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Abstract: This study reports the interfacial phenomenon of cefotaxime in combination with nonionic
surfactants, Triton X-100 (TX-100) and Tween-80 (TW-80), and their mixed micellar formulations.
Cefotaxime was enclosed in a micellar system to improve its solubility and effectiveness. TX-100
and TW-80 were used in an amphiphilic self-assembly process to create the micellar formulation.
The effect of the addition of TX-100, a nonionic surfactant, on the ability of TW-80 to solubilize the
drug was examined. The values of the critical micelle concentration (CMC) were determined via
UV-Visible spectroscopy. Gibbs free energies (∆Gp and ∆Gb), the partition coefficient (Kx), and the
binding constant (Kb) were also computed. In a single micellar system, the partition coefficient (Kx)
was found to be 33.78 × 106 and 2.78 × 106 in the presence of TX-100 and TW-80, respectively. In a
mixed micellar system, the value of the partition coefficient for the CEF/TW-80 system is maximum
(5.48 × 106) in the presence of 0.0019 mM of TX-100, which shows that TX-100 significantly enhances
the solubilizing power of micelles. It has been demonstrated that these surfactants are effective in
enhancing the solubility and bioavailability of therapeutic compounds. This study elaborates on the
physicochemical characteristics and solubilization of reactive drugs in single and mixed micellar
media. This investigation, conducted in the presence of surfactants, shows a large contribution to the
binding process via both hydrogen bonding and hydrophobic interactions.

Keywords: cefotaxime; solubilization; nonionic surfactants; mixed micelle; drug delivery;
encapsulation efficiency; partition coefficient

1. Introduction

There is a continuous trend in the rising number of new medications with more
complicated molecular structures, and subsequently, the problem of worse solubility is
continuously rising. According to previous studies, up to 90% of the drugs being inves-
tigated are not soluble in water [1]. Drugs which are poorly water-soluble require the
use of formulation strategies to increase their bioavailability [2]. Less water-soluble drugs
might even result in unreliable and inconsistent consumption, while excessive drug doses
can cause different side effects, such as gastrointestinal issues, poisoning, cardiovascular
effects, central nervous system effects, and respiratory issues [3]. Improvements in the
water solubility of pharmaceuticals and effectiveness of encapsulation are thus desired to
enhance drug absorption, improve bioavailability, and decrease the number of required
therapeutic doses [4].

Drug delivery systems are described as formulations that are designed to move a
medicine to the intended site of action inside the body more efficiently. A suitable carrier
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that shields the drug from quick degradation and increases its concentration within the
target tissues is the fundamental component in drug delivery systems [5]. Amphiphilic
compounds known as surfactants, which can lower the surface tension amongst two im-
miscible phases, are prospective drug transporters [6]. The molecules of these substances
have both a hydrophilic and a hydrophobic component in the same moiety [7]. Because of
their structural characteristics, surfactants can function as emulsifiers, detergents, foaming
agents, floating agents, solubilizers, drug-delivery agents, etc., both in daily life and in
industrial settings [8]. Surfactants can increase the solubility of drugs because they can
create colloidal-sized microemulsions (micelles) in specific liquids [9]. Because surfactants
have amphiphilic nature, their molecules self-assemble into micelles at concentrations
above the critical micelle concentration (CMC) [10]. Due to their ability to form micelles,
amphiphilic surfactants have attracted a lot of attention recently for use in the delivery of
drugs. The former studies include the solubilization of drugs in single and mixed micellar
systems of surfactants. Single micellar systems refer to formulations consisting solely of
one type of surfactant, such as TX-100 (TX-100) or Tween-80 (TW-80), providing a homoge-
nous micellar environment [11]. Conversely, mixed micelles involve the combination of
two or more surfactants, such as TW-80 and TX-100, creating a heterogeneous micellar
system [12]. In comparison to their individual constituent surfactants or drugs, the mixture
of drug–surfactant exhibited a synergistic effect and promised more desirable properties.
A synergistic relationship exists between the increase in interface activity of the mixed
micellar system and decreased critical micelle concentration (CMC) [13].

Micellar systems provide particular advantages that traditional systems, such as
liposomes, may not fully replicate. Micellar systems have an advantage over liposomal
systems [14] in that they can encapsulate a wider range of hydrophobic substances and
modify their composition more easily, perhaps providing improved drugs solubility [15].
Although nanocrystals improve drugs’ dissolving rates, micellar systems stand out due to
their targeted drug delivery capabilities [16]. Micelles may change their surface features for
selective targeting, a feature uncommon in nanocrystal formulations, enabling for precision
in medication delivery to target tissues or cells. The therapeutic efficacy of any particular
drug is influenced by its ability to reach the defined target organs, tissues, or cells. The
surfactant enables it to behave as a carrier, enhancing the delivery of the drug to a target
site [17]. As a way to enhance the therapeutic outcomes of powerful drugs, surfactants
have already been widely used in pharmaceutical science as excipients for conventional
pharmaceutical formulations [18]. Amphipathic compounds named surfactants have non-
polar and polar substituents in their heads and tails, respectively.

They can be categorized as anionic, cationic, amphoteric, or nonionic surfactants
due to the difference in charges that exists on the head groups [19]. The existence of a
dual-characteristic component facilitates the self-aggregation of monomers into micelles
at a certain concentration within the aqueous environment, termed the critical micelle
concentration (CMC) [20]. Micellar solubilization is an excellent method for increasing
drug solubility under physiological conditions in the body [21]. The drug can dissolve in a
surfactant solution at CMC concentration, and the dissolution rate rises further with higher
surfactant concentrations [22].

One significant class of amphiphiles is nonionic amphiphiles with ethylene oxide
sequences (hydrophilic group). The solubilization power of nonionic surfactants is fre-
quently greater than that of anionic and cationic surfactants. Nonionic surfactants have a
significant role in pharmacology because of their low protein binding and high solubility
at low CMC scales. They enhance the performance and availability of the drug as well.
Additionally, their micellar system is not affected by significant dilution in the blood [23].
Nonionic amphiphiles are widely employed in both commercially available pharmaceutical
formulations and other industries due to their unique characteristics.

Nonionic amphiphiles also produce thermodynamically stable nanoscale assemblies
known as “micelles”, although at lower concentrations than other amphiphiles. Micelles
are one of the many delivery systems that have been created up to this point. They tend to
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be homogeneous and thermodynamically stable when immersed in water and are created
when surfactants self-assemble above a critical micellar concentration (CMC). Nonionic
amphiphiles are used in commercial and pharmaceutical formulations because of their
intriguing features. Micelles, which have a diameter ranging from 10 to 100 nm, are thought
to be a simple and effective environment for dissolution of insoluble drugs because of their
distinctive amphiphilic nature, with a hydrophilic crust and a hydrophobic core [24]. The
effectiveness of amphiphilic drugs increases, with fewer adverse effects, when combined
with a carrier (surfactants) [25].

Nonionic amphiphiles also produce thermodynamically stable nanoscale assemblies
known as “micelles”, although at lower concentrations than other amphiphiles. Micelles
are one of the many delivery systems that have been created up to this point. They tend to
be homogeneous and thermodynamically stable when immersed in water and are created
when surfactants self-assemble above a critical micellar concentration (CMC). Nonionic
amphiphiles are used in commercial and pharmaceutical formulations because of their
intriguing features. Micelles, which have a diameter ranging from 10 to 100 nm, are thought
to be a simple and effective environment for dissolution of insoluble drugs because of their
distinctive amphiphilic nature, with a hydrophilic crust and a hydrophobic core [24]. The
effectiveness of amphiphilic drugs increases, with fewer adverse effects, when combined
with a carrier (surfactants) [25].

Micellar systems employ a solubilization technique by encapsulating the Active Phar-
maceutical Ingredient (API), i.e., the drug, within their hydrophobic cores, typically formed
by surfactant molecules. This encapsulation process enables hydrophobic drugs, which
have poor solubility in water, to be incorporated and dispersed in the aqueous environment
of the micellar solution [26]. The hydrophobic tails of surfactant molecules surround the
drug, shielding it from the aqueous medium. The hydrophobic feature of the micellar core
is employed in order to dissolve drugs in an aqueous solution, whereas the existence of
hydrated counter ions stabilizes the outer layer of the micelles. Therefore, interactions
between the drug and the surfactant that are both electrostatic and hydrophobic determine
where the drug is located in the micellar system [27]. A safe path for the drug to make its
way to the intended site is provided by micellar systems, which lower the likelihood of drug
degradation and increase its bioavailability [28]. The study of surfactant agglomeration and
its possible applications is an important issue, particularly in connection with studies on the
impact of organized assemblies during different chemical transformations [29]. Pharmaceu-
tical formulations are said to use amphiphilic drugs as part of the drug delivery mechanism
to enhance the affinity and solubilization capabilities of weakly water-soluble drugs [13].
It was discovered that the chemical makeup of drugs and surfactants affects their ability
to form self-nanoemulsions [30]. Cefotaxime is a potent antibiotic with a well-known
structure. Belonging to the third generation of cephalosporins, this molecule has a variety
of active sites and is employed as an antibiotic. Cefotaxime (CEF) has proven effective in
treating a wide range of bacterial infections and has played a significant role in limiting
bacterial growth, particularly in preventing infections in different surgical settings [31].

The objective of the current research is to use UV-Visible absorption measurements to
examine the pharmacological potential of micellar solubilization of cefotaxime in nonionic
surfactants in order to catalyze drug delivery systems (in both single and mixed micellar
systems). We looked at how the drug affected the CMC of TX-100 and Tween 80, which
are used as carriers to deliver the drug into the body. Complex measurements of the
CEF-TX-100 and CEF-TW-80 were also used to assess a number of related factors.

2. Results and Discussion
2.1. Simple UV-Visible Absorption Spectra

The UV-Visible spectra of pure CEF, as well as CEF in the TX-100 and TW-80 micelles,
are displayed in Figure 1.
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Figure 1. Plot of UV-Visible absorption spectra of CEF in aqueous and micellar media of TX-100 (a)
and TW-80 (b).

First, a graph between absorbance and wavelength was plotted to identify the λmax.
Then, surfactant absorbance values at λmax were noted. In the presence of TX-100 and
TW-80, the drug exhibited a hyperchromic shift. The presence of nonionic surfactants in
the aqueous solution of the drug caused a slightly high redshift in the absorption band
position. A higher concentration of surfactant, above CMC, leads to the formation of a large
number of micelles. These micelles have the ability to bind and contain drug molecules
inside their closed structures. The aforementioned phenomenon increases the intensity of
absorption [32,33]. The λmax of CEF was observed at 235 nm. The lack of a shift in the max
after TX-100/TW-80 administration to the drug solution can be explained by the nonionic
surfactant concentration being significantly above CMC. Surfactant molecules form micelles
in the solution when their hydrophobic tails combine, but their hydrophilic heads remain
exposed to the solvent at concentrations above the CMC. Cefotaxime probably does not
have significant interactions with the hydrophilic heads of surfactants. These non-specific
interactions do not significantly change the chromophores or electrical characteristics
that cause cefotaxime to absorb light. The maximum wavelength is therefore unaffected.
Although these micelles can dissolve hydrophobic materials, they often have little to no
effect on the electronic transitions of other molecules in the solution [34]. The concentration
of surfactant improved the UV-Visible absorbance of CEF, as shown in Figure 1. This
figure shows the extensive integration of drug molecules into the micellar system of TX-100
and TW-80. The increase in drug absorption in the pre-micellar region demonstrates the
improved bioavailability of drug molecules [19].

Drug absorbance increases rapidly in the post-micellar region up until CMC and
then gradually drops when the drug is fully incorporated into the micelle, as shown in
Figure 2. However, because more drug molecules are absorbed by freshly formed micelles,
absorbance might occasionally increase slowly even after CMC [35]. The typical CMC
values of TX-100 and TW-80 in water are 0.2 mM [36,37] and 0.015 mM [38], respectively.
The CMC value is increased to 0.24 and 0.018, respectively, after CEF is added to the
aqueous solution of TX-100 and TW-80. This is because of the structure-breaking effect
of CEF, which destroys water structure and increases entropy, rendering the micellization
entropically unfavorable and increasing CMC [39].
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Figure 2. Plot of simple absorbance of CEF against concentration of (a) TX-100 and (b) TW-80.

2.2. Differential UV-Visible Absorption Spectra
2.2.1. Single Micellar System

The relationship between differential absorbance and surfactant concentration is
clearly depicted in Figure 3. Here, an increase in the differential absorbance was observed.
A gradual increase in the ∆A values with an increase in surfactant concentration indicates
that drug molecules are still being incorporated from the aqueous associate with the micelles
formed by TX-100/TW-80 systems [40,41]. The data obtained for the differential study of
TX-100/TW-80 systems is tabulated in Tables 1 and 2, respectively, and calculations for
partitioning and binding constants were performed using Equations (1) and (5).

Figure 3. Plot of differential absorbance of CEF as a function of concentration of (a) TX-100 (b) TW-80.
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Table 1. Calculations for the partitioning coefficient and binding coefficient of CEF in TX-100 micellar
media.

Cs
(mM) ∆A 1/∆A Cd

(mM)
CMCo
(mM)

Cs − CMCo
(mol dm−3)

Cd + Cmo
s

(mol dm−3)
1/(Cd + Cmo

s )
(mol−1 dm3)

CsCd/∆A × 10−6

(mol−2 dm6)

0.22 1.448 0.691 0.05 0.2 0.00002 0.00007 14286 0.0076
0.24 1.454 0.688 0.05 0.2 0.00004 0.00009 11111 0.0083
0.26 1.458 0.686 0.05 0.2 0.00006 0.00011 9091 0.0089
0.28 1.460 0.685 0.05 0.2 0.00008 0.00013 7692 0.0096
0.30 1.464 0.683 0.05 0.2 0.00010 0.00015 6667 0.0102
0.32 1.469 0.681 0.05 0.2 0.00012 0.00017 5882 0.0109

Table 2. Calculations for the partitioning coefficient and binding coefficient of CEF in TW-80
micellar media.

Cs
(mM) ∆A 1/∆A Cd

(mM)
CMCo
(mM)

Cs − CMCo
(mol dm−3)

Cd + Cmo
s

(mol dm−3)
1/(Cd + Cmo

s )
(mol−1 dm3)

CsCd/∆A × 10−6

(mol−2 dm6)

0.016 0.925 1.081 0.05 0.015 0.0000010 0.000051 19608 0.00086
0.018 0.933 1.072 0.05 0.015 0.0000026 0.000053 19011 0.00094
0.019 0.945 1.058 0.05 0.015 0.0000042 0.000054 18450 0.00102
0.021 0.949 1.054 0.05 0.015 0.0000058 0.000056 17921 0.00110
0.022 0.957 1.045 0.05 0.015 0.0000074 0.000057 17422 0.00117
0.024 0.961 1.041 0.05 0.015 0.0000090 0.000059 16949 0.00125

The differential absorbance data, expressed in terms of Kx and Kb, can be used to
calculate the degree of solubilization. The binding constant equation and the Kawamura
equations were used to calculate these parameters. Furthermore, the potential of bind-
ing and partitioning mechanisms was assessed based on their free energies. The Gibbs
partitioning and binding energy have negative values, confirming the spontaneity of the
solubilization process [42]. Figures 4 and 5 show plots for Kx and Kb of the TX-100/TW-80
+ CEF micellar system, whereas Table 3 displays the values of the partitioning coefficient
(Kx), binding coefficient (Kb), Gibbs partitioning energy (∆Gp) and Gibbs binding energy
(∆Gb).

Figure 4. Kawamura plot between 1/∆A and 1/(Cs + Cmo
s ) for calculation of Kx for (a) CEF/TX-100

system (b) CEF/TW-80 system.
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Figure 5. Plot for calculating binding constant (Kb) for (a) CEF/TX-100 system and (b) CEF/TW-80
system.

Table 3. Partition and binding coefficients of CEF in a single micellar system.

System Kx × 106 ∆Gp
(kJ/mol)

Kb × 105

(dm3/mol)
∆Gb

(kJ/mol)

CEF/TX-100 33.78 −43.46 0.98 −28.47
CEF/Tw-80 2.78 −37.20 4.83 −32.43

When the partition coefficients for the dispersion of cefotaxime molecules between
water and micellar phases are compared, the value of Kx (33.78 × 106) for TX-100 is greater
than that for TW-80 (2.78 × 106). TX-100 has a higher micellar partition coefficient than
TW-80 due to its higher aggregation number (approximately 142) [43–45], compared to
TW-80 (approximately 60) [46,47]. This difference in aggregation number is responsible
for larger micellar size in Triton X-100, allowing for more drug monomers per micelle.
Furthermore, the hydrophilic-lipophilic balance (HLB) value for TX-100 is approximately
13.4 compared to Tween 80, which has an HLB value of around 15.0. This higher HLB value
suggests overall a slightly greater hydrophilicity for Tween 80 [48]. Cefotaxime, which is
hydrophobic in nature, exhibits better partitioning with lower HLB values, i.e., Triton X-100.
In contrast, when the binding coefficients for the micellar phases of TX-100 and TW-80 are
compared, the higher Kb value for TW-80 (4.83 × 105) compared to TX-100 (0.98 × 105)
is due to the bigger nonpolar tail in Tween-80. This feature generates a stronger complex
formation, showing a link between binding and hydrophobicity. It has also been discovered
that the interior of the micelles of surfactants with very low CMC is more hydrophobic than
the interior of the micelles of identical surfactants with greater CMC [49–51]. The values
of the Gibbs energy of partition, ∆Gp, are −43.46 kJ/mol for the CEF/TX-100 system and
−37.20 kJ/mol for the CEF/TW-80 system, whereas the Gibbs energy of binding, ∆Gb, is
−28.47 kJ/mol for the CEF/TX-100 system and −32.43 kJ/mol for the CEF/TW-80 system.

2.2.2. Mixed Micellar System

When micelles spontaneously form, two variables come into play. The non-polar
part of the molecule is first isolated from water and encased inside the structure as a
result of the hydrophobic effect. The second factor determining how tightly the molecules
can be packed is the interactions between the head groups [52]. Mixed micelles have
more surfactant. In surfactant formulations that exhibit synergism when combined, the
aggregation number rises. In surfactant systems with strong interactions, the aggregation
number is greater (as seen in mixed systems of TX-100 and TW-80), indicating micellar
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development in comparison to single surfactant micelles [53]. The rate of solubilization
within the micellar core increases with the mixed micelle’s aggregation number, whereas it
decreases in the palisade layer due to the strong interactions among the surfactant head
groups. A beneficial synergism is expected when a larger amount of the solubilizate resides
in the micellar core. On the other hand, if the solubilization of the palisade layer exceeds,
the mixed micellar solubilization capability is lower than that of pure micelles.

In the current study, the solubilization of CEF was executed in the micellar system
of TW-80 in the presence of 0.0013, 0.0016, 0.0019, 0.0022, and 0.0025 mM of TX-100 as
shown in Figure 6. Figures 7 and 8 show plots for Kx and Kb, whereas Table 4 indicates that
the value of the binding constant (Kb) increases with an increase in the concentration of
TX-100 because of stronger interactions of CEF with the mixed micellar solution of TW-80.
The steric self-repulsion due to a larger headgroup size of TW-80 (20 oxyethylene groups)
becomes less potent after being combined with TX-100 and the steric self-repulsion is
replaced by dipole-dipole interactions between the hydrophilic head groups of the nonionic
surfactants [54]. Despite this, the increasing pattern in the solubilizing strength of mixed
micellar systems with concentrations of TX-100 is only apparent up to a certain point
because, after an initial increase, the values of Kx and Kb decrease, leading to a drop in
partitioning. Beyond a certain threshold concentration of TX-100, the micellar system
reaches saturation in terms of solubilizing capacity. This saturation limits the incorporation
or solubilization of the drug within the micelles despite increased TX-100 concentrations,
leading to a decline in partitioning. It is also believed that at a greater concentration of
TX-100, the packing of TX-100 and TW-80 in the mixed micelle reduces the space available
for dye partitioning [55]. The value of the partition coefficient for the CEF/TW-80 system is
maximum (5.48 × 106) in the presence of 0.0019 mM of TX-100, demonstrating that TX-100
considerably increases the ability of micelles to dissolve.

Figure 6. Plot of the differential absorbance of CEF in a mixed micellar system with concentrations of
TX-100 and TW-80.
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Figure 7. Kawamura plot between 1/∆A and 1/(Cs + Cmo
s ) for the calculation of Kx in a mixed

micellar system.

Figure 8. Plot for the calculation of the binding constant in a mixed micellar system.

Table 4. Partition and binding parameters of the CEF in mixed micellar media.

System Kx × 106 ∆Gp
(kJ/mol)

Kb × 105

(dm3/mol)
∆Gb

(kJ/mol)

0.0013 2.46 −36.89 2.54 −30.83
0.0016 4.21 −38.24 4.08 −32.01
0.0019 5.48 −38.90 4.86 −32.44
0.0022 3.88 −38.04 4.07 −32.00
0.0025 3.23 −37.58 3.26 −31.46

2.3. Study of Interaction Mechanisms
2.3.1. Binding Nature of Cefotaxime in a Single Micellar System with TX-100 and TW-80

Cefotaxime sodium (CEF), an antibiotic from the third generation of cephalosporin
used to treat germs, is the medicine that was studied for its potential therapeutic action [56].
In order to improve the drug’s bioavailability, surfactants were used. To investigate surfac-
tant drug interactions, UV-Visible spectroscopy was employed. Ionizable functional groups
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including carboxylic acid (-COOH) and amino groups (-NH2) are present in cefotaxime.
Ethylene oxide (-OCH2CH2) units, which can form hydrogen bonds and interact electro-
statically, are found in the structure of TX-100/TW-80. Electrostatic interactions made it
easier for the antibiotics to bind with the micelles and maybe stabilize within [57]. Being
nonionic surfactants, TX-100/TW-80 are also hydrophobic [58]. The side chains and fused
rings are the main hydrophobic parts of the structure of cefotaxime. The hydrophobic core
of nonionic micellar systems is made up of the hydrocarbon tails of molecules of surfactant,
the polyoxyethylene casing (palisade layer), which surrounds the core, and the surface of
the micelles. All of these are possible places for the drug to be located [59]. The hydrophobic
portions of cefotaxime and the hydrophobic core of TX-100/TW-80 micelles may interact
hydrophobically. Cefotaxime may become more soluble as a result of this interaction
within the micelles hydrophobic interior, increasing its solubility in aqueous solutions.
Schemes 1 and 2 depict where the drug monomer is located in the single micellar system
of TX-100 and possible interactions between the drug monomer and surfactant molecules,
respectively. From the calculations of the partitioning coefficient (Kx), it is possible to
estimate where drug molecules might be located in the micelles. Greater magnitudes of
Kx in the case of TX-100 indicate accommodation of drug molecules close to the micelles
palisade layer, and smaller values imply deep penetration [60].

Scheme 1. Locus of drug in the single micellar system of TX-100.

In general, the efficacy of micelle solubilization increases with decreasing core polarity
on a molar basis. The micellar core polarity for TX-100 is 1.40, and for TW-80 is 1.13, which
indicates that, compared to TX-100, the micellar core of TW-80 offers a substantially more
accepting environment for poorly water-soluble molecules in aqueous solution, indicating
more effectiveness in solubilizing water-insoluble compounds [61]. The higher value of the
binding coefficient for the micellar system of TW-80 compared to TX-100 also proves the
deep penetration of drug molecules and thus demonstrates a higher solubilization power.
Schemes 3 and 4 depict the position of the drug monomers in the single micellar system of
TW-80 and possibilities for interaction between the monomer of the drug and surfactant
molecules, respectively.
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Scheme 2. Insight into various possible interactions between drug monomer and the micellar system
of TX-100.

Scheme 3. Locus of drug in the single micellar system of TW-80.

Scheme 4. Insight into various possible interactions between drug monomer and the micellar system
of TW-80.
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2.3.2. Binding Nature of Cefotaxime in a Mixed Micellar System (Pre-Micellar TX-100 and
Post-Micellar Tween 80)

In a mixed micellar solution that comprises both TX-100 and TW-80, the interaction
process might be more complex. In the mixed micellar system, cefotaxime can interact with
both the TX-100 and TW-80 micelles. It can interact with both the hydrophobic core of TX-
100 micelles and the hydrophobic core of TW-80 micelles through hydrophobic interactions.
This results in a combined solubilization activity from both surfactants result in deep
penetration of the CEF inside the micelle as show in Scheme 5. The inclusion of two distinct
types of micelles (TX-100 and TW-80) primarily distinguishes the mixed micellar system
from the single micellar system. Cefotaxime can interact with both kinds of micelles in the
mixed micellar system at the same time, taking advantage of the solubilization abilities
of both surfactants as shown in Scheme 6. The application of a mixed micellar system
shows a greater ability to raise the stability and solubility of cefotaxime in comparison to
single micellar systems, potentially enhancing its therapeutic efficacy through changed
physicochemical characteristics [42].

Scheme 5. Locus of drug in the mixed micellar system of TX-100 and TW-80.
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Scheme 6. Insight into various possible interactions between drug monomer and mixed micellar
system of TX-100 and TW-80.

2.4. Study of Release Mechanism of Cefotaxime

The release of cefotaxime from the micelles of TX-100 and TW-80 in a biological system
involves a combination of diffusion [62], environmental changes [63], and competition
with biomolecules. Diffusion plays a significant role, with the high concentration of
cefotaxime inside the micelle driving its movement towards areas of lower concentration
in the surrounding biological fluid, such as blood or interstitial fluid [64]. Environmental
alterations, such as temperature and pH, can influence micellar stability and structure.
While TX-100 micelles are generally more pH-sensitive and relatively less stable over a
wide pH range [65,66], TW-80 micelles are less pH-sensitive [67]. Because of the acidic
environment in the stomach, the pH in the stomach is relatively low (typically around
pH 1–3) [68]. At such low pH values, the acidic conditions can lead to the protonation
of TX-100 surfactant molecules, which can disrupt the hydrophobic interactions within
the micellar core [69]. The release of cefotaxime is facilitated by the micelle disintegration,
making the drug available for absorption and therapeutic activity downstream from the
gastrointestinal system. From the intestinal blood vessels, the absorbed cefotaxime is then
transported to the liver to finally reach the systemic circulation [70].

As the ingested contents move from the stomach down to the small intestine, the
value of pH gradually increases to a more neutral or slightly basic range (typically around
pH 7–7.5) [71,72]. In this environment, the deprotonation process enhances the hydrophobic
interactions within the micelles, restoring their structural integrity [59]. This increased
stability can reduce the release of cefotaxime from the micellar core. TW-80 has a longer
hydrophobic tail compared to TX-100, thus having stronger hydrophobic interactions
between the tail groups, which contributes to greater micellar stability [73], making it
less sensitive to pH changes. Changes in temperature can also affect micellar stability,
with high temperatures causing disintegration and release, while low temperatures may
enhance stability [74]. This effect is more prominent in temperature ranges approaching or
exceeding the critical micelle temperature (CMT) for the surfactants, the temperature at
which micelles begin formation or dissociation. Additionally, as micelles come into contact
with the biological environment, various biomolecules, such as proteins and lipids, may
have a higher affinity for the surfactant compared to cefotaxime due to their hydrophobic or
hydrophilic regions. When these proteins and lipids interact with the surfactant molecules,
they can displace or exchange with cefotaxime from the micellar core, resulting in the
release of the encapsulated drug into surroundings [75].
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3. Materials and Methods
3.1. Chemicals

All the materials that we utilized in this study, i.e., cefotaxime, surfactants (TX-100
and TW-80), solvent, were of analytical quality and used as collected, without additional
purification. Water that had been double distilled was used for sample preparation and
reactions. The stock solution of cefotaxime, as well as TX-100 and TW-80, was prepared in
a molar concentration unit using distilled water. Cefotaxime was purchased from Sigma
Aldrich (St. Louis, MO, USA). TX-100 and TW-80 were purchased from Daejung Chem-
icals and Metals CO. LTD., (Siheung-si, Republic of Korea). The mass fraction purity,
CAS number, and molar mass of the compounds used are given in Table 5. The molec-
ular structures of the used drug (CEF) and surfactants (TX-100 and TW-80) are depicted
in Table 6.

Table 5. Chemicals used in this work and their specifications.

Chemicals Sources Mass Fraction Purity CAS Number Molecular Mass

Cefotaxime Sigma Aldrich >98% (HPLC) 104376-79-6 455.47 gmol−1

TX-100 Daejung Chemicals and Metals Co., Ltd. 98% purity 9002-93-1 647.0 gmol−1

Tween-80 Daejung Chemicals and Metals Co., Ltd. 98.9% 9005-65-6 1310 gmol−1

Table 6. Molecular illustration of surfactants and reactive drugs.

Molecules Abbreviations Structures

Cefotaxime CEF

Triton X-100 TX-100

Tween-80 TW-80

3.2. Preparation of Stock Solutions and their Serial Dilution

The stock solution of the drug at the desired concentration of 5 × 10−5 mol dm−3

was prepared for spectroscopic measurements. The ternary stock solutions of nonionic
surfactants (water/drug/TX-100 and water/drug/TW-80) were prepared and diluted with
the drug solution. Drug solubilization was investigated at various concentrations of TX-100
and TW-80. The TX-100 and TW-80 concentrations were set to range from 0.02 mM to
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0.48 mM (0.02 mM increment) and from 0.0016 mM to 0.0384 mM (0.0016 mM increment),
respectively. In the case of mixed micellization, the effect of TX-100 concentration on
Tw-80 solubilization capacity was evaluated by introducing the pre-micellar amount of
TX-100 to a micellar solution containing TW-80 for the purposes of avoiding the self-
micellization of nonionic surfactants and maintaining the dominant character of TW-80
in the mixed micelles. For this, the quaternary solution of TX-100 was created by adding
0.0025, 0.0022, 0.0019, 0.0016, and 0.0013 mmol dm−3 of it to the existing ternary solution
of TW-80. The solutions were kept for 24 h to allow for equilibrium before being used to
take measurements [55,76].

3.3. Drug–Surfactant Interaction Study

The prepared drug solution was split into two portions. The pre-micellar to post-
micellar concentration ranges of drug–surfactant solutions were prepared using one part
as a reference solution and the other as a preparation step. The effect of various surfactant
concentrations on the drug absorption spectra was then investigated in surfactant solutions
with a constant drug concentration. Using a double-beam UV-Visible Spectrophotometer
(C-7200S; Peak Instruments Inc., Houston, TX, USA), the UV-Visible absorption spectra of
drugs were examined in the presence and absence of surfactants. Water was utilized as
a reference for the measurement of basic absorption spectra while for the measurements
of differential absorption, the drug solution was used as a reference. The ternary and
quaternary solutions were added at various concentrations to the sample cell [19,32].

3.4. Calculated Parameters
3.4.1. Partitioning Parameters

The ratio of the concentration of drug molecules in the micelle to that in the bulk
aqueous solution is known as the partition coefficient. The UV-Visible absorption data
were used to estimate the solubilization properties in terms of drug partition in the single
and mixed surfactant systems. To investigate the distribution of drug molecules in solvent
micellar systems, the Kawamura equation was applied [77], given as Equation (1):

1
∆A

=
1

Kc∆A∞(C d + Cm0
s

) +
1

∆A∞
(1)

where ∆A and ∆A∞ represent the differential absorbance values at normal and infinite
concentrations, respectively. The precise concentration of the particular surfactant that
is used is represented by Cmo

s , whereas Cd is the drug concentration in mol/dm3. It is
calculated as follows:

Cmo
s = Cs − CMCo (2)

where surfactant concentration is expressed as Cs, and its CMCo, without addition of the
drug, is expressed as CMCo. Using the aforementioned expression, the slope and intercept
of the plot between the ∆A and (Cd + Cm0

s ) were used to calculate the value of the partition
constant (Kc). The coefficient of partition (Kx) was subsequently determined using a value
of Kc as follows:

Kc = Kx × nw (3)

where nw stands for the number of moles of water/dm3. The following formulas were then
applied to Kx values to determine how the free energies of these processes changed:

∆Gp = −RTln Kx (4)
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3.4.2. Binding Parameters

The Benesi-Hildebrand equation was used for calculating the degree of binding within
the drug-TX-100/TW-80 system [78]:

CsCd
∆A

=
Cs

∆εl
+

1
Kb∆εl

(5)

where Cd stands for the drug concentration, and Cs for the surfactant concentration. Ad-
ditionally, l is the path length, ∆ε is the change in absorption coefficient, ∆A stands for
differential absorbance, and Kb is the binding constant. The following relation was used to
compute the value of the standard free energy change in binding:

∆Gb = −RTln Kb (6)

4. Conclusions

This study reports the interactional study of cefotaxime in the presence of nonionic
surfactants, viz., Triton X-100 and Tween 80. All the investigations were effectively con-
ducted using UV-Visible spectroscopic measurements to study the interactions of drugs
with nonionic surfactants and the importance of surfactants in the solubilization of the
drugs in this work. Using the spectroscopic data, the partition constant (Kc), partition
coefficient (Kx), binding constant (Kb), Gibbs free energy of partition (∆Gp), and Gibbs
free energy of binding (∆Gb) were determined. Based on these findings, we concluded
that while single surfactant systems do improve hydrophobic drug solubility in water,
they are not very stable and have a negligible drug-storing capacity. These issues were
fixed by combining TX-100, Tween-80, and nonionic surfactants to create a mixed micellar
system. The enhancement of solubilization of cefotaxime in the mixed micellar system
(TW-80 + TX-100) was observed in contrast to single micellar media of both TW-80 and
TX-100. The addition of TX-100 enhanced the hydrophobicity of the micellar media. Mix-
ing nonionic surfactants resulted in better performance in drug entrapment. The mixing
process proved to achieve a higher degree of solubilization for the drug. The addition of
TX-100 enhanced the hydrophobicity of the micellar media. The results of these exper-
iments revealed that a mixed micellar media of TW-80 and TX-100 is the best medium
for entrapment of drugs. The negative values for ∆Gb and ∆Gp indicate its spontaneity.
Our results imply that using the designated surfactant is a great method for enhancing
cefotaxime solubility and contributes significantly to addressing the solubility problems
of drugs, which pose a challenging task for the pharmaceutical industry. While micellar
systems revealed significant advantages in terms of drug solubility and potential targeted
administration in our research, we acknowledge that these systems have certain limits. Our
research reveals that micellar systems are sensitive to environmental conditions such as pH
and temperature, potentially affecting their stability and drug release kinetics. Despite the
effective solubilization of our drug, we observed limitations in drug-loading capacity at
higher concentrations of TX-100 in the mixed micellar system of TW-80 and TX-100, which
could affect the delivery of larger drug doses.
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