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» Solubilization of phenothiazine is studied.
» Phenothiazine is more solubilized in the core of mixed micelles of sodium deoxycholate and ionic
liquid.

» Sodium deoxycholate is more hydrophobic in nature than Sodium cholate
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Abstract

The present work deals with the mixed micellization behavior of bile salts (Sodium
cholate, NaC and Sodium deoxycholate, NaDC) with surface active imidazolium ionic liquid,
(SAIL) I-dodecyl-3-methylimidazolium bromide (C;;mimBr). Surface tension and steady state
fluorescence measurements were employed to have a detailed picture of the interactions between
NaC/NaDC and C;;mimBr molecules in the mixed monolayer and in the mixed micelles, where
the interactions have been found to be highly synergistic. The bile salts-SAIL mixtures have
been thoroughly characterized through the evaluation of various micellar and interfacial
parameters like critical micellar concentration (cmc), micellar interaction parameter (™), surface
excess concentration (/ax), minimum area per molecule (4min), surface pressure at cme (Temc)
and hydrodynamic radius (Ry). Dynamic light scattering (DLS) measurements revealed the
formation of biggest mixed micelles at a mole fraction of 0.4:0.6 of NaC/NaDC:C;,mimBr .
Further the solubilization of phenothiazine (Pz) has been studied in pure bile salts as well as in
mixed micelles of bile salts + C;,mimBr employing UV-visible measurements. From the
evaluation of various solubilization parameters viz. molar solubilization ratio (MSR, y),
micelles-water partition coefficient (Ky,) and standard free energy of solubilization (AG®), it was
established that the solubilization capacity of bile salts for Pz got enhanced when mixed with

ComimBr, the effect being more pronounced for NaDC than NaC.

Keywords: Solubilization, Bile salts, Phenothiazine,1-dodecyl-3-methylimidazolium bromide,

Mixed micellizatio
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INRODUCTION

Phenothiazine, a tricyclic aromatic compound, consists of a central six membered ring
bearing sulfur and nitrogen atoms and is flanked by two benzene rings on either side. Its
derivatives commonly substituted in the 2 or 10 position are enormously employed as
tranquilizers and neuroleptics in psychiatry [1]. But a major limitation of its poor solubility in
water largely restricts its use in various applications involving aqueous media. Thus enhancing
the solubility of basic phenothiazine moiety will not only increase the oral absorption and
bioavailability of many phenothiazine based drugs but also will be beneficial in several other
research areas e.g. as reagents for chemical analysis, in the formation of ion-association

complexes etc.

Solubilization of poorly soluble drugs using surface active agents has been more popular
among other methods viz. formation of water soluble salts, micronization of drug particles,
addition of solubilizing agents, enhancing the wettability of drug powder etc. [2]. Surfactants
generally form micelles above their critical micellar concentrations (cmc), which provides a
hydrophobic environment for the solubilization of these poorly water soluble solutes [3-6].
Alongwith hydrophobic environment, factors such as temperature, structure and size of
solubilizer(surfactant) as well as solubilizate, aggregation number and geometry of the micelles
play an important role in the solubilization process [7]. Various reports regarding the
solubilization of poorly water soluble compounds such as aromatic hydrocarbons and drugs in
various cationic, anionic and nonionic surfactants have been earlier published [8-13]. However
synergism in mixed surfactant systemsgenerally improves the micellar properties of their pure

counterparts and thus are expected to play a better role in the solubilization process too [14-16].

With this aim, we chose to investigate the solubilization of phenothiazine in mixed
micellar media comprising of bile salts viz. sodium cholate (NaC) and sodium deoxycholate
(NaDC) and surface active ionic liquid (SAIL), I-dodecyl-3-methylimidazolium bromide
(C1,mimBr). SAILs possess inherent amphiphilicity, are greener have antimicrobial activity, low
toxicity, enhanced solubility in various media and better surface behavior than conventional
surfactants and thus recently replacing them in many research areas [17-24]. Bile salts are well
known, important biological surfactants, produced in the liver from cholesterol and play an

important role in emulsification of lipids, fats, fats droplets or fat soluble vitamins in the body for
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they help in the absorption of lipids and cholesterol molecules in the body [25,26]. These are also
amphiphilic having a hydrophobic steroid nucleus and hydrophilic hydroxyl groups, thus
structurally differing from commonly known conventional surfactants [27]. Bile salts have been
found to improve the solubility and hence bio-availability of poorly water soluble drugs as
reported in literature [28]. Very few studies focussing the solubilization of drugs in mixed
micellar media have been reported, but no such studies concerning the solubilization of drugs in

mixed micelles of bile salts with SAILs appear in literature.

The work presented in this paper has been carried in two parts. Firstly, the mixed
micellization of bile salts (NaC and NaDC) with C;,mimBr has been investigated for the various
micellar, interfacial and thermodynamic parameters. Secondly,we studied the solubilization of
phenothiazine in pure bile salts and their mixed micelles with C;,mimBr. Various techniques
such as surface tension, fluorescence and dynamic light scattering (DLS) have been used to study
the physiochemical properties of mixed micellar media comprising of C;;mimBr and bile salts.
The solubility of phenothiazine in pure bile salts and their mixed micellar system with C;;mimBr

has been determined using UV-visible spectroscopic measurements.
2. Experimental

2.1 Materials

The surface active ionic liquid, 1-dodecyl-3-methylimidazolium bromide (C;,mimBr) was
synthesized by procedure reported elsewhere [29] and the procedure involved the alkylation of
1-methyl imidazole with 1-bromododecane and the mixture was stirred at 75-80 °C for 48 h. The
solidified product was purified by recrystallization from ethyl acetate at least four to five times
and then dried under vacuum for 1 day. The purity of the synthesized IL was ascertained by 'H
NMR in CDCls and spectrum is given in supporting information (Fig. S1). Bile salts viz. sodium
cholate (NaC, purity > 99%) and sodium deoxycholate (NaDC, purity > 97%), 1-methyl
imidazole (purity > 98%), 1-bromododecane (purity > 97%), ethanol (purity > 99.8%) and
pyrene (purity > 98%) were purchased from Sigma Aldrich. Phenothiazine (Pz, purity > 98%)
was purchased from Alfa Aesar. All the chemicals were of analytical grade and used without
further purification. Double distilled water having a specific conductivity in the range of 1-2 uS

was used in all the measurements. A Sartorius analytical balance with a precision of £0.0001 g
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was utilized for weighing different substances. The chemical structures of the bile salts (NaC and

NaDC), C;,mimBr and Pz are given in Fig. S2.
2.2 Methods
2.2.1 Surface tension measurements

The surface tension values (y) were measured using Kruss (Hamburg, Germany) Easy
dyne tensiometer employing ring detachment method at 298.15 K. The platinum ring was
washed and cleaned thoroughly by washing with double distilled water followed by methanol
and heating through flame till red hot. The surface tension of doubly distilled water (72 mN m™)
was used to calibrate the tensiometer. The y values of pure NaC, NaDC, C;,mimBr and their
binary mixtures at various mole fractions were measured by adding their concentrated stock
solutions in double distilled water. The measured y values were corrected according to the
procedure of Harkins and Jordan inbuilt in the instrument software. The reproducibility of y

values is estimated to be within £0.15 mN m™.
2.2.2 Steady state fluorescence measurements

The fluorescence measurements were performed using Hitachi F-4600 fluorescence
spectrophotometer using a 10 mm path length quartz cuvette at 298.15 K. Pyrene was used as
fluorescent probe and the concentration of pyrene used in all measurements is equal to 1x10° M,
to avoid its interference in micelle formation process. At concentration (1><10'6 M) below its
solubility limit (3x10° M) pyrene probe fails to dimerize [30]. For the cmc determination of
pure NaC, NaDC, C;;,mimBr and their binary mixtures at various mole fractions, pyrene was
excited at 335 nm and emission spectra were recorded between 350 nm to 550 nm. The plot of
ratio of first vibronic peak and third vibronic peak of pyrene (i.e. [;/I5) vs. concentration of the

respective amphiphiles was used to obtain critical micellar concentrations.
2.2.3 Dynamic light scattering (DLS) measurements

Information regarding the micellar size in terms of hydrodynamic radius (Rp) of NaC,
NaDC, C;;mimBr and their mixtures at various mole fractions was sought from DLS
measurements. All measurements were taken at 173° angle in a Malvern Zetasizer Nanoseries

NanoZS instrument with a He-Ne laser (A = 632.8 nm) at 298.15 K. The temperature was

5
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maintained by in-built temperature controller having an accuracy of £0.1 K. The samples were

properly filtered through 0.2 um filters (Acrodisc) to avoid interference from dust particles.
2.2.4 UV-visible measurements

A Shimadzu (model UV-1800) UV-visible double beam spectrophotometer with a quartz
cuvette having a path length of 1 cm was used to study solubility of phenothiazine (Pz) in bile
salts (NaC and NaDC) and their mixed micelles with C;;mimBr. The extinction coefficient (&)
was determined from the calibration curve of concentration vs. absorbance of ethanolic solution
of Pz. Aqueous solutions of amphiphiles covering a range of concentrations below and above
cmc were prepared using doubly distilled water and added to the 15mL glass vials containing
excess amount of Pz to make saturated Pz loaded solutions. The samples were stirred overnight,
centrifuged and filtered using millipore (0.45 um) to remove excess of unsolubilized drug. The
concentration of Pz solubilized in the micelles was then determined from the absorbance of

solution at 252 nm (which is wavelength of maximum absorption, Amax).
3. RESULTS AND DISCUSSION
3.1 Analysis of NaC/NaDC and C;;mimBr interactions in the mixed micelles

To characterize the aqueous bile salts - SAIL mixed micellar systems, the cmc values of
pure NaC, NaDC, C;,mimBr and their binary aqueous mixtures at various mole fractions of bile
salts have been determined from both surface tension and fluorescence measurements and listed
in Table 1. As deduced from the plots of y vs. log of amphiphilic concentration [Fig. S3 in
Supporting Information] and /,/3 vs. amphiphilic concentration [Fig. S4 in Supporting
Information], the cmc values of pure NaC, NaDC and C;;mimBr have been found to be in good
conformity with the literature values [29, 31,32]. Similar plots for the aqueous bile salt — SAIL
mixtures at various mole fractions of the respective bile salts have been given in Fig. 1(a) and (b)
for NaC + C;,mimBr mixtures and Fig. 2(a) and (b) for NaDC + C;;mimBr mixtures. As per
Table 1, the cmc values from surface tension measurements have been found to be somewhat
lower than that from fluorescence measurements because of method dependent variations [33].
Among bile salts, NaC has higher cmc than NaDC because of the former having three hydroxyl
groups being more hydrophilic than the latter with two hydroxyl groups, although the

hydrophobic steroid nucleus is the same in both the cases. The cmc values of the various
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NaC/NaDC + Cj;ymimBr aqueous mixtures are found to be quite lower than their pure
counterparts.This is highly expected as the mixtures involve oppositely charged amphiphiles
(bile salts being negatively and SAIL being positively charged) and hence the interactions in the
mixed micelles would beattractive because of the enhanced newer electrostatic and hydrophobic
forces. Among mixtures, it can be observed that the cmc values first decreases (from agijesais=
0.2 to ogjlesais= 0.4) and then increases (from agijesais= 0.4 t0 agilesais= 0.6) with increase in the
mole fraction of the bile salt. This change in behavior of oppositely charged surfactant mixtures

at equimolarity has been exemplified earlier [34-38].

Further insights in the aqueous bile salt — SAIL mixtures have been made to determine

the ideality of mixed micellesas per Clint’s equation (1) [39].

1 a (1—a1)

=y (M

cmc* cmeq cme,

where cmc; and cmc; are the cmc values of NaC/NaDC and C;,mimBr respectively, a; is the
mole fraction of NaC/NaDC. It is to be mentioned here that in evaluating the various micellar
parameters, we used the cmc values determined from fluorescence measurements. As per Table
1, much lower values of cmc (experimental) than cme’ (ideal) illustrates the non-ideal behavior
of NaC/NaDC + C;;mimBr aqueous mixtures and also hints at the presence of synergistic

interactions between the oppositely charged head groups of mixtures [40].

Various other micellar parameters such as micellar mole fraction (X;™) and micellar
interaction parameter (8") have also been calculated using Rubingh’s regular solution theory
[41] as per equations (2) and (3) respectively. This X;™ can be further compared with the micellar
mole fraction of mixed systems in ideal state (Xideal) employing Motomura’s approximation [42]

from equation (4)

a
xm ln( 1 cmclz)

XTtemeq
=1 (2)
(1-aq)cmc
(1_X]1~n)z ln[ (1—X11)cmc122]
cmcqp2a1
ﬂm _ ln(cmC1X§n) (3)
T a-x2
Xideal — aiCme; (4)

ajcmey +(1—aq)emey
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The B™ values are a measure of the favorable or unfavorable interactions between the
mixed micelles formed. According to Rubingh’s, a negative value of " indicates the attractive
interactions in binary mixtures of mixed micelles and hence micellization process is synergistic,
whereas positive value of A" indicates the presence of repulsive interactions and micellization
process is antagonistic. From the data given in the Table 1, it is clear that the mixtures behave
synergistically at all mole fractions of bile salts, however the values show a transition from
decrease to increase with increase in the mole fraction of the bile salts in mixtures with
Ci,mimBr. In anionic rich region, increase in cmc values of mixtures can be due to the bulky
structure of bile salt molecules and the role of different interactions playing there such as ion-
dipole attractive interactions, vander Waals attractive interactions and repulsive interactions
among their similarly charged head groups and their tails [43-46]. It has been reported earlier
that bile salts, being facial amphiphiles possess large, bulky stiffed steroid nucleus, so when the
concentration of bile salts in mixtures increases, they tend to lie in a flat fashion between the
head groups of the aggregates formed and causes steric hindrance there [47-49], which could be
responsible for the lessening of attractive interactions in mixtures with SAIL. It can be further
noted that the highest synergism in mixtures is obtained when the mole fraction of the bile salt
(NaC/NaDC) in mixtures is 0.4. Analysis of other parameters suggest that with increase in mole
fraction of NaC and NaDC, X;™ also increases and hence, favouring the mixed micelles
formation. In case of binary mixtures of NaC and NaDC with C;,mimBr, X" values are higher
than X'“**! at lower mole fraction of bile salts indicating that mixed micelles are enriched with
bile salts, but with further increase in mole fractions of bile salts, X4 value becomes higher
than X1™, expressing the more transfer of C;omimBr from solution to mixed micellar phase which
might be due to the fact that in anionic rich region more concentration of NaC and NaDC
molecules causes steric hindrance among the bile salts molecules thus their transfer to mixed
micelles lessens. Similary Barry and Gray [50] have earlier reported the lowering in cmc in
mixed micellization of tetradecyl-trimethylammonium bromide (TTAB) with NaC and NaDC
due to reduction in unfavorable electrostatic interactions. The decrease in cmc values in
NaC/NaDC + TTAB binary mixtures continues as the mole percent of TTAB increases but in
more cationic rich region cmc values again starts to increases. They also observed the formation
of smaller mixed micelles in NaC + TTAB whereas larger mixed micelles in TTAB + NaDC

mixtures. Another group Panda et al. [40] have reported the mixed micellization of NaC/NaDC
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with alkyltrimethylammonium bromides (C,TABr, n = 12, 14 and 16) and also observed the
formation of larger aggregates in NaDC + C,TABr and small spherical micelles in NaC +
C,TABr mixtures. In their work they confirmed that the increase of mole fraction of NaC/NaDC

leads to the formation of ion-pair amphiphiles which supports the present work.

Further, the activity coefficients for both the components in the mixed micelles have also

been calculated as per equations (5) and (6)
fi* = exp[f™(1 - XT?] (5)
f2" = exp[B™(XT")?] (6)

fi™ and /,™ are the activity coefficients of NaC/NaDC and C;;mimBr respectively. From table 1
it can be observed that f;™ and f,™ values are less than unity, illustrating the non-ideal behavior of
mixed micelles formed. Comparisons of all these parameters for the two bile salts (NaC and
NaDC) clearly signify that the mixed micelles with greater synergistic activity are obtained for

NaDC + C;;mimBr mixtures.
3.2 DLS measurements

Further information regarding the size of the micelles was sought from DLS
measurements providing us the hydrodynamic radius (Ry) of both pure NaC, NaDC, C;;mimBr
micelles and their mixed micelles as listed in Table 1. Both the bile salts (NaC/NaDC) and
C,mimBr can be observed to form spherical micelles with the size range 1-2 nm . However bile
salts form larger aggregates as well in the range of 150-270 nm and C;;mimBr also seen to form
larger aggregates as well as unilamellar vesicles at very high concentration [51,52]. These
smaller and larger aggregates formed can be ascribed to primary and secondary micelles
respectively [53-55]. Regarding mixtures, the mixed micellar hydrodynamic radius has been
found to be larger than the pure micelles for both NaC + C;;mimBr and NaDC + C;,mimBr
systems at all mole fractions, the values however show a change from increase to decrease with
increase in the mole fraction of the bile salt. This is because initially at lower mole fractions bile
salts get intercalated in the micelles enhancing their size, but as the concentration of the bulky
NaC/NaDC molecules increases within the micelles, the repulsive interactions start dominating

leading to their breakdown to smaller micelles. It is clear from the Fig. 3(a) and 3(b) that the
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highest Ry, value has been found for the bile salts — SAIL mixtures at a mole fraction of 0.4:0.6,
this Ry value being much larger for NaDC + C;;mimBr system in comparison to NaDC +
ComimBr mixture. This might be due to the difference in the nature of the two bile salts used,
with NaC being more hydrophilic preferring to remain flat on the surface of the micelles leading
to smaller micelles, and NaDC being more hydrophobic getting incorporated into the interior of

the micelles, thus forming larger micelles.
3.3 Analysis of NaC/NaDC and C;;mimBr interactions at air-water interface

The adsorption behavior and surface properties of the aqueous mixtures of NaC/NaDC
with C;,mimBr have been studied using surface tension technique. When the mixtures of
NaC/NaDC with C;,mimBr are added into water, the amphiphilic molecules of both type get
adsorbed at the air-water interface, form mixed monolayer and leads to a decrease in surface
tension (y) of water by lowering cohesive interactions among the water molecules. The decrease
in y value continues with increase in concentration of mixed solution and then reaches a constant
value giving the cmc of the mixture as explained in the previous section. The adsorption
efficiency of the amphiphilic molecules at the air/water interface is usually described in terms of
their bulk concentration which generates a surface tension reduction of 20 mNm™ (C») from
pure solvent i.e. water. The higher values of their negative logarithm (pCy) denote the higher
adsorption efficiency. As per Table 2, the pCyg value of NaDC is more than NaC because of its
greater hydrophobicity. The mixtures of NaC/NaDC with C;;mimBr have been found to be more
surface active than their individual components as indicated by higher pC,y values. Various other
interfacial parameters such as surface excess concentration (/,.x), minimum area per molecule
(Amin) and surface pressure (7.mc) have been evaluated for the various bile salt-SAIL mixtures by

use of equations (7),(8) and (9) respectively and listed in Table 2.

1 dy
Tmax = = S303mRT (OlogC) @
1020
Amin - (N ATmax) (8)
Teme = Yo — Yeme ®)

10
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where (0y/0 log C) is taken as maximum slope from 7y vs. log of surfactant concentration plot, R
is universal gas constant (R= 8.314JK'mol™"), N, is the Avogadro’s number, T is the
temperature, yo and Y., are surface tension values of pure solvent and mixtures at cmc
respectively and n is the number of chemical species whose concentration at the interface
changes with bulk phase concentration. The value of n has been taken as 2 because of the both
components being ionic [56]. The [, and Anin values for pure C;omimBr and bile salts (NaC
and NaDC) have been found to be in conformity with literature values [32, 57,58]. In accordance
with the bulky head groups of the bile salts in comparison to C;,mimBr, the respective Amin
values have been found to be larger in case of former but with the presence of a larger alkyl
chain in C;;mimBr, the [}, values are greater for C;;mimBr. Among bile salts, however A,
values are almost the same although NaC is more hydrophilic than NaDC. In bile salts - SAIL
mixtures, the /. values and 4., values are found to lie in between those of the values for pure
components reflecting the formation of mixed monolayer at the air/water interface. Further, both
these parameters are observed to undergo a very slight change with the mixture composition.
This might be due to possibility of formation of C12mim+Ch01ate'/C12mim+Deoxycholate' ion
pairs in solution which are held together by strong electrostatic as well as hydrophobic
interactions. As expected, the aqueous NaC/NaDC + C;;mimBr mixtures possess higher zemc
values as compared to their pure counterparts, although their efficiency to bring about surface
tension reduction of water varies only slightly with the mixture composition. However, an
appraisal of the various interfacial parameters for both bile salts - SAIL mixtures at various mole
fractions reveals that NaDC + C;;mimBr mixtures are more effectively adsorbed than NaC +

CiomimBr.

From the evaluation of various surface parameters, it was established that the formation
of mixed monolayer occurs at the interface in aqueous bile salts - SAIL mixtures. Hence, the
nature of interactions between the components of the mixed monolayer was derived using
Rosen’s equation replacing micellar parameters (X", cmcy, cmc,, cmcyp, A7) in equations 2 and
3 by interfacial parameters (X,°,C,°,C5°,C12°, B°). The values of interfacial parameter (5°),
interfacial mole fraction (X°) and activity coefficients at interface (f;°and />°) for the aqueous
NaC/NaDC + C;,mimBr mixtures at various mole fraction ratios have been given in Table 2. The
interactions between NaC/NaDC and C;,mimBr monomers at the interface have also been found

to be synergistic, even greater than in the mixed micelles. This has been earlier ascribed to the

11
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lessening of the electrostatic repulsions between similarly charged head groups and easier
accommodation of the two hydrophobic groups of the mixtures at the planar interface [59].
Because of this strong synergism, the mixtures turn out to behave non ideally as indicated by the
values of interfacial activity coefficients for both NaC/NaDC (f;°) and Ci;mimBr (f,°) being

lesser than unity.

The phenomena of adsorption and mixed micellization of NaC/NaDC + C;,mimBr can be
quantified with the help of various thermodynamic parameters which are detailed in supporting

information.
3.4 Solubilization of Phenothiazine in NaC/NaDC + C;;mimBr mixed micelles

To determine the practical applicability of our bile salts-SAIL mixtures, we aimed to
explore the solubilization of a poorly water soluble drug, phenothiazine (Pz) in pure bile salts as
well as in mixed micellar media comprising NaC/NaDC + C;;mimBr mixtures (at a mole
fraction ratio of 0.4:0.6). This was inspired by the fact that bile salts are widely used as
solubilizers and Pz derivatives finds numerous applicability in various drug formulations. The

solubilization of Pz in micellar media was thus carried out with UV-visible measurements.

The UV-visible spectrae of Pz at various concentrations were first recorded in ethanolic
solution as shown in Fig. 4(a). Using absorbance (4max) at 252 nm, the plot of absorbance (4,s,)
vs. Pz concentration [Fig. 4(b)] were linear, from which the molar extinction coefficient (¢) of Pz
was determined to be 38353 mol' dm’ cm™ in conformity with the literature value [1]. The
solubilisation of Pz was studied in following four micellar medias: (a) Pure NaC (b) Pure NaDC
(c) Binary mixture of NaC + C;;mimBr at 0.4 mole fraction of NaC (d) Binary mixture of NaDC
+ C,mimBr at 0.4 mole fraction of NaDC. So, to determine the solubility of Pz, first saturated
solution of Pz were prepared in above micellar medias covering a range of concentrations below
and above cmc (1-50 mM for pure bile salts and 0.1-5 mM for NaC/NaDC + C;;mimBr
mixtures). The samples were stirred overnight followed by centrigugation. After the
centrifugation samples were filtered using milipore filters (0.45 pm) to remove unsolubilized
drug. The absorption spectra of Pz loaded C;;mimBr solutions at concentrations (above cmc)
gives broad bands instead of sharp peaks, so the solubilization of Pz was not determined in pure

C,mimBr whereas, the mixed micelles of C;;mimBr with NaC/NaDC acted as good solubilizing

12
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media. The absorption spectra of Pz in the above mentioned micellar media at different
concentrations (higher than the cmc) were thus recorded and have been given in Figures S5, S6,
S7 and S8 (Supporting Information) respectively. From these spectra, thus the amount of Pz
solubilized in the micelles was determined by the use of molar extinction coefficient (¢) of Pz
(calculated earlier) and the respective plots of amount of Pz solubilized vs. the total surfactant
concentration for pure NaC/NaDC micelles and for NaC/NaDC + C;;mimBr mixed micelles
have been illustrated in Fig. 5(a) and 5(b) respectively. A linear enhancement in the
solubilization of Pz with increase in concentration of the respective surfactant was observed in
all the cases. The slope of these curves was further utilized to determine the molar solubilization
capacity (y) [12, 60,61], as per equation (10).

— St=Seme (10)

Cr—CMC

where S; is the total apparent solubility of Pz, S is the apparent solubility of Pz at cmc, Ciis
the total surfactant concentration taken. The y value, which is defined as the number of moles of

the solute (Pz) that can be solubilized by one mole of micellar media have been given in Table 3.

There are number of factors on which solubilization depends such as structure and nature
of surfactants as well as solubilizates, presence of additives, temperature etc. [62]. The locus of
the solubilizates has also been reported to be influenced by the shapes, structure and nature of
interactions among surfactants and solubilizates. It can be observed that the binary mixtures of
NaC/NaDC with C;mimBr possess higher y values than pure bile salts, due to the presence of
more stable and larger micelles in mixtures. Among NaC + C;;mimBr and NaDC + C;;mimBr
mixtures, the y values are higher for the latter in conjunction with our previous discussion. As Pz
is basically hydrophobic, it will prefer to get solubilized in the hydrophobic core of micelles,
thus its solubilization in micellar media is expected to be guided largely by the hydrophobic
interactions of Pz with the micellar components and the size of the micelles determining the
incorporation of Pz in the micelles. Both these factors would thus favor the solubilization of Pz

in mixed micellar media of NaDC + C;omimBr.

The results are also supported from the evaluation of certain other parameters like

partition coefficient (K,,) and standard free energy of solubilization (AG®s), computed by the use

13
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of equations (11) and (12) respectively, where V;, represents the molar volume of water (0.01805

dm3mol'1) .
_ X
Km B SemeVm(1+)) (11)
AGY = —RT In 0= (12)

The values of K, and AG®s for the various systems understudy have been listed in Table 4.
Negative values of AG’ indicate that solubilization of Pz in pure bile salts micelles and mixed
micelles of bile salts with C;,mimBr is spontaneous. Further, the values of logK;, and AG’shave
been found to follow the same trend as y values, revealing that the partition coefficient depends
upon the hydrophobicity and as the hydrophobicity increases, the spontaneity of the
solubilization process also increases. Thus from the y values and log K, values it becomes clear
that pure NaDC and its binary mixture with C;;mimBr act as better solubilizer media than pure

NaC and its binary mixture due to its comparatively greater hydrophobicity.

Conclusions

The present study aimed at determining the solubilization of poorly soluble drug,
phenothiazine in the mixed micellar media comprising of bile salts (NaC/NaDC) and SAIL
(Ci,mimBr). For this the interactions between NaC/NaDC and C;;mimBr molecules were
explored through steady state fluorescence, surface tension and dynamic light scattering
measurements. The binary aqueous mixtures of NaC/NaDC and C;,mimBr exhibited strongly
synergistic activity both in the mixed micelles and at the air/water interface in lieu of the
generation of newer stronger hydrophobic and electrostatic forces between the components. The
feasibility and the stability of the mixed micelles and mixed monolayer was also affirmed
through the negative values of free energies of micellization and adsorption. Although the
mixtures revealed almost similar adsorption tendencies at various mole fractions of the bile salts,
yet a notable difference in their hydrodynamic radius was observed through DLS measurements,
with highest Ry, for the mixtures containing 0.4:0.6 mole fraction of NaC/NaDC and C;,mimBr
respectively. Among the two bile salts used, NaDC exhibited better synergism, enhanced
adsorption and larger hydrodynamic radius in mixtures with C;;mimBr. This has been ascribed

to the more hydrophobic nature of NaDC which allows its molecules to get deeply intercalated in

14
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the mixed micelles in comparison to NaC, whose molecules prefer to lay flat on the micellar
surface because of three hydroxyl groups preferring aqueous environment. Further regarding
solubilization of Phenothiazine, the solubility of Pz in micellar media has been found to be
dependent on the hydrophobicity and the size of the micelles, with solubility increasing in the
order: NaC < NaDC < NaC + C;;mimBr < NaDC + C;;mimBr. To sum up, bile salt — SAIL
mixtures can be advantageously employed for the solubilization of phenothiazine and its
derivatives. Since the bile salts and C;;mimBr have already been proved to be important
biologically, the results of this study are expected to be quite useful in various research areas

especially drug delievery.
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Figure Captions

Fig. 1 Plots of (a) surface tension () vs. the logarithm of total amphiphilic concentration (C;) and
(b) pyrene intensity (/;/13) ratio vs. total amphiphilic concentration (C;) of binary mixture of NaC

+ C;omimBr at various mole fractions of NaC (oinac)

Fig. 2 Plots of (a) surface tension () vs. the logarithm of total amphiphilic concentration (C;) and
(b) pyrene intensity (/;/I3) ratio vs. total amphiphilic concentration (C;) of binary mixture of

NaDC + C;;mimBr at various mole fractions of NaDC (onapc)

Fig. 3 Plots of % Intensity vs. hydrodynamic radius (Rn, nm) of (a) Pure NaC, C;;mimBr and
their mixtures at various mole fraction of NaC (b) Pure NaDC, C;;mimBr and their mixtures at

various mole fraction of NaDC (Inset shows R}, values in the range of 1-12 nm)

Fig. 4 Plots of (a) UV-visible spectra of phenothiazine in ethanol at various concentrations (b)

Absorbance (at Amax 252 nm, A»s») vs. phenothiazine concentration (Cy,).

Fig. 5 Plots of amount of phenothiazine solubilized in (a) pure NaC and NaDC (b) binary
mixture of NaC/NaDC + C;,mimBr at 0.4 mole fraction of NaC/NaDC.
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Table 1 Micellar parameters: experimental cmc determined from fluorescence (Flu) and surface

tension (S.T), ideal cmc (cmc*), micellar mole fraction (X;™), ideal mole fraction (X'*),

micellar interaction parameter (™), activity coefficients (i and £,™) and hydrodynamic radius

(Ry) of binary mixtures of bile salts (NaC and NaDC) with SAIL (C;,mimBr).

GBilesalts ¢mc®  cmc cme* X" X g AT A" Ry(nm)
(mM)  (mM)  (mM)
(Flu)  (S.T)
NaC + Ci;omimBr
0.0 10.00 10.50 - - - - - - 1.4+0.2
0.2 1.48 0.88 10.76 042 0.14 -9.18 0.045 0.198 2.6+0.4
0.4 1.28 0.72 11.65 047 0.30 -9.45 0.070  0.123 4.1+0.6
0.6 1.40 0.80 1270  0.50  0.49 -8.88 0.108  0.108 3.2+0.5
0.8 1.86 0.95 1396 055 0.72 -8.62 0.174  0.073 1.8+0.3
1.0 1550  10.00 - - - - ; - 1.140.2
(209.0+ 10.4)°
NaDC + C;ymimBr
0.0 10.00 10.50 - - - - - - 1.4+0.2
0.2 0.92 0.52 9.37 046 0.25 -10.05 0.053 0.119 3.0+0.6
0.4 0.73 0.40 8.82 0.50 0.47 -10.21 0.077  0.077 39.4+£3.8
0.6 0.83 0.42 8.33 0.54 0.66 -9.90 0.123  0.055 8.1£2.1
0.8 0.99 0.44 7.89 0.58 0.84 -9.65 0.182  0.038 1.5+0.2
1.0 7.50 3.07 - - - - - - 1.2+0.1
(244.0+12.2)¢

“ Maximum uncertainty limit £0.02 mM, ” Maximum uncertainty limit +0.01 mM,  Size of the

larger aggregates formed by the bile salts.
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Table 2 Interfacial parameters: interaction parameter at interface (5°), activity coefficients (f;°
and £>°), interfacial mole fraction at interface (X°), surface tension at cmc (yemc), surface excess
(I 'max), minimum area per molecule (4i,) and ngo.** of binary mixtures of bile salts (NaC and

NaDC) with SAIL (C;,mimBr).

OBilesalts  f5° x A 5° Yeme T 10°7 max Anmin pCao
(mMNm') (mNm') (molm?) (A%
NaC + ComimBr
0.0 - - - - 33.4 38.6 2.61 63.61 2.59
0.2 -16.90 046 0.007 0.027 359 36.1 1.31 126.70 4.14
0.4 -15.71 049 0.016 0.023 35.8 36.1 1.38 120.30 4.25
0.6 -15.39 051 0.024 0.018 36.2 35.7 1.19 139.50 4.32
0.8 -13.93 0.54 0.052 0.017 36.0 35.9 1.47 112.90 3.99
1 - - - - 44.6 27.3 1.05 15730 2.57
NaDC + C;;mimBr
0.0 - - - - 33.4 38.6 2.61 63.61 2.59
0.2 -13.40 0.52 0.045 0.026 32.8 39.1 1.64 101.2  4.29
0.4 -14.55 0.55 0.052 0.012 329 39.0 1.49 111.4 447
0.6 -1422 0.57 0.072 0.009 32.5 39.4 1.43 116.1 4.56
0.8 -13.73  0.60 0.111 0.007 33.7 383 1.47 1129 446
1.0 - - - - 41.8 30.1 0.95 1747  3.45

™ Maximum uncertainity limits in / nax, Amin and Zeme are £0.02, £0.06 and £0.07 respectively.
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Table 3 Solubilization parameters: molar solubilization capacity (y), partition coefficient (Ky,)
and standard free energy of solubilization (AG’) for Pz in NaC, NaDC and mixed micelles of

NaC and NaDC with C;,mimBr.

Surfactant 10° X 10 K, log Ky AGY, (kJmol'l)
NaC 2.89 6.31 3.80 -11.65
NaDC 3.19 17.61 4.24 -14.20
0.4 oNac/0.6 asar. 12.60 31.87 4.50 -15.75
0.4 oNapc/0.6 asan. 15.17 215.74 533 -20.45
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