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Abstract—Surfactant is one of the most important chemical entities in drug formulation which can bind with drug
molecules. Herein, the binding interaction of ciprofloxacin hydrochloride (CFH) drug with two different surfactants
(sodium dodecyl sulfate (SDS) and Triton X-100 (TX-100)) has been investigated through UV-Visible spectroscopic
and cloud point measurement techniques at different conditions. The absorption spectrum of CFH was found to be
dependent on presence of additives/temperature change. The binding constant (K,) of CFH+SDS/CFH+TX-100 was
found to be increased primarily, reached a maximum value and then decreased with the increase of temperature, except
in water medium (pH=2.0) and 30% (v/v) methanol. The K, values for CFH+SDS were found to be higher in the
aqueous medium than almost all medium studied herein, while better binding was observed in the alcoholic medium
in the case of the CFH+TX-100 system. The Gibbs free energy of binding (AG;) for both CFH+SDS and CFH+TX-
100 systems were attained negative in each case studied, inferring the spontaneous binding phenomenon. The cloud
point (CP) value of CFH+TX-100 mixture was lessened in ZnSO,-7H,O solution and the CP values exhibited a grad-
ual reduction through the upsurge of electrolyte concentration. The positive values of the Gibbs free energy of cloud-
ing indicated the nonspontaneous clouding phenomena. To disclose the interaction between drug and surfactant, other
thermodynamic parameters, e.g., enthalpy (AH;) and entropy (AS;), different transfer energies as well as entropy-

enthalpy compensation parameters of binding/clouding were evaluated and clarified with proper explanation.
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INTRODUCTION

In pharmaceutical formulation, drug delivery, and drug release,
solubility enhancer substances play a vital role. Most of the drug is
hydrophobic, which needs to be absorbed in the aqueous systems
of the human body; but lower aqueous solubility of the drugs causes
lower bioavailability. Surfactants are exclusively utilized in the for-
mulation of drug, which increases the solubility of the drug, con-
sequently increases the bioavailability of the drugs [1]. Surfactants
lessen the surface/interfacial tension of the water, which augments
the aqueous solubility of the drugs. Again, the self-assembled struc-
ture (micelle) formation is another important property of the sur-
factants. The interaction of hydrophilic and hydrophobic portion
of the surfactant with water in the aqueous medium becomes bal-
anced at a certain concentration of the surfactants, which results in
the formation of the micelle and regarding the concentration of the
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surfactants is termed as critical micelle concentration (crmc) [2-4].
These surfactant micelles can incorporate the drug molecules with
lower aqueous solubility into the micelle core and consequently
the higher solubility of the drugs. Due to this unique solubility and
solubilizing properties of the surfactants, they are extensively used
in pharmaceuticals as solubilizing, wetting as well as emulsifying
agent [3,5]. In the textile industries, surfactants are used as dispers-
ing, leveling, wetting as well as solubilizing agent [6,7]. Besides these,
surfactants are important and essential ingredients in detergents and
cosmetics. In the extraction/separation phenomenon of different
metal ions and enzymes, surfactants show a significant character
[8]. To gain insight the interaction of drugs or any other additives
with the biological membrane, surfactant micelle can be considered
as a typical bio-membrane [9]. The drug release rate in the aque-
ous vicinity of the human body is a function of surfactant content
used in the formulation of drug [10]. Besides, surfactants are exten-
sively utilized to synthesize nanoparticles for biomedical applica-
tions [11].

SDS is a very common surfactant that is used as food preserva-
tive, detergent, and a common ingredient in the case of DNA ex-
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Scheme 1. Molecular design of CFH.
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Scheme 2. Molecular model of SDS.

Scheme 3. Molecular model of TX-100.

traction. SDS is useful in the detection and separation of protein
molecules in the analytical biochemistry effectively. SDS, sodium
dodecylbenzene sulfonate, and Triton X-100 mixture can signifi-
cantly be employed in the synthesis and stabilization of nano-par-
ticles. TX-100 can be applied in the extraction of protein/DNA
[12], metal plating, and soft composite preparation by dispersing
carbon materials [8]. TX-100 is a very common component of the
influenza vaccine. CFH is one of the most familiar antibiotic drugs
that belong to fluoroquinolone groups. It is applied for the treat-
ment of bacterial infection in different body parts, e.g., urinary tract,
bone, and joints, respiratory tract. Again, it is an exceptional drug
that has been prescribed to treat diarrhea, fever, anthrax, ear inflam-
mation and intra-abdominal infection. Nonionic surfactants like
TX-100 exhibit a decrease of solubility with cloudy formation when
the solution temperature is increased above a certain level, and this
temperature is known as the cloud point (CP) [13]. This is the char-
acteristic value of each nonionic surfactant and is found to affect
by the presence of additives.

Different types of additives present in the body or used in the

Table 1. The source/provenance, purity, and grade of the chemicals used

formulation of a drug can affect drug+surfactant interaction, which
can alter the drug release rate. Thus, to get better drug release and
optimum activity of the drug, the drug interaction through surfac-
tants in the occurrence of different additives is imperative from the
applied perspective. Though literature reports a large number of
publications on drug+surfactant interaction [11,14-18], the interac-
tion of CFH with SDS/TX-100 is rare. Herein, our devised research
was on the binding interaction of CFH (Scheme 1) with SDS
(Scheme 2) and TX-100 (Scheme 3) in aqueous (at different pH),
alcoholic medium as well as in zinc sulfate (ZnSO,-7H,0) solu-
tion by means of the UV-Visible spectroscopic and cloud point meas-
urement techniques. UV-visible measurement is a very simple, del-
icate, as well as fast method. This technique is frequently utilized
to investigate the interactions amid the constituents of the pure
and mixed system.

To have clear knowledge on the manner of interaction between
drug and surfactants, a number of physico-chemical parameters such
as binding constant (K,), cloud point (CP), thermodynamic quan-
tities of binding and clouding processes, thermodynamic parame-
ters of transfer as well as enthalpy-entropy compensation parameters
of CFH+SDS & CFH+TX-100 complexes have been evaluated in
H,O (at different pH), as well as alcoholic (methanol/propanediol)/
ZnS0,-7H,0 solution media. Even though the interaction between
the drug and the surfactant is essential to advance actual drug
release along with delivery and increase drug bioavailability; the
activity of the surfactant can be expressively changed through the
degree of several interactions (hydrophobic as well as hydrophilic)
that happen both inside as well as exterior of the cell through numer-
ous additives. Prior to a surfactant being established into a suitable
drug carrier, a comprehensive investigation should be made to
inspect the interaction of surfactant with the proposed drug.

EXPERIMENTAL

1. Materials

Analytical grade chemicals were utilized for this study. All the
chemicals were utilized without any further purification. The source/
provenance, purity;, and grade of the chemicals used are outlined
in Table 1. All the needed solutions were prepared employing dis-
tilled-deionized water having specific conductivity<2x10°S cm™
within the temperature range of 293.15 to 308.15 K.
2. UV-visible spectroscopic technique

A computerized UV-Visible spectrophotometer (Shimadzu UV-
1601PC) with a thermostatic cell holder was used to carry out the

Name of the chemicals Source/Provenance Purity Grade
CFH The ACME laboratories, Bangladesh 0.98 Analytical Grade
SDS BDH, England 0.985 Analytical Grade
TX-100 Merck, Germany 0.99 Analytical Grade
Methanol Active Fines Chemicals, Bangladesh 1.0 Analytical Grade
1,2-Propanediol Rieedel-de-haen, Germany 0.995 Analytical Grade
NaOH Merck, Germany 0.98 Analytical Grade
ZnSO,-7H,0O Merck, India 0.99 Analytical Grade
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study. Shimadzu-TCC-240A electrical temperature controller hav-
ing the capability to regulate the temperature over the range of 7-
60 °C was connected to the cell holder. The employed temperature
controller works with the accuracy of +0.5 °C. The spectrophotom-
eter was controlled by a computer with UV-PC software. 1cm’
top quartz cells (3 mL) were used for the experimental purpose.
Before each measurement, the baseline of spectrophotometer was
calibrated against the corresponding solvent. Deionized H,O with
specific conductivity less than 2 uS-cm™ up to 320.15K was em-
ployed for solution formulation throughout the study. 5 mL of each
solution (drug and surfactant) was added to 25 mL volumetric flask
and then it was placed in a temperature-controlled electrical shaker
(GFL 3031, USA) for shaking at 50 rpm and at the desired tem-
perature [19]. After shaking for about 1 hour to attain an equilib-
rium, UV-spectrum was recorded [19]. The complete procedure
was repeated at least for three times to check the reproducibility.
To avoid the vaporization of alcoholic solvents, a cap was used for
the volumetric flasks/cuvettes. The pH of the drug+surfactant sys-
tems was maintained at the desired value using HCI and NaOH.
3. Cloud Point Measurement Technique

To examine the clouding phenomenon of CFH+TX-100 solu-
tions, first CFH+TX-100 solutions were prepared in the desired
solvent (H,0+ZnSO,-7H,O media having a particular concentra-
tion of salt) in such a way that both the CFH and TX-100 con-
tained the desired concentration. The prepared solutions were stirred
for about half-an-hour to reach a stable state. Both CFH and TX-
100 are easily water-soluble and a clear solution was obtained
within the concentration limit of the studied cases. The current
study was carried out following the earlier reported procedures
[13,20]. The CFH+TX-100 solutions (5 mL) were taken into Pyrex
glass tubes which were formerly placed in a water bath. The tem-
perature of the solutions was maintained using a manually prepared
water bath and the arrival or vanishing of clouding (turbidity) was
monitored visually with heating and cooling of the solutions, respec-
tively. The corresponding temperatures of the arrival or vanishing
of clouding were noted, and the mean of the temperatures was
reflected as the cloud point (CP) [13,20]. To obtain the best result,
the process was replicated at least three times and the reproducibil-
ity of the CP values was 0.2 K.

RESULTS AND DISCUSSION

1. Spectroscopic Study of the Binding between CFH and Sur-
factants
1-1. The Absorption Spectra of CFH/CFH+Surfactant Mixture and
their Binding Phenomenon

To observe the ciprofloxacin-surfactant interaction, UV-Vis spec-
tra were recorded at different conditions like temperature, pH, and
in varying solvents. The absorption spectra of 4x10™° CFH in the
manifestation of numerous contents of SDS recorded at 298.15K
are shown in Fig. S1 (Supplementary materials). The absorbance
values were found to increase with rising SDS concentration (10 to
50 mM) and A4, changed from 275.6 nm to 280.0 nm. It was re-
ported that the Quinolone drug, CFH, displays a maximum absorp-
tion at 27560 nm [21]. This shift in 4, and change in absor-
bance indicates that there is an interaction between CFH and SDS.

— Cipro
—— Cipro + 0.04 mmolL"" TX-100
- Cipro + 0.05 mmolL™ TX-100
3 — Cipro+ 0.1 mmolL” TX-100
—— Cipro + 0.15 mmolL™" TX-100
Cipro + 0.2 mmolL” TX-100
— Cipro+ 0.3 mmolL” TX-100

Absorbance

0 T T T T T T T
20 240 260 280 300 320 340

Wavelength / nm

Fig. 1. Absorption spectra for pure CFH solution (4x10"° mol L")
and CFH+TX-100 system having CFH concentration of 4.0x
10°Mat 293.15K.

Also, the intensification in absorbance with growing surfactant
concentration is viewed as being initiated by the drug molecules
into the micelles as detected in other circumstances [22]. The
absorption spectrum for the CFH+TX-100 mixture having 4x
10> M CFH and variable TX-100 is depicted in Fig. 1. The absor-
bance of the CFH+TX-100 mixture undergoes an increase with
developing amphiphile concentration. When the UV-spectra of
CFH+TX-100 were carried out, a new shoulder at 223.4 nm was
observed in each case that was absent in the spectra of pure CFH
and pure TX-100. The development of new shoulder at 223.4 nm
in the UV-spectra of CFH+TX-100 certainly indicates that strong
interaction occurs between CFH and TX-100 as well as there is a
drug-surfactant charge transfer (CT) complex formation [23]. Such
an additional new band in the absorption was characterized as the
CT band in different studies [24,25]. TX-100 was found to be per-
formed as a donor molecule for CT complexation with some dyes
and erythrosine [26,27]. Herein, there is a possibility of perform-
ing of CFH and TX-100 as acceptor and donor, respectively, to
form the complex.

The UV-Vis spectra of 4.0x10~° M CFH at different tempera-
tures show a peak at 275.6 nm. Although there is no observable alter-
ation in 4,,,, with developing temperature, the absorbance decreases
with the rise of temperature. This peak has been recognized for
the existence of the CFH monomer. In low concentration solu-
tion, there is a tendency of aggregation of ionic drugs, which leads
to dimer formation and occasionally aggregates of greater-order
are formed [28].

The absorbance was found to be higher at lower pH (less than
2), that is, in strongly acidic conditions. This can be correlated by
the proposed different protonated forms of CFH [29]. When the
pH is lower than 2, positively charged centers at multiple points of
CFH are produced, which also facilitates the keto-enol tautomer-
ism [29,30]. In the present case, the resonance effect between -OH
group and P-7 conjugation of the quinoline ring accelerates the
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excitation of delocalized 7 electrons [29]. This facilitation under lower
pH results in relatively higher absorbance values and at relatively
lower energy too. In distilled water, the pH of the solution is slightly
acidic (ranging from 5.3 to 5.5) and the observed small hypsochro-
mic shift in this case may be due to the singly protonated species
[29]. The A, also changes up to pH 7 but remains constant when
in a basic pH range. This can be attributed to the formation of
some new protonated species in the solution. At pH 7, the form of
CFH exists as uncharged molecule. The decrease in absorbance is
linked with different zwitterionic equilibrium forms existing at this
stage. As soon as the pH goes to the basic region, there is an increase
in the absorbance. This may be due to the formation of the stable
carbonyl species and its hydrogen bonding to the aqueous medium,
which is facilitated by the basic medium [31]. It was reported that
in the micellar concentration range of surfactant (greater than crc)
organic dye molecules penetrate in the outer surface of the micelle
[32]. Organic compounds containing sulphonic and carboxylic
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groups are incorporated in the stern layer of the micelle of ionic
amphiphiles as sandwich alignment [32]. In a surfactant concen-
tration of greater than cmc drug molecules might be solubilized in
the stern layer of the surfactant micelle [33].
1-2. Evaluation of Binding Constant (K;) of the Complexation of
CFH with SDS and TX-100

The K, values of the interaction of CFH with SDS and TX-100
were measured using Benesi-Hildebrand Eq. (1) [19,34,35].

[DI/A=1/K,€Cl+1/e (n

where [D] and [C] reveal concentrations of drug and surfactant,
respectively, whereas A and & denote the absorbance and molar
absorption coefficient, respectively, for drug+surfactant complexes.
From the intercept (1/¢) and slope (1/K,&) of the Benesi-Hildeb-
rand plots (Fig. 2), the binding constant (K;,) and molar absorp-
tion coefficient (g) of drug+surfactant complexes were obtained.
The values of binding constant (K,) for CFH+SDS and CFH+TX-
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Fig. 2. The Benesi-Hildebrand plot for (a) CFH+SDS (b) CFH+TX-100 complex having CFH concentration of 4.0x10° M at 303.15K in an

aqueous medium.

Table 2. The values of binding constants of CFH with surfactants having 4.0x10 °M CFH in different medium and temperatures”

Medium

K,x107 (Lmol ")

System

293.15K 298.15K 303.15K 308.15K
CFH+SDS Water (pH=6.5) 1.00 143 1.37 0.45
10% Methanol 0.30 1.18 0.67 0.20
20% Methanol 0.20 0.82 0.77 0.69
30% Methanol 1.50 0.49 0.22 0.16
10% Propanediol 0.43 0.77 0.62 0.37
Water (acidic; pH=2.0) 1.00 0.16 0.22 0.55
Water (Basic; pH=9.0) 0.40 0.43 0.36 0.23
CFH+TX-100 Water (pH=6.5) 15.00 91.28 46.09 26.55
10% Methanol 150.0 199.2 181.8 64.18
10% Propanediol 50.00 280.1 77.09 64.18
Water (acidic; pH=2.0) 33.33 91.99 114.7 374.1
Water (Basic; pH=9.0) 40.00 23.64 17.43 12.17

“Relative standard uncertainties (u,) limits are u,(K,)=%3%. All % are in v/v basis.
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100 systems in various solvents media at different temperatures are
presented in Table 2.

The estimated values of K, for CFH+SDS complex were found
to be higher in the aqueous medium than that of the alcoholic
medium almost in all cases. By the structural rearrangement in CFH,
a positive charge on N atom can be developed which attracts the
negative charge of O atom of (SO;~) of the monomeric SDS and
facilitates the binding between SDS and CFH [16]. Again, binding
is prohibited by the repulsion between the negative charge at the
micelle-H,O interface of a charged head of SDS micelles and oxy-
gen (C=0) of quinolone group in CFH [16]. The development of
N ion is a function of the acidity of the medium. The acidity of
the medium reduced in the presence of alcohol and the develop-
ment of N* charge thus lowers electrostatic attraction between the
N* of CFH and SO;™ ion of SDS is lower in an alcoholic medium.
In the aqueous medium, the electrostatic attraction between the
positively charged center of CFH (N*) and SO ion of SDS is do-
minant over the repulsive force between negative charge of SDS
(SO;") and oxygen of quinolone group in CFH. So the binding
constant values of CFH with SDS are lower in alcoholic medium
as compared with aqueous system. The obtained values of K, of
CFH with SDS were found to be less in the acidic medium than
that of H,O. The result may be due to the neutralization of SO;~
ion of SDS by H" ion and N" charge of CFH by CI ion. In the basic
condition, a negative charge on CFH is developed which repels
the SO;~ ion of SDS, which reduces the binding between SDS and
CFH. The K, values of CFH+SDS complexes initially increase, reach
a maximum point and then again reduce with upsurge of tem-
perature in almost all media except in 30% (v/v) methanol (the K,
values drecreased gradually with temperature) and water medium
having pH=2.0 (the K, values drecreased, attained a minimum
value and then again increased with temperature rise). The observed
K, values of CFH+TX-100 complexes were found to be less in
basic medium (except at 293.15 K) while higher in an acidic me-
dium as compared to an aqueous medium. TX-100 is a non-ionic
surfactant; thus the hydrophobic interaction amongst the TX-100
and CFH is facilitated in presence of organic additive like alcohol.

(a)

R%=0.9455

In(Kp)

8 1 1 L
290 295 300 305 310
I'(K)
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So the values of K, for CFH+TX-100 complexes are higher in
alcoholic medium (Table 2). For the CFH+TX-100 complexes the
K, values primarily upsurge, touch a maximum point and then yet
again reduce with rise of temperature in almost all media except
in water (basic; pH=9.0) (where the K,, values drecreased gradu-
ally with temperature).

The hydration of polar head group of surfactants decreases with
the increase of temperature, which makes polar group of surfac-
tants more available for CFH through electrostatic interactions and
thus the K|, value increases. But the molecular movement of the drug/
surfactants increases with the increase of temperature, which disfa-
vors the binding between drug and surfactants which consequences
the lower values of K, at higher temperature of CFH with SDS
(except 30% methanol and acidic media) as well as TX-100 (except
in basic medium). Hydrophilic hydration of the polar part of the
surfactants reduces with the increase of temperature, which makes
polar parts of the surfactants more available to the N* ions of CFH
at multiprotonated state in acidic medium, and thus K, of CFH
with SDS as well as TX-100 increases with increasing temperature.
1-3. Thermodynamics of the Binding of Drug with Surfactants

Various thermodynamic parameters coupled with the binding
of CFH with SDS/TX-100 were calculated from the subsequent stan-
dard thermodynamic equations [15,36-41]:

AGj=—RTInK, )
AH=RT*(fInK,)/8T ®3)
AS)=(AH;— AG))/T “@

where, R and T bear their usual meanings. In Eq. (3), the value
(0InK,)/0T was determined from the slope of InK, vs. T plot. The
values of InK, vary almost nonlinearly with temperature for CFH+
SDS and CFH+TX-100 systems in all the media studied except
CFH+TX-100 system in acidic (pH=2.0) and basic (pH=9.0) media
where linear behavior is observed. For nonlinear plots, slopes were
determined corresponding to each temperature. For the linear plot
of InK,, vs. T, one slope was used to estimate AH, [42]. A typical
graph of InK, vs. T for CFH+TX-100 system in acidic (pH=2.0)

125 ; . .
(b
1o} .
R-=0.979

1st

110

10.5 1 1 1

290 295 300 305 310
(K

Fig. 3. The plot of InK, vs T for CFH+TX-100 system (a) in acidic water (pH=2.0) and (b) in 10% (v/v) methanol solution where in both

cases CFH concentration is 4.0x10° M.
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Table 3. The values of different thermodynamic parameters associated with drug-+surfactant system having CFH concentration of 4.0x107°> M*

T AGy AHp ASy
System Medium — - ——
K kJ-mol kJ-mol J mol-K
CFH+SDS Water (pH=6.5) 293.15 —16.84 51.11 231.8
298.15 —-18.01 52.87 237.7
303.15 -18.20 -170.1 -501.2
308.15 -15.65 -175.8 -519.7
10% Methanol 293.15 -13.90 195.7 715.0
298.15 -17.53 202.4 737.7
303.15 -16.40 -184.7 —555.3
308.15 —13.57 -190.9 —5754
20% Methanol 293.15 -1291 201.6 731.8
298.15 -16.63 208.6 755.3
303.15 -16.75 —-16.76 —-0.0387
308.15 -16.75 -17.32 —1.863
30% Methanol 293.15 -17.82 -159.9 —484.6
298.15 -15.35 -165.4 -503.2
303.15 -13.59 —48.66 -115.7
308.15 —13.00 —-50.28 -121.0
10% propanediol 293.15 -14.77 83.58 3355
298.15 -16.48 86.46 345.2
303.15 -16.21 —-78.88 —206.8
308.15 —15.15 —-81.51 -2153
pH=2.0 293.15 —16.84 —-261.9 —835.9
298.15 —12.58 -270.9 —866.3
303.15 -13.59 140.0 506.7
308.15 -16.17 144.7 522.0
pH=9.0 293.15 -14.60 10.33 85.07
298.15 -15.03 10.69 86.27
303.15 -14.84 —68.46 -176.9
308.15 -13.93 -70.74 -184.4
CFH+TX-100 Water (pH=6.5) 293.15 -23.44 258.1 960.2
298.15 -28.31 266.9 990.3
303.15 —27.06 -84.29 —188.8
308.15 —26.10 —-87.09 -197.9
10% Methanol 293.15 —29.05 40.50 2372
298.15 -30.25 41.89 242.0
303.15 —-30.52 —159.1 —424.1
308.15 —28.36 —164.4 —4414
10% propanediol 293.15 —26.37 246.2 929.9
298.15 -31.09 254.7 958.5
303.15 —28.36 —-28.01 1.167
308.15 —28.36 —28.94 —1.881
pH=2.0 293.15 —25.38 106.8 451.0
298.15 —-28.33 110.5 465.6
303.15 —29.36 114.2 473.7
308.15 —32.88 118.0 489.7
pH=9.0 293.15 —-25.83 —-55.37 —-100.8
298.15 —24.96 —-57.28 -108.4
303.15 —24.61 —-59.21 -114.1
308.15 -24.10 -61.18 -120.3

“Relative standard uncertainties (u,) limits are u,(AG;)=+3%, u,(AH;)=%4% and u,(AS;)=+5%. All % are in v/v basis
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medium and 10% (v/v) methanol solution is demonstrated in Fig. 3.

The values of AG, and AH, obtained from Egs. (2) and (3)
were subsequently employed in Equation (4) to get the values of
AS;. The calculated values of AG;, AH; and AS; are provided in
Table 3. The AG; values are found to be negative for binding of
CFH with both surfactants (SDS and TX-100) in all cases investi-
gated, which signifies that binding of CFH to SDS and TX-100 is
thermodynamically spontaneous. The calculated values of AG, for
CFH+SDS system were more negative in an aqueous medium,
which implies that binding of CFH with SDS in aqueous medium
is more spontaneous than the other solvents investigated and this
result is well in agreement with the values of K, (higher in aqueous
medium) (Table 2).

The calculated value of AG; for CFH+TX-100 system was
more negative in alcoholic/diol media compared to aqueous medium
having pH values of 6.5 and 9.0, which reveals that the binding of
CFH with TX-100 is extra spontaneous in alcoholic/diol media,
which is well supported by the values of K, (higher in alcoholic
medium) (Table 2). In aqueous medium having pH=2.0, the AG,
value for CFH+TX-100 system was obtained to be much greater
at 308.15K. The estimated values of AH; for the CFH+SDS sys-
tem in H,O and aq. methanol/diol media were positive at lower
temperature (293.15 and 298.15 K) and negative at higher tempera-
ture (303.15 and 308.15 K) except in 30% (v/v) methanol solution
(AH, values are achieved negative at all temperatures) and acidic
condition (negative and positive at lower and higher temperature,
respectively). The results signify that binding of CFH and SDS is
endothermic at lesser temperature and exothermic at upper tem-
perature in solvents utilized, except in 30% methanol (exothermic
at all temperatures) and acidic condition (exothermic at lower tem-
perature and endothermic at upper temperature). The estimated
negative values of AH; for CFH+SDS system (except in 30% metha-
nol and acidic condition) increase with the boost of temperature,
which indicates that binding is more exothermic at higher tem-
perature. The estimated values of AS; for CFH+SDS system exhibit
the same trend like AH; in all cases (Table 3). The values of AH;
and AS; in aqueous medium signify that the binding of CFH with
SDS is entropy dominated at lower temperature and enthalpy
dominated at higher temperature in H,O, aq. methanol (10 & 20%
v/v), aq. 10% (v/v) propanediol and in basic medium (pH=8.5);
enthalpy dominated at all temperature in 30% methanol medium
while completely entropy and enthalpy dominated at lower and
higher temperatures, respectively in acidic medium. The values of
AHj, and AS; for the CFH+TX-100 system in H,O and aqueous
alcoholic/diol were positive and negative at lower and upper tem-
perature, respectively, which reveals that binding of CFH and TX-
100 is endothermic and exothermic at lower and upper tempera-
ture, respectively. The values of AH; and AS; for CFH+TX-100
system in the acidic medium (pH=2.0) are positive at all tempera-
tures and undego an upsurge with elevation of temperature, which
means that CFH+TX-100 binding is endothermic as well as entropy
dominated. In the basic medium (pH=9.0), the values of AH, and
AS; for CFH+TX-100 system are negative at each employed tem-
perature and the negative values decrease through increase of tem-
perature, which indicates that CFH+TX-100 binding is exothermic
as well as enthalpy organized. The negative values of AH; and AS;

reveal the existence of H-bonding, dipole-dipole, or ion-dipole
forces between drug (CFH) and surfactants (SDS/TX-100) [43,44].
The negative values of AHj imply that hydrophilic hydration of the
surfactants dominates over the ruin of 3D water structure around the
hydrophobic portion of the surfactants [45,46], while positive val-
ues connote the higher disorder of H,O structure around the tails
of the surfactants [47,48]. The negative values of AH; also imply
the presence of London dispersion force between CFH and sur-
factant (SDS/TX-100), which is the prominent force of interaction
among the CFH and surfactants (SDS/TX-100) [49].
1-4. Thermodynamic Parameters of Transfer for the Binding of
Drug with Surfactants

For better clarification of the drug-surfactant interaction, the
values of different thermodynamic parameters of transfer for the
transfer of the system from water (pH=6.5) to other solvents and
water (pH: 2 and 9) were also assessed using Egs. (5), (6) and (7)
[48,50,51].

AG, ,=AGj(additive sol.)—AG;(aq.) (5)
AH;, ,=AH;(additive sol.)- AH;(aq.) (6)
ASy, ,=AS;(additive sol.)—AS;(aq.) (7)

Estimated values of free energy of transfer (AGj ), enthalpy of
transfer (AH, ) and entropy of transfer (AS; ) are in Table 4. The
AG;,,, values for the CFH+SDS system were found to be positive
almost in all cases (except in very few cases), which means that
spontaneity of binding is reduced in the presence of investigated
additives/with the variation of pH; thus, the binding constants for
CFH+SDS system are lower in the presence of investigated addi-
tives. On the contrary, the values of AG;,,, for CFH+TX-100 sys-
tem in the alcoholic, diol and acidic medium were found to be
negative (Table 4), which reveals that binding of CFH with TX-100
is facilitated in those media and hence more spontaneous binding
of CFH with TX-100 occurs; consequently K, values increased in
those media as compared to an aqueous solution. The AG;, . val-
ues of CFH+TX-100 system in basic medium (pH=9.0) are posi-
tive except at 293.15K, which reveals less spontaneity of CFH+
TX-100 binding, which has been supported by the lower K, val-
ues. The values of AHy,,, and AS;, . for the CFH+SDS system were
negative at lower temperature and positive at upper studied tem-
perature (except 10 and 20 % (v/v) methanol solution as well as
10% (v/v) diol solution). In 10 % (v/v) methanol solution, the val-
ues are positive at lower employed temperature and negative at
higher studied temperature, while in 20% (v/v) methanol as well
as 10% (v/v) diol solutions the values are positive at all tempera-
tures. The values of AHj, , and AS;, ,, for the CFH+TX-100 system
were negative in 10% (v/v) methanol solution, whereas in other
solvents both the values were negative and positive at lower and
upper temperature, respectively.
1-5. Enthalpy-entropy Compensation for the Binding of Drug with
Surfactants

The AH; and AS; values monotonically changed with tempera-
ture and both have the opposite effect on the AG;. So the AH; and
AS;, values compensate each other to contribute the resultant effect
on the AG;. A good linear relation between AH; and AS; is stated
as enthalpy-entropy compensation, and in the current study an
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Table 4. Various thermodynamic parameter values of transfer associated with drug+surfactant system having CFH concentration of 4.0x10° M*

, T AGh, b AS},
System Medium — - ——

K kJ-mol kJ-mol J mol -K

CFH+SDS 10% Methanol 293.15 2934 144.6 483.2

298.15 0.476 149.56 500.0

303.15 1.803 -14.62 —54.16

308.15 2.078 —-15.10 —55.75

20% Methanol 293.15 3.923 150.5 500.1

298.15 1.379 155.7 517.6

303.15 1.452 153.4 501.1

308.15 -1.095 158.5 517.8

30% Methanol 293.15 —0.988 -211.0 -716.3
298.15 2.655 -218.2 -740.9

303.15 4.610 1215 385.5

308.15 2.649 1255 398.7

10% propanediol 293.15 2.063 32.47 103.7

298.15 1.534 33.59 107.5

303.15 1.998 91.24 2944

308.15 0.501 94.28 304.3

pH=2.0 293.15 0.000 -313.0 —1,068
298.15 5.429 —-323.7 -1,104

303.15 4.610 310.1 1,008

308.15 -0.514 320.5 1,042

pH=9.0 293.15 2.233 —40.78 —146.7
298.15 2.979 -42.18 -151.5

303.15 3.368 101.66 324.2

308.15 1.720 105.0 3353

CFH+TX-100 10% Methanol 293.15 -5.612 -217.6 —723.0
298.15 -1.934 —225.0 —748.3

303.15 —3.458 —74.81 —2354

308.15 —2.261 -77.30 —243.5

10% propanediol 293.15 —2.934 -11.83 -30.3

298.15 -2.779 -12.24 -31.7

303.15 —1.296 56.28 189.9

308.15 -2.261 58.15 196.0

pH=2.0 293.15 —1.946 -151.2 -509.3
298.15 —-0.019 —156.4 —524.6

303.15 -2.298 198.5 662.4

308.15 -6.778 205.1 687.6

pH=9.0 293.15 -2.391 -3134 —-1,061
298.15 3.349 —324.2 -1,099

303.15 2451 25.07 74.62

308.15 1.998 2591 77.58

“Relative standard uncertainties (u,) limits are u(AGj, ,)=13%, u.(AHj}, ,)=%4% and w,(AS;, ,)=5%. All % are in v/v basis.

excellent linear relationship was observed between AH; and AS;
for both CFH+SDS and CFH+TX-100 systems; thus entropy-
enthalpy compensation parameters were assessed solving Eq. (8)
[52-56).

AH;=AH;"+TAS; ®

In Eq. (8), the intercept of AHy vs. AS; plot is intrinsic enthalpy
(AHy ™) while their slope denotes compensation temperature (7).
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A representative plot of AH; against AS; is given in Fig. 4. The val-
ues of AHy " and T, are visualized in Table 5. It is well reported
that micellization of surfactants consists of a two part process: desol-
vation part, ie., the destruction of water structure surrounding the
hydrophobic tail/regions of surfactants, and chemical part of micelle
formation, i.., the aggregation of hydrophobic parts to form the
core of micelles. Chen et al. [53] proposed that T, decribes the sol-
ute-solute and solute-solvent interactions, that is, it is the measure
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300 T T
—m— CFH + SDS in aqueous medium
—®— CFH + TX-100 in 10% (v/v) methanol solution

1 1

-0.8 0.4 0.0 0.4
AS? (kJ K mol ™)

Fig. 4. Enthalpy-entropy compensation for CFH+surfactant mixture
having CFH concentration of 4.0x10"° M.

of the desolvation part pof the process. They also proposed that
that intercept AHy " refers to the solute-solute interaction which
can be accepted as the index of the effectiveness of the chemical part
process. It is also reported that T, is referred to as the characteris-
tic of hydrophobic interaction between solvent and solute species,
while the AH" is the degree of solute-solute interaction [54-56].
Jolicoeur and Philip [54] reported that T, is characteristic of
hydrophobic interactions of the clustering of solute specices. They
also proposed that T, values can also be used to characterize the
hydrophobic interactions originating from the pairwise interac-
tion between the hydrophobic/inert solutes present in the solu-
tions [54]. The values of AH* were found negative in each case,
which signifies that drug+surfactant complex formation is facili-
tated in all cases (Table 5). The negative AH, " values signify the
stability of the drug+surfactant complex formed. When AS;=0,

then the AH;* becomes equal to the AH,. The values of AHy " are
higher for CFH+TX-100 complex than that of CFH+SDS com-
plex, which reveals the higher stability of CFH+TX-100 complex
formed (Table 5). In the cases of methanol/propanediol solutions
and acidic H,O/basic H,O media, the AH, " values are nearer to
the AG, values, which tells that the CFH+TX-100 binding process
is governed by the additive-water interactions, which leads to the
change of water structure in the occurrence of additives. Chauhan
et al. [55] obtained more closer values of AH, " and AG; for the
micellization of SDS in aqueous sugar solution, and they sug-
gested that the SDS micellization might be governed by the exis-
tence of interactions between sugar and water molecules. The
estimated T, values for CFH+TX-100 and CFH+SDS systems lie
in the range of 295.3-301.9 K. The T, values in the range of 270-
310K give significant information of the involvement of water in
protein solution [49] and our results are in this range in all cases.
2. Clouding Phenomenon of CFH+TX-100 Mixture
2-1. CP Values of CFH+TX-100 Mixture in H,0+ZnSO,-7H,0
Media

Clouding phenomenon is considered one of the characteristic
properties of non-ionic surfactants. From the CP measurement, it
is possible to determine the stability of the drug solution and that
is why we have determined CP in this study. A phase separation of
non-ionic surfactants solution occurs at CP [57]. At lower tem-
perature, nonionic surfactants form hydrogen bonds with water
molecules and they dissolve in water, but at higher temperature
hydrogen bonds start to break, the solubility of surfactant decreases,
and there is the appearance of two phases [1]. Formation of two
phases indicates the reduction of actual solution properties. That is
why we need to determine the temperature where phase separa-
tion occurs, because this information helps to protect products. In
our earlier study; a decrease of CP values of CFH+TX-100 consisting
10 mmol kg™ TX-100 in water was observed through the upsurge
of CFH concentrations, while the CP values of CFH+TX-100 in
water having 1 and 5 mmol kg CFH were 333.55 and 334.33K,
respectively [58]. In the current study, we studied the effect of numer-

Table 5. The values of entropy-enthalpy compensation parameters associated with drug+surfactant system having CFH concentration of

4.0x10°M"
AH)* T.
System Medium - R’
kJ-mol K
CFH+SDS Water (pH=6.5) —18.88 3019 1
10% Methanol -18.49 299.5 1
20% Methanol -16.76 298.4 1
30% Methanol —13.82 301.3 1
10% Propanediol -16.96 299.6 1
Water (acidic; pH=2.0) —11.61 299.3 1
Water (Basic; pH=9.0) —15.26 300.9 1
CFH+TX-100 Water (pH=6.5) —28.08 298.0 1
10% Methanol -31.12 301.8 1
10% Propanediol —28.37 295.3 1
Water (acidic; pH=2.0) —-26.93 296.4 0.9861
Water (Basic; pH=9.0) —25.05 299.5 0.9957

“Relative standard uncertainties (u,) limits are u,(AH, *)=+4% and u,(T,)£0.2 K. All % are in v/v basis.
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Fig. 5. The change in CP values of TX-100+CFH mixture through
the concentration variation of ZnSO,-7H,O solution.

ous concentrations (4.82 to 40.12 mmol kg ™) of ZnSO,-7H,0 on
the value of CP of CFH+TX-100 mixture. We found a CP value
of 333.75K for CFH+TX-100 in water having 3 mmol kg CFH
and 16.46 mmol kg™' TX-100, which indicates a good agreement
with our previous study [58]. As all the solutions were freshly and
individually prepared, the concentrations of TX-100 and CFH
were slightly varied from the desired fixed concentration (variation
is almost negligible). The experimentally determined CP values of
CFH+TX-100 mixture in aqueous ZnSO,-7H,0 media are com-
piled in Fig. 5. The CP values for the TX-100+CFH mixed sys-
tem decrease with the increasing concentration of salt. This type
of result was also found by the previous researcher [59]. Due to
the addition of salt, the salting-out effect of surfactant molecules
occurs. The addition of salt may cause the surfactant molecules to
come closer to each other by the release of water surrounding the
amphiphile molecules, and hence there is a decrease in CP values
[60]. The electrostatic attraction between salt and water is higher
as compared to the water and polar head group of surfactant mol-
ecules. That is why electrolyte (ZnSO,-7H,O) reduces the CP values.
2-2. Thermodynamics of Clouding for CFH+TX-100 Mixed System
Standard free energy change (AG,), enthalpy change (AH;) and

entropy change (AS;) of clouding phenomenon of CFH+TX-100
mixed system have been estimated by using the equations given
below [61-63]:

AG;=—RTInX; 9
AH’=RT® (AInX,)/0T (10)
AS>=(AH-AG)/T (11)

Here, X, is considered as the mole fraction concentration of the
used additives (CFH/salt). To determine the AH, plots of InX; ver-
sus temperature were drawn and slopes at different T (CP) were
taken as the values of (AInX,)/0T. Such a schematic plot is shown
in Fig. S2 (Supplementary materials).

The observed outcomes for the thermodynamic parameters of
CFH+TX-100 mixture in aqueous salt solution are provided in
Table 6. The detected AG] values are positive for CFH+TX-100
mixture in the electrolyte solution, which indicates that the phase
separation phenomenon is nonspontaneous. The positive AG; val-
ues were decreased with the increasing concentration of salt, which
reveals that the nonspontaneity of the clouding process of CFH+
TX-100 mixture tends to decline with enhancing the content of
electrolyte.

In existence of salt, the AH, values of CFH+TX-100 mixture was
negative for all concentrations of salt, and the magnitude of the
AH_ values increased primarily through the enhanced concentra-
tion of salt and decreased after reaching a certain value. Thus, the
clouding phenomenon observed for CFH+TX-100 mixture in
zinc sulfate solution is exothermic. The AS; values of the employed
drug and surfactant mixed system are negative. The values of AH;
and AS; of employed mixed system in ZnSO,-7H,0 solution indi-
cate that the clouding of the TX-100+CFH mixture is totally con-
trolled by enthalpy change. Thus the AH; and AS; values of the
mixed studied system suggest the presence of only the exothermic
interactions, for example, H-bonding and dipole-dipole interac-
tion between CFH and TX-100 in the salt medium.

The linear relation between enthalpy and entropy is referred to as
enthalpy-entropy compensation, which obtained R* value of almost
1.00 for CFH+TX-100 mixed system in presence of ZnSO,-7H,O.
Using Eq. (8) in case of clouding, values of compensation tem-
perature (T,) and intrinsic enthalpy gain (AH.") were evaluated
from the slope and intercept of AH? versus AS. plot (Fig. S3 (Sup-
plementary materials)) [64,65]. T, characterizes the solute-solute
interactions and AH" darifies the solute-solvent interactions. The

Table 6. CP values and their thermodynamic parameters of CFH+TX-100 mixture in ZnSO,-7H,O solution®

Crx 100 Cern Causo, CP AG; AH; AS;
mmol kg™’ mmol kg™’ mmol kg™ K kJ mol™ kJ mol™ Jmol ' K

15.65 3.10 4.82 333.25 2591 —-375.0 -1,203
16.54 3.14 9.88 331.12 23.77 —-370.2 -1,190
16.49 291 14.90 330.67 22.61 —-780.8 —2,430
16.30 3.10 19.95 330.30 21.78 —613.6 -1,924
16.53 2.92 30.34 329.63 20.59 —442.2 —1,404
16.22 3.02 40.12 328.88 19.78 —440.2 -1,399

“Relative standard uncertainties (u,) limits are u,(AG)=+3%, u,(AH,)=+4% and u,(AS;)=+5%.
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T, and AH" values of the TX-100+CFH mixed system in the salt
solvent were found to be 330.84 K and 22.848 k] mol ', respec-
tively. This type of result was also found by previous researchers
[52]. The T, values obtained from the clouding study reveal good
resemblance with the behavior of protein solutions in water [49].

CONCLUSION

The interaction of CFH drug with two surfactants (SDS and
TX-100) has been studied through UV-Visible spectroscopy and
cloud point measurement techniques in different solvent media
and at variable temperatures. The obtained subsequent results are:

P The binding of CFH with SDS and TX-100 was reflected
from the variation of absorbance and A, values in the case of
spectroscopic study.

P The K, values of CFH+SDS and CFH+TX-100 complexes
are dependent on the composition and nature of media as well as
the variation of temperature.

P The K, values first increase, reach a maximum value and then
decrease with the temperature in most of the cases.

P The AG; values reveal that the binding phenomenon was
spontaneous in each case.

P From the negative values of AH; and AS;, the existence of
H-bonding, dipole-dipole or ion-dipole forces between drug
(CFH) and surfactant (SDS/TX-100) are suggested.

P Addition of zinc sulfate reduces the CP values of CFH+TX-
100 mixture which is further enhanced with rising content of elec-
trolyte. The thermodynamic parameters revealed that the cloud-
ing of CFH+TX-100 mixture is a nonspontaneous, exothermic,
and enthalpy driven phenomenon.

P Excellent linear relationship between enthalpy and entropy
changes of binding and clouding phenomena was observed in each
case.

P The negative AH} " values signify the stability of drug+sur-
factant complexes.

P The study involving CFH and SDS/TX-100 can be extended
using molecular dynamics simulations to locate the interaction
sites. In addition, the morphology of CFH+SDS/TX-100 might be
studied applying TEM/SEM tools.
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LIST OF ABBREVIATIONS

CFH : ciprofloxacin hydrochloride
SDS :sodium dodecyl sulfate
TX-100 : Triton X-100

ZnSO,-7H,0O :zinc sulfate

MFP : mass fractional purity
K, : binding constant
cmc : critical micelle concentration
AGy : Gibbs free energy of binding
AHj : enthalpy of binding
AS; : entropy of binding
AG;, : free energy of transfer
i : enthalpy of transfer
AS, ., : entropy of transfer
AHp* : intrinsic enthalpy
T, : compensation temperature
CP : cloud point
AG! : Gibbs free energy of clouding
AH? : enthalpy of clouding
AS} : entropy of clouding
SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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