am. Chem. Soc. 1979, 101, 279-291. [CrossRef]


http://doi.org/10.1016/j.molliq.2016.01.001
http://doi.org/10.1007/s10953-015-0386-1
http://doi.org/10.1002/poc.3730
http://doi.org/10.1039/f19757101327
http://doi.org/10.1021/j100234a030
http://doi.org/10.1016/j.molliq.2017.05.066
http://doi.org/10.1016/j.colsurfa.2017.02.093
http://doi.org/10.1007/BF01498689
http://doi.org/10.1021/acs.jced.7b00298
http://doi.org/10.1080/01932691.2019.1627882
http://doi.org/10.1080/01932691.2016.1144197
http://doi.org/10.1021/la020789m
http://doi.org/10.1007/s10953-016-0463-0
http://doi.org/10.1021/jp067761u
http://www.ncbi.nlm.nih.gov/pubmed/17583935
http://doi.org/10.1016/0166-6622(81)80037-6
http://doi.org/10.1016/0001-8686(67)80005-8
http://doi.org/10.5650/jos.52.449
http://doi.org/10.1039/ft9918703529
http://doi.org/10.1021/ja01176a030
http://doi.org/10.1021/ja00496a001

	Introduction 
	Experimental Section 
	Materials 
	Methods 
	Surface Tension Measurement 
	Electronic Absorption Measurement 


	Results and Discussion 
	Critical Micelle Concentration of Single and Mixed Amphiphiles 
	Synergistic Effects 
	Surface Parameters of Drug-Surfactants Mixtures 
	Thermodynamic Parameters of Micellization 
	Spectroscopic Method (UV–Visible Spectroscopy) 

	Conclusions 
	References

