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ded surfactant nanocarriers:
a computational study

Arin Sharoyan,ac Vahram Hakobyan,b Hayk Melkonyan,c Hrachya Ishkhanyan,c

Armen H. Poghosyan, *d Marine A. Parsadanyan,e Ara P. Antonyane

and Poghos O. Vardevanyane

We performed extensive all-atom molecular dynamics simulations to investigate the interaction dynamics

and orientation of levofloxacin, a newer fluoroquinolone antibiotic, with anionic (SDS) and cationic (CTAB)

micelles. The maximum drug/micelle ratio (loading capacity and entrapment efficiency) was estimated for

anionic and cationic micelles. High encapsulation efficiencies were observed for SDS (average: ∼80%). In

contrast, for CTAB micelles, the efficiency was ∼8%, indicating that the binding of levofloxacin

molecules to SDS micelles is significantly higher than that to CTAB micelles. Tilted orientations were

observed for levofloxacin in SDS micelles (∼48–51°) and in CTAB micelles (∼40–42°), where the

positively charged piperazine group is anchored to anionic headgroups. In contrast, the negatively

charged carboxylic group is close to cationic headgroups. Calculating the relative binding energies, we

found that levofloxacin binds more strongly to SDS than CTAB. Due to p–p interactions and hydrogen

bonding, the formation of concerted columnar stacks of levofloxacin was also recorded for both anionic

and cationic micelles.
Introduction

Nowadays, surfactants are widely used in drug delivery, as
surfactant complexes (e.g., micelles) can serve as delivery agents
to mitigate drug side effects.1–3 Surfactants can encapsulate
both hydrophobic and hydrophilic drugs, thereby protecting
them from degradation. Different types of surfactant micelles
(anionic, cationic, and neutral) can act as delivery nanocarriers
for non-covalently bound drugs.4 Specically, sodium dodecyl
sulfate and trimethylammonium bromide micelles have been
intensively used for this purpose.5–11

Levooxacin is a third-generation uoroquinolone antibiotic
commonly used to treat infections of the respiratory tract, skin,
urinary tract, and prostate.12–14 The interaction of uoro-
quinolones with surfactants and the study of drug association
with their micelles are crucial as a template for drug delivery
systems. Therefore, the study of various uoroquinolones
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(noroxacin, ciprooxacin, levooxacin, etc.)/surfactant nano-
carrier systems has recently attracted the interest of researchers,
and various experimental4,7,15–22 and computational studies22–24

have been carried out. The uoroquinolone drugs alter the
surfactant critical micelle concentration (CMC), an important
property from a pharmaceutical perspective, due to their ability
to form micelle–drug delivery nanocarriers. Levooxacin causes
a decrease in the CMC of both anionic – sodium dodecyl sulfate
(SDS)7 – and cationic – cetyltrimethylammonium bromide
(CTAB)23,25 – micelles. In many studies mentioned above,
attempts to enhance the uoroquinolone solubility were made
by leading to the accumulation of drug molecules, and among
various types of surfactants, anionic SDS and cationic CTAB
have been widely tested, as levooxacin and its analogs with
their zwitterionic form exhibit an affinity toward both cationic
and anionic surfactants.18,26,27

However, besides the experimental data reported above, no
direct computational study of the mentioned drugs with CTAB
or SDS was found in the literature to reveal the accumulation
properties and loading capacities of these systems. On the other
hand, the orientational properties and binding affinity are also
essential to gure out. From a methodical point of view, in line
with real experiments, classic molecular dynamics (MD) studies
are able to provide additional information and gain insight into
the behavior of such a complex system.

In the current work, we aimed to study the effect of
concentration on the solubilization of levooxacin within
anionic SDS and cationic CTABmicelles. We also focused on the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
loading capacity, entrapment efficiencies, binding affinity, and
orientation of encapsulated levooxacin drugs within the
mentioned micelles.
Construction and simulation details

All-atom MD runs of systems were performed using the GRO-
MACS 2021.1 soware package.28 The construction of all
systems was performed using the CHARMM GUI server.29 First,
the independent components of the system were created using
CHARMM GUI options. The levooxacin molecule (see Fig. 1)
forceeld was generated via the CHARMM GUI Ligand Reader &
Modeler tool. Note that the drug molecule contains a negative
charge at the hydroxyl group and a positive charge at the
piperazine group, and it is stated that levooxacin exists as
a zwitterionic surfactant in the pH range 5.0–8.5.30,31 The
anionic (sodium dodecyl sulfate, SDS) and cationic (cetyltri-
methylammonium bromide, CTAB) micelles were created using
the CHARMM GUI Micelle builder tool with the corresponding
60 SDS and 90 CTABmolecules. The given aggregation numbers
for SDS and CTAB micelles are in line with experimental
data.32–34 Aer creating the individual components, we gener-
ated four systems using the CHARMM GUI Multicomponent
Assembler module, which was made from the server's PSF and
CRD les. Thus, four independent systems were designed for
further simulation:

(a) 30 levooxacin/60 SDS micelles in water bulk with
150 mM NaCl;

(b) 60 levooxacin/60 SDS micelles in water bulk with
150 mM NaCl;

(c) 45 levooxacin/90 CTAB micelles in water bulk with
150 mM NaCl;

(d) 90 levooxacin/90 CTAB micelles in water bulk with
150 mM NaCl.

Themost recent CHARMM36m forceeld35 was employed for
levooxacin, SDS, CTAB, and ions; water molecules were
modelled using the TIP3P model.36 The volume of the simula-
tion box for all cases was set to 10 × 10 × 10 nm3.
Fig. 1 Chemical structure of the amphoteric form of the levofloxacin
molecule.

© 2026 The Author(s). Published by the Royal Society of Chemistry
MD protocols for all runs

All simulations were carried out according to the following
protocol. Systems were subjected to energy optimization (5000
steps) using the steepest descent algorithm. Furthermore, to
thermally equilibrate the system, small equilibration runs were
performed in both NVT and NPT ensembles. The minimization
and multistep equilibration procedures were done according to
CHARMM GUI protocols. Finally, a production run of 1000 ns
for each run was performed using the NPT ensemble. As each
system was simulated over a long timescale, we did not perform
replica statistical simulation runs, as long continuous trajec-
tories are generally considered sufficient for sampling equilib-
rium micelle–drug interactions.

The target temperature (310.15 K) and pressure (1 bar) were
set using the Nosé–Hoover thermostat37 and Parrinello–Rah-
man barostat,38 respectively, and temperatures of each species
were independently controlled. The bonds were constrained
using the LINCS algorithm.39 The Particle-Mesh Ewald (PME)40

algorithm was used to estimate electrostatic interactions with
a cutoff of 1.2 nm. The same cut-off value was also set for van
der Waals interactions using a switch function to potentials.
The coordinates were written every 0.1 ns, and the timestep of
the production run was set to 2 fs.

All production runs were performed on Armenian infra-
structure41 (“Aznavour” HPC), and the snapshots/visual
presentations were generated using the VMD graphical so-
ware.42 For analysis, we used tools from the GROMACS package
and in-house Tcl/Python scripts.

Relative binding energies were computed using
g_mmpbsa,43 a GROMACS wrapper for the Molecular
Mechanics Poisson–Boltzmann Surface Area (MMPBSA)
method.44 In this method, the binding free energy includes the
electrostatic interactions, van der Waals interactions, polar
solvation energy, and non-polar solvation energy and can be
calculated via the following formula:

DGbind = DGComplex − DGMicelle − DGDrug (1)

Snapshots from MD trajectories have been used to evaluate
the binding energy, and in our case 500 snapshots (500 frames
by g_mmpbsa – dt 2000 option) of each complex were selected.
We choose 3–4 bound levooxacin molecules to evaluate the
relative binding energy and their corresponding components
(vdW and electrostatic) and get their averaged values.

Results and discussion
Levooxacin with SDS micelles

Before calculating the parameters, we provide snapshots (Fig. 2)
extracted from the last timestep of trajectories for both runs: 30
levooxacin molecules with SDS micelles and 60 levooxacin
molecules with SDS micelles.

First, to estimate the loading capacity of micelles, we calcu-
lated the number of trapped or captive drug molecules
depending on the simulation time, and the drug-binding
affinity plot for both runs is shown in Fig. 3. Note that we
consider a bound state if the cut-off distance between the COM
Nanoscale Adv., 2026, 8, 1648–1660 | 1649
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Fig. 2 The snapshots from a 1000 ns timepoint for both runs ((A) 30 levofloxacin and (B) 60 levofloxacin). The ions and water molecules are
omitted for clarity. Levofloxacin and SDS are colored red and blue, respectively. Sulfur atoms in SDS are colored yellow.
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View Article Online
of the piperazine group of drug and the surfactant headgroup is
less than 8 Å.

As is shown, at a low drug concentration (30 levooxacin),
almost all molecules are attached to or detached from the
micelle, and the mean number is estimated to be ∼27. With
a twofold increase in drug concentration, we observe that
molecules still tend to bind to the SDS micelle. In this case, the
maximum number of bound drugs is 58, while the average
number is approximately 48. The drug loading capacity (DLC
(wt%)) and entrapment efficiency (EE (%)), typically expressed
as the ratio of the number of encapsulated drugs to the number
of micelles, are essential parameters for evaluating the phar-
macokinetics of small species. These denitions follow the
1650 | Nanoscale Adv., 2026, 8, 1648–1660
standard conceptual description of DLC and EE widely used in
drug-delivery studies. Consequently, in the SDS micelle system,
the 60 levooxacin/60 SDS micelle case, the maximum drug
loading was 54.8 wt% (average: 50.1 wt%) and the maximum
entrapment efficiency was 96.7% (average: 80%). Unfortunately,
there is no experimental data for direct comparison; however,
one can assume that the drug-loading capacity was higher than
that of other reported systems, such as levooxacin-loaded
chitosan nanoparticles with entrapment efficiencies ranging
from 57.14% to 87.47% and loading capacities from 15 wt% to
25 wt%.45,46 Levooxacin analog ciprooxacin displays an
entrapment efficiency of ∼54.11% when dealing with poly-3-
caprolactone (PCL) nanoparticles, while levooxacin-loaded
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The number of encapsulated drug molecules depending on simulation time for both cases.
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polymeric nanoparticles using PCL are entrapped less effi-
ciently (28.14%).47 The study by Beraldo-Araújo et al.48 shows
that levooxacin encapsulated in nanostructured lipid carriers
has an entrapment efficiency of 71.9% to 78.9%, as determined
by Differential Scanning Calorimetry (DSC) and X-ray diffrac-
tion analysis.

It is interesting to note that, depending on the levooxacin
concentration, 5 to 8 molecules of levooxacin form a stacked
aggregate (see a fragment of a snapshot in Fig. 4), and the
columnar stacks are not stable. We tracked that during the
simulation time, the stacks ruptured, where the lifetime is
roughly ∼50–100 ns. Probably, such a kind of mutual orienta-
tion where the levooxacin rings align face-to-face (“sandwich”
orientation) can be driven by attractive forces between their pi-
electron clouds. A similar effect was reported49 for the
Fig. 4 Fragmental snapshot of a 1000 ns run (higher concentration –
60 levofloxacin/60 SDS).

© 2026 The Author(s). Published by the Royal Society of Chemistry
zwitterionic ciprooxacin on the lipid membrane, where the
drug molecules approach the membrane in stacks.

To understand the orientation of levooxacin, we have
determined the radial distribution function of levooxacin's
two functional charged groups (carboxylic and piperazine) from
SDS sulfurs, as the visual inspection of trajectories of both runs
indicates that most of the drug molecules' piperazine amine
groups are strongly oriented towards the SDS headgroup. The
RDF plots are monitored in Fig. 5.

Discussing the orientation of drug molecules, we observe
two sharp peaks at ∼0.4 nm and 0.5 nm for the charged
piperazine group, indicating a strong interaction between the
sulfur atoms. In contrast, the peak for the oxygen group appears
at ∼0.55 nm, indicating that the levooxacin molecule is
oriented in such a way that the charged piperazine group is in
close contact with SDS sulfur. This suggests that SDS micelles
interact exclusively with the drug's charged regions.15 Shakeel
and coworkers50 studied levooxacin/SDSmicelles using surface
tension and absorbance measurements, demonstrating
a strong interaction between levooxacin with SDS. They
conclude that the drug molecules are located on the surface of
the micelle. Acharya and coworkers,22 while discussing the
adsorption mechanisms of a similar uoroquinolone antibiotic
(ciprooxacin) on SDS bilayers, claim that stronger interactions
between the hydrophilic head of the surfactant and the
ciprooxacin drug result in the drug molecule being localized
near the SDS headgroup. They also argue that this localization is
due to the presence of a hydrogen bond interaction between
ciprooxacin and SDS.

To quantify the orientational preference of levooxacin
molecules near the SDS micelle interface, we calculated the
angle between two vectors: one is the vector from levooxacin
carboxyl to piperazine group, and the second is the vector from
levooxacin carboxyl to the SDS micelle center of mass (COM)
Nanoscale Adv., 2026, 8, 1648–1660 | 1651

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00884k


Fig. 5 The SDS sulfur-to-levofloxacin functional group for both low and high drug concentrations. The fragments of snapshots from the last
time point of both simulation runs are also embedded. A randomly selected levofloxacin molecule was used to show the orientation.
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(see Fig. 6). Note that only levooxacin molecules with their
piperazine group within 1 nm of any SDS sulfur were included,
i.e. we have only calculated the tilting angle of encapsulated
levooxacin molecules. This orientation angle provides
Fig. 6 The schematic presentation of an angle.

1652 | Nanoscale Adv., 2026, 8, 1648–1660
a measure of levooxacin drug tilt relative to the micelle radial
axis: ∼0° indicates the drug points toward the micelle COM,
∼90° suggests a tangential orientation, i.e. parallel to the
surface and ∼180° implies an outward orientation. The plot for
both cases is monitored in Fig. 7.

The observed mean angle (averaged over the last 200 ns of
run) at a small concentration is estimated to be ∼51°, which
shows that levooxacin adopts a tilted orientation near the SDS
headgroup by balancing interactions between the levooxacin
positively charged piperazine group and SDS headgroup sulfurs.
The twice increase of the levooxacin concentration (drug
amount/SDS molecules = 1) leads to a slight increase in the
tilting angle, and the mean angle is estimated to be∼48°, which
suggests enhanced packing of drug molecules.

To conrm the existence of hydrogen bonding in the levo-
oxacin–SDS complex, the trajectories were analyzed via the
GROMACS hbond module. Note that the hydrogen bonds were
dened using the standard criteria, where the donor–acceptor
distance is less than 0.35 nm and the hydrogen-donor–acceptor
angle is less than 30°. The number of hydrogen bonds
throughout the simulation is shown in Fig. 8.

We observe that the number of hydrogen bonds increases
over time during the simulation, and at the end of the simula-
tion up to half of the levooxacin molecules are hydrogen-
bonded to the SDS headgroup oxygen via the levooxacin
piperazine hydrogen, thereby enhancing the stability of the
levooxacin–SDS interactions. We have examined the hydrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00884k


Fig. 7 Orientational angle of levofloxacin depending on simulation time for both cases. A picture schematizing the angle definition is also
embedded for clarity.
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bond network between water and levooxacin (see Fig. 1S in SI),
as hydrogen bonds have a fundamental contribution to stabilize
zwitterions in water,51–53 suggesting a solvation of the carbox-
ylate −COO− group by roughly 3–5 water molecules.54 Analyzing
the water–levooxacin hydrogen network, we argue that, on
average, 7–8 water contacts per drug are available.
Levooxacin with CTAB micelles

For CTAB, before doing the analysis, we also provide the snap-
shots (Fig. 9) extracted from the last time point of trajectories
Fig. 8 The number of hydrogen bonds depending on the simulation tim

© 2026 The Author(s). Published by the Royal Society of Chemistry
for both runs: 45 levooxacin molecules with CTAB micelles
and 90 levooxacin molecules with CTAB micelles.

To estimate the number of bound levooxacin molecules, we
apply the same code for calculation, and both curves are shown
in Fig. 10.

Here, in the case of CTAB micelles, one can assume that the
concentration of levooxacin has little effect on the number of
accumulated drugs, and the average number of trapped drug
molecules are∼5 (∼11% of total) and∼7 (∼8% of total) for both
cases, respectively, i.e. one can argue that a small amount of
e for both series of runs.

Nanoscale Adv., 2026, 8, 1648–1660 | 1653
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Fig. 9 The snapshots from a 1000 ns timepoint for both runs (A – 45 levofloxacin; B – 90 levofloxacin). The ions and water molecules are
omitted for clarity. Levofloxacin and CTAB molecules are colored in red and blue, respectively. Nitrogen in CTAB is shown in cyan.
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levooxacin molecules tend to bound to CTAB micelles;
meanwhile, when dealing with SDS micelles, about 80–90% of
levooxacin molecules are bound to the micelle. Analysis of the
loading capacity and entrapment efficiency shows that for 90
levooxacin/90 CTAB micelles, the maximum drug loading was
15.8 wt% (average: 7.2 wt%) with a maximum entrapment effi-
ciency of 18.5% (average: 7.8%). For direct comparison, we
provide the MD data from ref. 23, where a very short (2 ns) MD
simulation of six levooxacin molecules with 32 CTAB micelles
was performed in the presence and absence of salt. According to
ref. 23, aer 2 ns of run, all six levooxacin molecules were
trapped by the CTAB spherical micelle, and the loading capacity
was estimated to be∼15.67%. At the same time, the entrapment
1654 | Nanoscale Adv., 2026, 8, 1648–1660
efficiency was 100%. The loading capacity value aligned with
our MD results; however, the efficiency was overestimated due
to the very short simulation time. Using X-ray diffraction and
thermal gravimetric analysis (TGA), Cui and coworkers55 quan-
tied the levooxacin loading capacity. They synthesized
twisted rod-like chiral mesoporous silica materials (using CTAB
as a template) with achiral alcohols and co-structure-directing
agents. According to results, the loading capacity was up to
94.57%.55 Moreover, examining the adsorption properties of
some uoroquinolone antibiotics at the gas–liquid interface
using a foam fractionation process, Ghosh and coworkers18

argue that uoroquinolones (levooxacin, ciprooxacin, o-
oxacin and noroxacin) show a higher removal efficiency with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The number of encapsulated drug molecules depending on the simulation time for both cases.
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SDS (91.7%, 96.3%, 96.7% and 97.9%) compared with CTAB,
which is in the range of 52%, i.e. one can assume that CTAB–
uoroquinolone complexes are poorly adsorbed at the gas–
liquid interface. We suggest that pure CTAB may have low effi-
ciency for levooxacin delivery without formulation optimiza-
tions, e.g. considering some additives or mixing with nonionic
amphiphilic surfactants56

It is interesting to note that in the case of CTAB micelles, we
also track columnar stacks as in the case of SDS; however, these
stacked aggregates are far from CTAB micelles (see Fig. 11). Due
to p–p interactions and hydrogen bonding,57 the stack forma-
tion in water49 as well as in crystalline form58 is reported by
many authors, and in the case of CTAB micelles, we track that
Fig. 11 Fragmental snapshot of a 365 ns run (higher concentration –
90 levofloxacin/90 CTAB).

© 2026 The Author(s). Published by the Royal Society of Chemistry
the uoroquinolone molecules formed and broke (detached) in
water bulk over the entire process of the production run.51

Similar to the SDS case, for levooxacin/CTAB systems, we
have determined the radial distribution function of levooxa-
cin's two functional charged groups (carboxylic and piperazine)
from CTAB nitrogens; however, the visual inspection of trajec-
tories of both runs indicates that most of the captured drug
molecules' carboxylic groups are oriented towards the CTAB
headgroup, while those of the piperazine group are directed to
water bulk, i.e. we track the levooxacin orientation in
comparison to the SDS case. The corresponding RDF plots are
shown in Fig. 12.

As expected, we track two peaks at ∼0.41 nm and ∼0.67 nm
for the carboxylic group, where the levooxacin molecule is
oriented in such a way that the negatively charged carboxylic
group is in contact with the CTAB nitrogen, i.e., in terms of
orientation, we see the reverse picture as compared with SDS
micelles. We found that a small number of bound levooxacin
molecules are oriented towards the micelle headgroup, where
the carboxylate group is –COO−.

To verify the orientation of trapped levooxacin molecules,
we have determined the following angle between two vectors:
one is the vector from levooxacin piperazine to the carboxyl
group, and the second is the vector from levooxacin piperazine
to the CTAB micelle COM. As can be seen, this is the same angle
as discussed below (vice versa). Note that, in this case, we have
included the levooxacin molecules, where the carboxylic-to-
CTAB COM distance is less than 1 nm, i.e. we have calculated
the tilting angle of encapsulated levooxacinmolecules only. All
graphs are shown in Fig. 13.

Examining the orientation angle, we see that at low
concentrations, the average angle is ∼42°, suggesting that
levooxacin adopts a tilted orientation near the CTAB
Nanoscale Adv., 2026, 8, 1648–1660 | 1655
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Fig. 12 The CTAB nitrogen to levofloxacin functional group RDFs for both low and high drug concentrations.
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headgroup. The twofold increase in the levooxacin concen-
tration does not lead to signicant differences, and the averaged
angle is estimated to be ∼40°.

The calculation of the hydrogen bond network between
CTAB and levooxacin molecules using the GROMACS hbond
module shows that there are no hydrogen bonds. In contrast,
Fig. 13 Orientational angle of levofloxacin depending on the simulation

1656 | Nanoscale Adv., 2026, 8, 1648–1660
levooxacin forms hydrogen bonds with water molecules
(see Fig. 2S in SI).
Binding energies between drugs and micelles

To gain deeper insights into drug encapsulation by micelles,
relative binding free energy calculations, including their
time for both cases.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The average relative binding energies (vdW and electrostatic components) between drugs and the micelle for each system

Systems
vdW component
(kJ mol−1)

Electrostatic
component (kJ mol−1)

Relative binding
energy (kJ mol−1)

45 drug/90 CTAB micelles −0.81785 −68.8891 −71.5802
90 drug/90 CTAB micelles −0.5168 −58.8052 −63.8747
30 drug/60 SDS micelles −52.2017 −323.309 −195.642
60 drug/60 SDS micelles −35.1645 −334.909 −201.821
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components, were performed between the drugs and the
micelles. For SDS micelles, drugs solubilized within the micelle
core were selected, while for CTAB micelles, drugs in closest
proximity to the micelle surface were used in the analysis. The
resulting mean values of interaction energies, including van der
Waals, electrostatic, and relative binding energies for all cases,
are shown in Table 1.

The values of relative binding energy for all cases were found
to be negative, which signies the formation of thermody-
namically stable complexes. Note that the energies were calcu-
lated from the last 100 ns of the simulation run for all cases. For
SDS systems, the relative binding free energy calculated via the
g_mmpbsa module shows DG in the range of −195 kJ mol−1 to
−201 kJ mol−1, where the non-bonded van der Waals interac-
tions and electrostatic interactions are in the range of
−35 kJ mol−1 to −52 kJ mol−1 and from −323 kJ mol−1 to
−334 kJ mol−1, respectively; meanwhile, for CTAB systems,
relative binding energies (from ∼63 kJ mol−1 to −71 kJ mol−1)
and their components are signicantly lower than SDS, i.e.
comparing the SDS and CTAB systems, we observe that the
drugs bind more favorably to the SDS-based micelles. In
contrast, for the CTAB-based micelles, the relative value of the
binding energy is signicantly lower.

Discussing energetic aspects of levooxacin in water in the
presence of SDS, Shakeel et al.50 calculated the binding constant
and free energy of binding at 298 K, and accordingly the binding
energy DGbind = −26.99 ± 0.02 kJ mol−1 was obtained, which is
not comparable with MD data, as the g_mmpbsa model does
not include entropy calculation (−TDS) due to the expensive
computational cost of normal mode analysis (NMA).59

Conclusion

Recently, surfactant-based drug delivery nanocarriers have
garnered considerable attention due to their high drug solu-
bility, biocompatibility, chemical stability, and targeted
delivery, thereby reducing side effects. In this regard, we have
carried out a series of long-scale MD simulation runs (1000 ns of
each case) to gure out the orientation and dynamic feature of
uoroquinolone antibiotic (levooxacin) within anionic SDS
and cationic CTAB micelles.

A long-scale MD simulation shows that levooxacin can be
entrapped more effectively within SDS micelles than within the
CTAB-based ones. In comparing the drug-loading capacity and
entrapment efficiency, we show that in the case of SDS, the
entrapment efficiency is almost ten times higher than that in
CTAB micelles. Furthermore, the loading capacity for SDS
micelles is 54.8 wt%, while for the CTAB micelles, it is
© 2026 The Author(s). Published by the Royal Society of Chemistry
∼15.8 wt%. Hence, we suggest that CTAB micellar systems,
despite strong molecular interactions, exhibit lower binding
strength and reduced loading efficiency for levooxacin drug
delivery.

Discussing the binding mechanism, we see that in the case
of SDS micelles, levooxacin's positively charged piperazine
group, which is oriented towards the SDS headgroup sulfurs, is
capable of binding to the SDS's charged headgroup, and apart
from the electrostatic interaction between charged species, the
presence of a hydrogen bond network between SDS and levo-
oxacin leads to additional stability of levooxacin–SDS inter-
actions. Therefore, in levooxacin-loaded SDS micelle systems,
electrostatic and H-bonding interactions are available for
stabilization. In contrast to the SDS system, in the levooxacin/
CTAB system, no hydrogen bonding is observed, while levo-
oxacin drug molecules adsorb onto the micelle surface. This
indicates that the levooxacin carboxylic groups are oriented
towards the CTAB headgroup. It should also be noted that less
than 10% of levooxacin molecules solubilize in CTABmicelles,
and more than 90% of drug molecules remain unentrapped (in
the water phase).

The relative binding energy calculation, which predicts the
strength of drug with micelles, shows that the levooxacin–SDS
micelle complex is more stable than that of the CTAB micelle,
i.e. levooxacin shows a higher binding affinity to SDS micelles
as compared to CTAB.
Conflicts of interest

The authors declare that they have no conict of interest.
Data availability

Some gures (Fig. S1 and S2) and coordinate les (last frame
.gro les) presented in the study are included in the supple-
mentary information (SI), while further inquiries can be
directed to the corresponding author. Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5na00884k.
Acknowledgements

We acknowledge the computational resources (“Aznavour”
supercomputer) provided by the Institute for Informatics and
Automation Problems of NASRA. H. I., H. M. and A. P.
acknowledge the Higher Education and Science Committee of
the Republic of Armenia for supporting this research (Grant No.
24RL-1C009).
Nanoscale Adv., 2026, 8, 1648–1660 | 1657

https://doi.org/10.1039/d5na00884k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00884k


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

8/
20

26
 9

:0
7:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
References

1 P. Kaur, T. Garg, G. Rath, R. S. Murthy and A. K. Goyal,
Surfactant-based drug delivery systems for treating drug-
resistant lung cancer, Drug Deliv., 2016, 23(3), 727–738.

2 A. Sett, C. C. Roehr and B. J. Manley, Surfactant as a drug
carrier, Semin. Fetal Neonatal Med., 2023, 28(6), 101499.

3 K. Nagaraj, Surfactant-based drug delivery systems for cancer
therapy: Advances, challenges, and future perspectives, Int. J.
Pharm., 2025, 679, 125655.

4 D. R. Pokhrel, M. K. Sah, B. Gautam, H. K. Basak, A. Bhattarai
and A. Chatterjee, A recent overview of surfactant-drug
interactions and their importance, RSC Adv., 2023, 13(26),
17685–17704.

5 D. Sarkar, D. Ghosh, P. Das and N. Chattopadhyay,
Electrostatic pushing effect: A prospective strategy for
enhanced drug delivery, J. Phys. Chem. B, 2010, 114(39),
12541–12548.

6 L. F. Galiullina, I. Z. Rakhmatullin, E. A. Klochkova,
A. V. Aganov and V. V. Klochkov, Structure of pravastatin
and its complex with sodium dodecyl sulfate micelles
studied by NMR spectroscopy, Magn. Reson. Chem., 2015,
53(2), 110–114.

7 V. Bhardwaj, T. Bhardwaj, K. Sharma, A. Gupta, S. Chauhan,
S. S. Cameotra, S. Sharma, R. Gupta and P. Sharma, RSC Adv.,
2014, 4, 24935–24943.

8 M. R. Amin, S. A. Alissa, M. Saha, J. Hossian, I. Shahriar,
M. A. Halim, M. A. Hoque, Z. A. Alothman, S. M. Wabaidur
and S. E. Kabir, J. Mol. Liq., 2020, 311, 113246.

9 M. A. Hoque, M. M. Rahman, M. M. Alam, S. Mahbub,
M. A. Khan, D. Kumar, M. D. Albaqami and
S. M. Wabaidur, J. Mol. Liq., 2021, 326, 115337.
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P. H. S. Picciani, O. N. Oliveira and A. S. Pimentel,
Interaction of levooxacin with lung surfactant at the air-
water interface, Colloids Surf., B, 2017, 158, 689–696.

32 V. P. Arkhipov, R. V. Arkhipov, N. A. Kuzina and A. Filippov,
Study of the premicellar state in aqueous solutions of
sodium dodecyl sulfate by nuclear magnetic resonance
diffusion, Magn. Reson. Chem., 2021, 59(11), 1126.

33 J. Adriano da Silva, R. P. Dias, G. C. A. da Hora, T. A. Soares
and M. R. Meneghetti, Molecular Dynamics Simulations of
Cetyltrimethylammonium Bromide (CTAB) Micelles and
their Interactions with a Gold Surface in Aqueous Solution,
J. Braz. Chem. Soc., 2018, 29(1), 191–199.

34 M. Girase, A. H. Poghosyan, H. A. Ishkhanyan, S. Kumar,
V. K. Aswal and K. Kuperkar, Self-assembly and micellar
transition in CTAB-Sodium Oleate mix system: An
experimental and molecular dynamics validation, New J.
Chem., 2025, 49, 13914–13928.

35 J. Huang, S. Rauscher, G. Nawrocki, T. Ran, M. Feig, B. L. de
Groot, H. Grubmüller and A. D. MacKerell Jr, CHARMM36m:
an improved force eld for folded and intrinsically
disordered proteins, Nat. Methods, 2017, 14(1), 71–73.

36 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, Comparison of simple
potential functions for simulating liquid water, J. Chem.
Phys., 1983, 79(2), 926–935.
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