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Abstract: The formation of liposomes, nanoparticle micelles, and related systems by 
mixtures of drugs and/or surfactants is of major relevance for the design of drug delivery 
systems. We can design new systems using different compounds. Traditionally these 
systems are created by trial and error using experimental data. However, in most cases 
measuring all the possible combinations represents a extensive work and almost always 
unaffordable. In this sense, we can use theoretical concepts and develop computational 
models to predict different physicochemical properties of self-aggregation processes of 
mixed molecular systems. In a previous work, we developed a new PT-LFER model 
(Linear Free Energy Relationships, LFER, combined with Perturbation Theory, PT, ideas) 
for binary systems. The best PT-LFER model found predicted the effects of 25000 
perturbations over nine different properties of binary systems. The present work has two parts. Firstly, we carry 
out an analysis on the new results on the applications and experimental-theoretical studies of binary self-
assembled systems. In the second part, we report for the first time, a new experimental-theoretic study of the 
NaDC-DTAB binary system. For this purpose, we have combined experimental procedures plus 
physicochemical thermodynamic framework with the PT-LFER model reported in our previous work. 
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INTRODUCTION 
 The interaction between different types of amphiphilic mole-
cules in solution has long received great interest from the experi-
mental sciences. Recently, physical chemists have devoted particu-
lar attention to these systems in a phenomenological way to get 
accurate information on the forces responsible for molecular inter-
actions; this is also expected to increase the efficiency and number 
of uses of these systems particularly when amphiphilic drugs are 
involved [1]. For example, due to the impediments that nucleic 
acids have to cross cell membranes, the efficiency of gene therapy 
depends greatly on the use of vectors which could deliver genetic 
material into a target cell with minimum toxicity. However, the 
current development of both molecular medicine and biotechnology 
has opened up endless possibilities as can be seen in the light of the 
most recent studies. Thus, Nakamura et al. [2], reported on the con-
trolled clustering of oppositely charged colloidal particles by the 
adsorption of ionic surfactants, modifying charge numbers Z of 
particles. They studied the heteroclustering of submicron-sized 
polystyrene (PS) and silica particles, both systems present negative 
charge, in the presence of cetylpyridinium chloride (CPC), a cati-
onic amphiphile molecule. The surfactant concentration [C] was 
selected below the critical micelle concentration. When the surfac-
tant molecules reach the interfaces, the charge of the PS and silica 
particles decreased, inverting to positive when [C] exceeded the  
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isoelectric point. The isolectric point of hydrophobic PS particles is 
much lower than the hydrophilic silica particles. At [C] values rang-
ing between isoelectric points, the particles have opposite charge, 
and clustering was enabled. To explain the clustering behavior, 
adsorption isotherms of the CPC and screened-Coulomb-type pair 
potential were analyzed. Expected applications of these results 
could be the control of colloidal stability and the construction of 
various particle types into heterogeneous colloidal clusters. Liang et 
al. [3], studied PAH mixtures on the Surfactant-enhanced remedia-
tion [4] context. SER has been extensively used in decontaminating 
PAH-polluted soil. Several authors have concentrated on the 
evaluation of the washing efficiency without considering the mutual 
interaction of pollutants. In their work, the authors studied the ef-
fect of cosolubilization between phenanthrene (Phe) and pyrene 
(Pyr) in the presence of nonionic surfactant Triton X-100 (TX100) 
on their codesorption performance from the soil. Cosolubilization 
experiments reveal that, when cosolubilized, solubility of Phe and 
Pyr in TX100 grows in 15.38% and 18.19%, respectively, values 
obtained from the deviation ratio of the molar solubilization in sin-
gle and binary solute solubilization phases. Such potentiation arises 
from the volume expansion of the micelles caused by the solubiliza-
tion of PAHs at the interfaces of the micelles. The cosolubilization 
effect was further observed in the soil washing process. The 
stronger solubilization ability of TX100 towards Phe and Pyr could 
increase the two PAHs' codesorption efficiency from soil, matching 
by synergistic extent of 6-15%. However, synergism in codesorp-
tion was feebler than that observed in the cosolubilization system, 
this fact was associated with losing surfactant from soil and PAH 
partition into soil organic matter and adsorbed surfactants. Even 
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liquid crystals have also been studied from the point of view of 
mixed systems. In addition to its strong presence in information-
display technology, liquid crystalline systems hold a great promise 
in drug solubiliation and delivery. For this purpose, a mixture com-
posed of 2,3-dihydroxypropyl oleate, medium-chain triglycerides 
and citrem was proposed [5]. The role of citrem is to stabilize the 
structure of the liquid crystal formed by the other two compounds 
forming a suitable platform for drug solubilization although small 
changes in the composition of the liquid crystal phase may change 
the immunological outcomes.  
 The use of surfactants in the remediation of contaminated areas 
has an important tradition. Within this field the recovery of agricul-
tural areas devastated by the use of pesticides becomes more impor-
tant with every passing day. In a very interesting document a group 
of researchers studied the solubilization of three different herbicides 
in pure and mixed different surfactant systems. Surprisingly, the use 
of mixed surfactant systems did not improve the solubilization of 
herbicides over those of the single components. Previous studies 
have linked increased solubilization of organic molecules in mixed 
micelles with the degree of attractive interactions between surfac-
tants; however, this was not observed in the current study and the 
authors related this fact with the attractive interactions found in all 
of the binary mixtures [6]. Related with this topic, Zhao et al. [7], 
proposed another system in order to improve soil retention for phe-
nanthrene (PHE). In this case, the vector proposed is a combination 
of cationic gemini (12-2-12) and nonionic surfactants (C12E10). 
The use of gemini surfactants is motivated by their important ad-
vantages over regular ones: lower micromolar cmc, greater surface 
activity, slow monomer-micelle kinetics and interesting viscoelastic 
properties. The sorption magnitude of the mixed system for PHE 
exceeded the pure surfactant. This was attributed to the formation 
of the most compact arrangement of surfactants in the aggregates 
placed onto the solid/liquid interface. The sorption capacities of 
surfactant mixture for PHE were greater than the summed individ-
ual results. Such enhancement was attributed to the synergetic ef-
fect of cationic gemini and nonionic surfactant on the retention of 
PHE.  
 The increase of resistant bacteria is a major public health con-
cern. So, developing effective new antibacterials is an important 
social request. Cationic surfactants have been used as antimicrobi-
als long time ago. Marafino et al. [8] present a very remarkable job 
for several reasons. Firstly, the authors design, synthesize (tris-
cationic, tripled-headed, double-tailed amphiphiles) and character-
ize the compounds. Then, they study the physicochemical proper-
ties of both pure compounds and the mixtures (critical micellar 
concentration, thermodynamic parameters and minimum inhibitory 
concentration against six bacterial strains). Finally, they include 
combination studies, checkerboard technique, to determine if mix-
tures present synergism to kill E. coli or S. aureus, a first attempt to 
obtain structure–activity relationships. Both the designed compound 
and the method offer promise as future antibacterial agents in a 
wide variety of applications. Oliver et al. [9], also suggest that 
properties such as shape, dimension, and electric charge can be 
systematically and predictably tuned. Combinations of commonly 
used surfactants were studied by SAXS and ITC and the conclu-
sions seem to be quite clear: the geometrical and physicochemical 
properties of the mixed aggregates can be expressed as a linear 
combination of the respective properties of the pure compounds. 
 The view is the most important sense. In different cultures 
around the world, vocabulary related to this sense represents 60% 
of the vocabulary referred to the senses. It is clear that we are very 
visual creatures, not only because the visual processing requires a 
large percentage of the brain but also the images capture our atten-
tion much more easily. Science has not ignored this phenomenon 
and in the recent years we have witnessed an incredible growth in 
technical and related applications. A glance at any scientific publi-
cation will corroborate this fact. Electron microscopy holds the lead 

role and mixed systems have not been left out. Thus, Fox et al. [10], 
studied the structure silica nanoparticles in coated with a mixture of  
poly(acrylic acid)/polystyrene in two different solvents by using 
electron microscopy techniques: Cryo-EM and Cryo-ET. The ob-
tained images were analyzed using the UCSF Chimera and IMOD 
software which allow visualization, image processing, modeling 
and analysis of molecular structures. The results showed that in the 
organic solvent, the mixed layer was highly solvated and the thick-
ness was around 27 nm (similar to the extended length of the poly-
mer). The layer exhibit two separate microdomains: the PS-rich one 
with a truncated cone shape and the PAA-rich one grafted on the 
silica. When water is the solvent, the thickness of the layer reduces 
to 18 nm, Ps microdomains became disordered tethered micelles 
within the swollen PAA layer. On the whole, this paper highlights 
the advantages of the digital images and the software packages. 
 Phase transitions profoundly affect the properties of the sys-
tems. Consequently, it is essential to determine their state. Although 
initially these studies were rare due to the difficulty in the experi-
mental characterization, development and better access to more 
robust techniques have recently enabled their characterization. As 
an example Plazzotta et al. [11], studied the effect of temperature 
on mixed micelles as a function of temperature. The study is per-
formed in two steps; the first one is focused on the phase diagram 
of the surfactant in the micellar core. After that, the influence of 
such changes in the mixed system is described. This study could be 
performed by a combination of small angle X-ray scattering 
(SAXS), microcalorimetry (DSC) and nuclear magnetic resonance 
(NMR). In conclusion, it should be noted that the phase transition is 
not annulled by adding another surfactant, simply, in some cases, a 
displacement of the lower critical temperature values was observed. 
Following with analogous examples; without a combination of very 
robust experimental techniques it would not have been possible to 
make such a complex study like that one carried by Klee et al. [12]. 
They determined the phase behavior and range of compositions of 
mixtures of ionic surfactants and ionic liquids at different tempera-
tures. The techniques employed included: differential scanning 
calorimetry, polarized microscopy, surface tension, small angle 
neutron scattering and small angle X-ray scattering. The binary 
phase diagrams were constructed from DSC and polarised micros-
copy measurements showing textures for homogeneous phase, 
lamellar structures cubic or hexagonal phases as concentration is 
increased. From SANS measurements and using different theoreti-
cal models, authors were able to get the aggregation number reveal-
ing that the aggregation numbers are higher in C2mimFeCl4 com-
pared with those where C4mimFeCl4 was used as solvent. Finally, 
authors were able to distinguish between the effects of the solvo-
phobic and solvophilic parts of the molecules, showing that faults in 
the ability to self-assemble arise because of the surfactant’s lipo-
phobic tail.  

COMPUTATIONAL STUDIES OF THE PHYSICOCHEMI-
CAL PROPERTIES OF BINARY SYSTEMS 
 The mixtures of a huge amount of surfactant types, nonionic/ 
nonionic anionic/nonionic, cationic/nonionic, anionic/biosurfactant, 
anionic/anionic, cationic/cationic, and cationic/ anionic have been 
studied and the theories of Clint [13], Motomura [14], Rosen [15] 
Rubingh [1] and Blankschtein [16] have been used to analyze and 
compare the experimental results in order to understand the syner-
gism and antagonism of the binary combinations. In addition to 
this, a theoretical approach of regular solution and molecular ther-
modynamic theory [17, 18] (considering the contributions of the 
hydrophilic head and hydrophobic tail structures of the amphi-
philes) has been applied on ternary mixtures of amphiphiles to pre-
dict the cmc and other micellar parameters on the basis of solution 
composition [19]. 
 To the best of our knowledge the first attempt to describe quan-
titatively the self-assembly of mixed system was performed by 
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Blankschtein and co-workers [20] [21]. They used a molecular-
thermodynamic framework to describe micellization, phase separa-
tion and thermodynamics. From an evaluation of the Gibbs free 
energy modeled as the sum of different contributions (the transfer 
of the surfactant hydrophobic tails from an aqueous to an oil-like 
environment, the formation of an interface, additional entropic con-
straints associated with anchoring one surfactant at the interface, 
the formation of the micelle interfacial region, steric interactions 
between the surfactant heads and counterions, electrostatic interac-
tions at the micelle interface and entropy of mixing) they were able 
to predict qualitative trends of micellar and phase behavior as a 
function of surfactant molecular structure and the solution condi-
tions. As a logic continuation of their work they have developed 
different user-friendly computer programs named PREDICT, 
MIX2, MIXn, SURF, and DYNAMIC.  
Another example of combination of computational and experimen-
tal methods was proposed by Hassan et al [22]. The focused on 
catanionic systems (mixtures of oppositely charged surfactants). 
The experimental side made use of common techniques such as 
density and ultrosound velocities, electrical conductivities, trans-
mission electron microscopy and dynamic light scattering. On the 
other hand, the computer simulation method used was molecular 
dynamics (MD). The force field used was GROMOCS96 and The 
Extended Simple Point Charge model was employed for water 
molecules. Three dimensional periodic boundary conditions with 
cubic boxes were used for all the trajectories. The pressure was 
isotropically controlled by using a Berendsen barostat. Long range 
electrostatic interactions were calculated using the Particle Mesh 
Ewald method. Random initial velocities were assigned from a 
Maxwell-Boltzmann distribution at 298 K. The equations of motion 
were integrated using the leapfrog method with a time step of 2 fs. 
Bond lengths and angles in water were constrained using the SET-
TLE algorithm, while the LINCS algorithm was used to constrain 
bond lengths within the surfactant molecules. During the MD simu-
lations, coordinates, velocities, and energies were stored every 10 
ps for further analysis. Thus, they could observe that a variety of 
structures of different size coexist in solution with vesicles of ~160 
nm diameter. Interestingly, the nanostructures were observed to 
self-assemble in a time scale easily accessible by atomistic classical 
molecular dynamics simulations, allowing to provide a comprehen-
sive structural and dynamic characterization of the surfactant mole-
cules at atomic level in the different aggregates. 
 Jójárt et al. [4], combined experimental studies and Molecular 
Dynamics (MD) to study the system formed by sodium dodecyl 
sulphate and sodium cholate, two molecules with different architec-
tures. The experimental part was cover with spectrofluorimetric, 
surface tension and electrical measurements. For the computational 
part, the Martini coarse-grained method was chosen. The use of 
coarse grained models simulation techniques has proven to be a 
valuable tool to probe the time and length scales of systems beyond 
what is feasible with traditional atomistic models. The equilibrium 
is reached after 0.60 µs. The size distribution shows a trimodal 
distribution. The greatest aggregate (around 41 molecules) is the 
dominant. It consists of 67% of SDS. The dynamics of the cluster 
formation was described as follows: initially SDS molecules create 
a stable cluster. Then sodium cholate molecules interact with the 
SDS cluster increasing the size of the aggregate and decreasing the 
number of SDS molecules.  
 The mixed polymer systems have also received attention. Prha-
shanna et al. [23], studied co-micellization behavior for binary mix-
tures of Poloxamers in dilute aqueous solution. The available tech-
niques to predict properties of mixed systems of surfactants range 
from Monte Carlo, self-consistent field theory, dynamic density 
functional theory and so on. However, a problem with these tech-
niques is that they all describe polymers confined to lattice confor-
mations, and are not very well suited to describe branched 
 

polymers.  DPD resembles Molecular Dynamics (MD) in that the 
particles move according to Newton's laws, but in DPD the inter-
particle interactions allow larger time steps. Here, the interparticle 
force exerted between two particles is a combination of conserva-
tive, dissipative, and random forces. With suitable interaction pa-
rameters, the computational method allowed them to determine the 
structure of the aggregates: type, size, shape, and composition. It 
was found that different types of aggregates coexist at the same 
time: pure aggregates and mixed ellipsoidal micelles. For all cases 
under study, if the two polymers had similar concentrations, the 
proportion of mixed micelles could be increased. Also, it was 
showed that shorter chains prefer to straddle the core and corona in 
the region of ellipsoidal interface that is closer to the center of 
mixed micelle. 
 In addition, Extra-thermodynamic approaches close related to 
Linear Free Energy Relationships (LFER) have been successfully 
used in Chemoinformatics [24, 25]. The designation as LFER equa-
tions comes from the use of parameters depending on the Gibbs free 
energy [26] of the ith process.[26] The changes on the values of this 
potential during a process obey a logarithmic statistical thermody-
namic relationship with equilibrium constants Ki.[27]  
 Gonzalez-Díaz et al., [28] formulated a general-purpose Pertur-
bation Theory (PT) method for multiple-boundary Chemoinfor-
matics problems. In our opinion, Perturbation Theory (PT) ideas 
could be enforced to address this issue on the context of 
Chemoinformatics applied to study complex molecular systems. To 
a large extent, sense perturbational methods start with a known 
exact solution of a problem and continue adding "small" terms to 
the mathematical description in order to approach a solution to a 
related problem without knowing the exact solution [29-31]. PT-
LFER models offer important advantages for studies involving self-
aggregation and physichochemical properties of binary systems and 
other mixtures of surfactants and/or drugs in solution which are of 
both theoretical and practical importance. However, this task 
becomes more difficult once we want to predict simultaneously the 
effect over multiple output properties of binary systems of 
perturbations in multiple input experimental conditions (bj). In 
addition, in a mixture of a drug and a surfactant we can clearly 
distinguish the role of each component. However, in surfactant – 
surfactant bynary systems both molecules play undistinguishable 
roles. It could be possible to study each system experimentally but 
the number of possible combinations of output properties, measured 
in different subs-sets of conditions, for many possible mixtures will 
detemine a very huge number of experimental outcomes to be 
calculated. As a consequence, we need computational chemistry or 
chemoinformatics models that may help us to predict different 
properties of these classes of mixtures in multiple conditions. In a 
previous work we reported a PT-LFER able to predict multiple 
output properties of the system obtained after changes on the 
chemical structure of the two components of the system and their 
respective contra-ions, if any, as well as perturbations on other 
experimental boundary conditions.  
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Where, the output function 0f(pεij)new is a multi-output function that 
quantify the numerical values (ε) of different p-th physicochemical 
properties of the i-th binary system that have been experimentally 
determined under a certain set of j-th boundary conditions (cj). The 
statistical parameters used were the Regression coefficient of train-
ing series (R), the Fisher ratio (Sn), the probability of error or p-
level (p), and the Regression coefficient of leave-one-out validation 
(q2). This new model predicted (with R = 0.93) the effects over 12 
different experimental properties of thousands of changes or pertur-
bations (N = 25000) in initial conditions (bj). 
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EXPERIMENTAL-THEORETICAL STUDY OF THE NaDC-
DTAB SYSTEM 
 Nowadays, the main gene transfer routes are focused on the use 
of viral vectors which exhibit better gene transfer efficiency but are 
immunogenic and potentially mutagenic. To circumvent these limi-
tations, substantial efforts have been made in developing nonviral 
synthetic vectors like cationic liposomes or mixed micelles where 
some of their components play a certain role in living organisms 
[32-34]. Bile acids and their salts are one of the most evident exam-
ples of surfactants with biological activity[35]. Bile salts are the 
final products of the hepatic biotransformation of cholesterol and 
perform main roles in the gastrointestinal absorption of lipo-soluble 
compounds and in their deliver through the aqueous domains of 
humans. These amphiphilic molecules can be found in bile as 
mixed aggregates that serve to deliver additional cholesterol from 
the liver into the intestine [36]. Although their best known role is 
their process in the digestive function and absorption of fat, they 
also are present in other important physiological processes [37]. 
Sodium deoxycholate (NaDC) is a bile salt, soluble in water, very 
frequently used in applications ranging from cell lysis, vesicles 
preparation and insulation of transmembrane proteins. Owing to 
their biological compatibility and fascinating aggregation behavior, 
research on bile salts and their interactions with lipids, cyclodex-
trins or other additives have been explored in recent years [19]. 
 From the points discussed above, it is clear that subtle changes 
in compounds, ratio and environment conditions can lead to striking 
changes in the parameters and morphology of the aggregates. In 
order to shed light over the mechanism of formation and the ability 
to tune these intriguing structures at will, we present herein a ex-
perimental/computational study of the association behavior and 
corresponding properties of the mixed amphiphilic system sodium 
deoxycholate (NaDC)-dodecyltrimethylammonium bromide 
(DTAB). In addition to its scientific charm, we believe that once the 
underpinning factors and mechanisms are fully understood, the 
phenomenon can be harnessed for potential applications at an early 
stage in fabrication of highly efficient drug vectors, templates for 
biosensor devices, and so forth. 
 The system studied here is a binary mixture of dihidroxy bile 
salt sodium deoxicholate (NaDC) and dodecyltrimethylammonium 
bromide (DTAB). NaDC of purity ≥ 97 % and DTAB of purity ≥ 
98% were purchased from Sigma Aldrich and used as received. 
Pyrene (Sigma-Aldrich, 99%) was used as fluorescence probe. 

Stock NaDC and DTAB solutions (0.1 mol dm−3) were prepared 
and diluted as required for each experiment. The appropriate 
amounts of NaDC and DTAB stock solutions were mixed to obtain 
the different NaDC-DTAB mixture solutions. All surfactants and 
fluorescence probe solution were prepared using double-distilled 
water. Fluorescence spectra of pyrene were obtained with a Cary 
Eclipse spectrophotometer equipped with a temperature control 
device and a multicell sample holder (Varian Instruments Inc.). All 
samples were prepared with saturated solutions of pyrene (3 × 10−7 
mol dm−3). Measurements were performed at 298 K and the fluo-
rescence intensities ratios (I1/I3) of the first (I1, 373 nm) and third 
(I3, 384 nm) peaks from the short wavelength in the spectra of 
pyrene were obtained with excitation at λ = 335 nm. The excitation 
and emission slit widths were set to be 5 and 1.5 nm, respectively. 
Regarding the computational analysis we have our PT-LFER 
method to predict multiple output properties of the system.  
 Fluorescence spectroscopy measurements are highly sensitive 
to the intermolecular interactions having place into the solution, and 
so to the aggregation process (see Fig. 1). Plots of I1/I3 against total 
concentration of the mixture in aqueous solutions show two differ-
ent regions, separated by sharp slope changes (inset, Fig. 1). Since 
this property usually change linearly when only one sort of mole-
cule or cluster is present in the solution, each of these regions must 
correspond to a different aggregation state. The low concentration 
area corresponds to a monomeric state of the compounds, mean-
while higher ones are identified with the aggregate state of the 
molecules. The critical concentrations values were obtained from 
breaks in plots of I1/I3 against total concentration of the mixture in 
aqueous solutions. Since there was no clear inflection point in these 
plots, the results were analysed to detect a precise value of cmc, 
using the Phillips definition of the critical micelle concentration, in 
which the cmc is defined as the concentration corresponding to the 
maximum change in gradient in plots of some colligative property 
against total concentration. An algorithm was applied in the nu-
merical analysis of the data that the determination of precise values 
of the critical concentrations of drugs and surfactants of low aggre-
gation number. The method consists of a Gaussian approximation 
of the second derivative of the conductivity concentration data, 
followed by two consecutive numerical integrations by the Runge-
Kutta method and the Levenberg-Marquardt least-squares fitting 
algorithm. The inset in Fig. 1 show the maximum of the second 
derivative for the αNaDC = 0.1 system. The results obtained for all 
systems under study can be consulted in Table 1. 

Table 1. Critical micelle concentration, mixed micelle composition, activity coefficients fi, interaction parameter and Gibbs free en-
ergy as a function of NaDC molar fraction  

αNaDC cmc  f1 f2 β  (kBT) ΔG0
m(kJ mol-1) 

0 15.01 -- -- -- --  

0.1 10.40 0.32 0.92 0.68 -0.84 -11.31 

0.2 9.31 0.43 0.87 0.78 -0.74 -11.68 

0.3 6.82 0.51 0.65 0.67 -1.66 -12.35 

0.4 5.66 0.57 0.53 0.69 -1.97 -12.82 

0.6 5.36 0.68 0.44 0.84 -1.74 -12.95 

0.7 5.33 0.74 0.41 0.89 -1.63 -12.97 

0.8 5.82 0.84 0.48 0.97 -1.02 -12.75 

0.9 5.62 0.97 1.25 1.00 0.23 -12.83 

1 5.8 -- -- -- --  
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Fig. (1). Emission fluorescence spectra of pyrene in aqueous mixed micellar 
solutions of NaDC/DTAB (αNaDC = 0.1) as a function of total surfactant 
concentration. The inset shows the Fluorescence intensities ratios of pyrene 
emission spectra (I1/I3) as a function of total surfactant concentration for the 
αNaDC = 0.1 system. The dashed line represents the second derivative of the 
fluorescence-concentration curve. 

 
 The composition of the mixed micelles as well as the changes 
in the distribution of the components of each system between 
monomeric and micellar phases have been evaluated by the analysis 
of the variation of the cmc with composition using different ap-
proaches. The ideal approximation of the cmc of mixed micelles as 
a function of composition is done by Clint’s model: 
1 i

iideal icmc cmc
!="

                                                         (2) 
where this expression constitutes a relationship between the critical 
micellar concentration of the mixed system (cmcideal) and of the i 
pure components (cmci), and the molar fraction (αi). The mole frac-
tion of the components in the micelle in a binary ideal mixed state 
can be obtained by using the equation 

                                                         (3) 

 Rubingh’s model [1] based on the regular solution approach for 
the treatment of nonideal mixing, considers the nonideality by in-
troducing the activity coefficients, f in eq(3), as follows 

*

1 i

i i icmc f cmc
!="

                                                         (4) 
 For a binary solution, for example, according to this model we 
have:  

                                                         (5) 

 Here, Xi is the molar fraction of the ith surfactant in the micelle 
and the β parameter (in kT units, where k is the Boltzmann constant 
and T the absolute temperature) can be interpreted in terms of an 
energetic parameter that represents the excess Gibbs free energy of 
mixing. However, this theory does not take into account the non-
ideality behavior of real mixed systems. For this reason, the compo-
sition of the monomeric and micellar phases of these systems was 
evaluated by the treatment of Motomura et al. [14] based on excess 
thermodynamic quantities, where micellization is considered simi-
lar to a macroscopic bulk phase, and energetic parameters associ-
ated with the process are expressed by excess thermodynamic quan-

tities. The critical concentration, and the mole fraction of compo-

nents in the system, ix , are given by 

1 1 2 2* ( )cmc cmc! " ! "= +                                                          (6) 

i i i 1 1 2 2/ ( )x ! " ! " ! "= +      (i = 1,2)                                         (7) 

where α1 and α2 are the mole fractions of component 1 and 2 and ν1 

= ν1,a+ν1,c and ν2= ν2,b+ ν2,d; ν1,a and ν1,c are the number of cations 
and anions produced on dissociation of component 1 and ν2,b and 
ν2,d  are the number produced on dissociation of component 2. The 
compounds under investigation are 1:1 electrolytes with identical 
counterions charge, then: ν1,a = ν1,c = ν2,b = ν2,d = 1, so cmc* = 
2cmc. The composition of the mixed micelle is determined using 
the relationship 

1, 2,1 2
2 2
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* 1
*

c
m d c d

c dT p

x x cmcX x
cmc x x x

! " "
" " " "

# $% &'% &= ( () *+ ,+ , ' +- . ) *- . / 0      

(8) 

 The Kronecker delta, c
d! , for systems investigated here, in 

which counterions are identical, is 1 and Eq. (8) reduces to: 

1 2
2 2

2 ,

*
*

m

T p

x x cmcX x
cmc x

! "#! "= $ % &% & #' (' (
                                         (9) 

 In Fig. 2 we have plotted the experimental values of cmc for the 
mixed system with the ideal approximation, as a function of αNaDC. 
Even just from visual inspect it is clear that Rubingh`s model ex-
hibit best agreement with experimental points. However, the corre-
lation is not constant for all molar fraction range: the highest corre-
lations correspond to the lowest and highest values of αNaDC, 
meanwhile poor correlation values were found for intermediate 
values of αNaDC. We were not able to obtain cmc values for αNaDC = 
0.5, the reason was that at this concentration, a liquid–liquid phase 
separation is observed when the mixing ratio is close to equimolar. 
Such behavior is quite common in catanionic systems (cationic-
anionic mixtures) [19]. 
 

 
Fig. (2). Plots of critical micelle concentration (cmc) dependence on the 
molar fraction of NaDC obtained from different sources: experimental val-
ues (black squares), ideal (dotted line) and Rubingh (dashed line). 
 
 To gain quantitative understanding of the mixing process is 
worth applying the Regular Solution Theory to obtain β, the dimen-
sionless intramicellar interaction parameter, which is related with 
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the molecular interactions in the mixed micelles and can be inter-
preted in terms of an energetic parameter that represents the excess 

Gibbs free energy of mixing [38, 39]: ( )12 11 22 122AN W W W! != = + " . 
Where W11 and W22 are the energies of interaction between mole-
cules in the pure micelle and W12 is the interaction between two 
species in the mixed micelle. In the case of binary nonideal mix-
tures the regular approximation for the activity coefficients in the 
mixed micelles are given by: 

( ) ( )2 2

1 2 1exp exp 1m mf X X! != = "                                        (10) 

( )22 1exp mf X!=
                                                                       (11) 

 The value of β (in kBT units) can be calculated from the equa-
tions [21]: 
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 In an ideal mixed micelle β is equal to zero whereas repulsive 
interactions yield a positive values indicating a possible antago-
nism. Positive β values have been found in mixtures of fluorocar-
bon-hydrocarbon surfactants. Negative β values indicate attractive 
synergic interactions which imply that the cmcm is lower that the 
averaged value of the cmc of each surfactant. Although theoreti-
cally β is independent on temperature and composition of the mi-
celles, some papers show temperature dependence and also a mi-
celle composition dependence [40, 41]. Table 1 listed the mixed 
micelle composition and the interaction parameter, respectively as a 
function of bile salt concentration by applying the RST. β indicates 
the nature and strength of the interaction between both amphiphilic 
molecules, this means, it is a measure of the degree of nonideality 
in mixed micelles, i.e., negative value of β is associated with a 
stronger attractive interaction between the two different molecules 
[17]. On the other hand, positive values yield repulsive interactions. 
Table 1 shows the interaction parameter β over the complete range 
of NaDC molar fraction and the tendency of this parameter increase 
with molar fraction of the bile salts (except for αNaDC = 0.9). Mixed 
micelles for αNaDC = 0.1 to αNaDC = 0.8 (range of synergism be-
tween building units of mixed micelles), have lower cmc values 
than the values of ideal critical micelle concentration. This means 
that the formation of real mixed micelles is thermodynamically 
more favorable than formation of ideal mixed micelles where no 
attractive interactions exist (ideal micelle formation is spontaneous 
due to positive entropy of mixing). Attractive interactions in real 
mixed micelles exist due electrostatic interaction of polar heads and 
hydrogen bonds between alkyl chain of DTAB and OH groups in 
the steroid skeleton of bile acid anions. For larger mole fraction 
values of bile salts in the binary surfactant mixture (above α=0.8) 
the formation of real mixed micelle is less favored than the forma-
tion of ideal mixed micelle. Interaction parameter is now positive 
showing antagonism between building units (repulsive interac-
tions). Usually, according to the RST, electrostatic repulsive inter-
actions between ionic polar heads are responsible for β > 1, this is 
true because of the high proportion of bile salt monomers in the 
mixed micelles [42].  
 The micellar composition, XNaDC, predicted by the above de-
scribed models is plotted versus total molar fraction Fig. 3. It can be 
observed that the best model to parametrize this system is the 
Rubingh`s model. In the case of Motomura`s model, deviations are 
much more accentuated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3). Plots of mixed micelle composition, XNaDC obtained from different 
sources: Rubingh (black squares), Ideal (black circles) and Motomura (black 
triangles) versus total molar fraction. 
 
 We also used the CPT-LFER model published by our work to 
carry out a simulation of the effect of perturbations on the initial 
composition over the stability of the NaDC-DTAB micelle 
nanoparticle system. The perturbations studied here appear after 
changes on the composition of the system (αDDBA vs. αNaDC). In so 
doing, we introduced the values of the new free energy covariance 
functions Γjp (see Equation 1). The Γjp values were calculated with 
the new potentials of the molecules as well as the average values of 
the functions. In the Table 2 we depict the values of the average 
functions for different properties. 
 We begin the simulation generating 1000 perturbations in the 
system at random. It means that we selected at random 1000 pairs 
of new states vs. their states of reference. We selected only states 
with perturbations in the composition of the initial system and final 
micelle nanoparticles. As these compositions are tied, αNaDC = 1 - 
αDDBA, we focused only on αDDBA values. Other state functions were 
keep constant T = 298 K, I = 1, etc. The 1000 perturbations gener-
ated randomly included changes in initial values of refαDDBA to ob-
tain new values newαDDBA in the full range 0-1. In this sense, this is 
other example on the use of this method to predict multiple proper-
ties of binary systems of bile salts towards a computational design 
of more stable micelle nanoparticles useful in pharmaceutical de-
sign. 

CONCLUSION 
 Impelled by the pair of current imperatives constituted by ex-
perimental techniques and computational methods, in this paper we 
have tried to provide, from the beginning, a plural approach to the 
characterization of the physicochemical properties of the nanoparti-
cles spontaneously formed within aqueous mixtures of the bile salts 
sodium glycodeoxycholate and the surfactant didodecyldimethy-
lammonium bromide (NaDC-DTAB) as a function of  concentra-
tion. The experimental study has been carried on by means of a 
fluorescence spectroscopy experiments and the consequent thermo-
dynamic analysis. The mixed systems were analyzed using system 
different models, being Rubingh`s model the best one which repro-
duced the experimental data. Then, we check our CPT-LFER model 
to carry out a simulation of the effect of perturbations on the initial 
composition over the stability of the NaDC-DTAB micelle 
nanopartcile system showing a very good agreement with experi-
mental data, with uncertainties less than 0.02 %. In addition, we 
have predicted results for our system under different conditions that 
were not experimentally studied. Finally, we show how experimen-
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tal and theoretical approaches are complementary for a full charac-
terization of these kinds of systems and represent a very promising 
route to design new nanoparticles based on surfactants mixtures in a 
fast and economical way. 
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