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Surfactants are used in a wide range of chemical and biological applications, and for pharmaceutical

purposes are frequently employed to enhance the solubility of poorly water soluble drugs. In this
study, all-atom molecular dynamics (MD) simulations and small-angle neutron scattering (SANS)
experiments have been used to investigate the drug solubilisation capabilities of the micelles that re-
sult from 10 wt% aqueous solutions of the non-ionic surfactant, Triton X-100 (TX-100). Specifically,
we have investigated the solubilisation of saturation amounts of the sodium salts of two nonsteroidal
anti-inflammatory drugs: ibuprofen and indomethacin. We find that the ibuprofen-loaded micelles are
more non-spherical than the indomethacin-loaded micelles which are in turn even more non-spherical
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than the Triton X-100 micelles that form in the absence of any drug. Our simulations show that the
TX-100 micelles are able to solubilise twice as many indomethacin molecules as ibuprofen molecules,
and the indomethacin molecules form larger aggregates in the core of the micelle than ibuprofen.
These large indomethacin aggregates result in the destabilisation of the TX-100 micelle, which leads
to an increase in the amount of water inside of the core of the micelle. These combined effects cause
the eventual division of the indomethacin-loaded micelle into two daughter micelles. These results
provide a mechanistic description of how drug interactions can affect the stability of the resulting
nanoparticles.

Introduction ratio, nano-carriers are used to solubilise small drug molecules,

nucleic acids, and proteins with good efficiency and are used for
targeted as well as non-targeted therapy?.

Without a drug delivery vehicle (DDV), consistent in vivo drug
concentrations would be difficult to ensure which then would
lead to unpredictable effectiveness and safety of the therapeutic
treatment. 2. With the advances of nanomedicine, more stable,
controllable and precise drug delivery is possiblem. Increasingly
drugs are loaded into nano-sized vesicles, which are constructed
and optimised for the nature of the drug and its biological tar-
getZ8. DDVs including nano-sized carriers offer a wide range of
advantages including greater drug solubility, lower toxicity and
more targeted delivery. With their high surface area to volume

A popular family of nano-DDV are self-assembled structures,
which are cost efficient and simple to make. Self-assembly is
the process of the organisation of materials into structures based
on non-covalent interactions. Alongside the self-assembled struc-
tures abundant in nature, artificially designed ones are of great
interest in biomedical applications, particularly as antimicrobial
and detection agents19 or drug delivery vesiclesT*13. There is
a vast range of materials such as biopolymers, peptides, nucleic
acids and inorganic compounds used as building blocks for self-
assembled structures1416, Peptides can be self-assembled into
nanotubes preserving their biological recognition properties and
used in microelectronics to easily construct electrical circuitsZ
while nucleic acids and surfactants can be self-assembled into
structures suitable for drug delivery 1819,

@ Biological & Soft Matter Research Group, Department of Physics, Faculty of Natural,
Mathematical & Engineering Sciences, King’s College London, London, United Kingdom;
E-mail: chris.lorenz@kcl.ac.uk

b Division of Pharmacy and Optometry, School of Health Sciences, Faculty of Biol-
0gy, Medicine and Health, University of Manchester, Stopford Building, Oxford Road,
Manchester, United Kingdom

T Electronic Supplementary Information (ESI) available: Packmol input for build-
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Surfactants are surface active molecules widely used as solubil-
ising agents, emulsifiers, antimicrobial agents, and drug and gene

delivery systemsm. Traditional surfactants are low molecular
crystalline structures; snapshots of representative configurations showing the inter-

actions between indomethacin and ibuprofen encapsulated within Triton X-100 mi-
celles and between the Triton X-100 tails; Plots showing the amount of water found
in the core of the different micelles. See DOI: 00.0000/00000000.

weight amphiphiles that in aqueous solutions can self-assemble
into various structures such as micelles or liposomes. There are
four main categories of surfactants classified on the basis of their
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charge: non-ionic, cationic, anionic and zwitterionic. Due to their
ability to self-assemble, surfactant micelles are easy to produce
and consequently have a low production cost. Additionally, these
micelles have a large drug solubilisation capacity and can increase
the bioavailability of poorly soluble drug molecules. Therefore
surfactants, particularly the non-ionic variety, are attractive can-
didates when forming drug delivery vesicles.

In this work, we investigate the structural properties and drug
solubilisation capabilities of Triton X-100 (TX-100) (Fig.
micelles using a combination of all-atom molecular dynamics
(MD) simulations and small-angle neutron scattering (SANS) ex-
periments. TX-100 is a non-ionic surfactant with a hydrophilic
polyethylene oxide headgroup and a hydrophobic tail. TX-100 is
widely used for protein and cell organelle extraction, cell lysation,
and membrane permeabilisation?223, More recently, TX-100 has
become increasingly investigated for its application in drug deliv-
ery2#27,

The self-assembly of TX-100 surfactant molecules into micelles
in an aqueous environment has been extensively investigated ex-
perimentally2%-30, The first average aggregation number and
molecular weight of the resulting TX-100 micelles was deter-
mined using static light scattering by Kushner and Hubbard in
195431, The size and shape of the TX-100 micelles in differ-
ent solvent environments and at different temperatures has also
been investigated in numerous studies?2%, However, to date
there is still no consensus about the shape of TX-100 micelles in
an aqueous environment. For example, Robson and Dennis used
the results of hydrodynamic and viscosity measurements to argue
that TX-100 micelles are non-spherical in shape®?, Paradies?
and Podo et al.> used the results of Nuclear Overhauser Effect
SpectroscopY (NOESY) NMR and hydrodynamic measurements
to suggest that at low aggregation numbers the shape of TX-100
micelles is slightly non-spherical, and as the aggregation numbers
increase the micelles become increasingly non-spherical.

While there has been a significant amount of experimental in-
vestigation of the structural properties of self-assembled TX-100
micelles there has been comparatively few investigations of these
micelles using MD simulations. Yordanova et al. reported the
CHARMM force field parameters for Triton X series surfactants®3°,
Also, Milano et al. have used all-atom and coarse-grain simula-
tions, as well as their MD-Self-Consistent Field theory (MD-SCF)
approach, to explore the self-assembly of Triton X-100 and the
structure and shape of the resultant micellesZ38, [n their orig-
inal paper, they report on numerous structural properties of TX-
100 micelles in aqueous solutions and show that the shape of
the micelles become increasingly non-spherical as the aggrega-
tion number of the micelle increases. While in their more recent
paper, they show that the transition from the more spherical mi-
celles to the more non-spherical micelles is a result of the en-
ergetic cost due to the growth of the interfacial region, and the
resulting larger hydrophobic surface exposed to the aqueous en-
vironment, as the aggregation number increases.

In our study, we investigate how the solubilisation of
two non-steroidal anti-inflammatory drugs (NSAIDs), ibuprofen
(C13H;180) and indomethacin (C;j9H;CINO4) (chemical struc-
tures shown in Fig. [1)3%#1 affects the structural properties of
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TX-100 micelles. Both drug molecules contain a benzene ring and
carboxyl group, which has a low pKa#2 resulting in both drugs be-
ing deprotonated at neutral pH. Despite being deprotonated, both
molecules are poorly soluble in aqueous solutions, and therefore
in order to increase their bioavailability they are best solubilised
in some kind of a drug delivery vehicle. Previously, Bahadur
et al. have investigated the effect of the solubilisation of small
molecules within Triton X-100 micelles®3% In both publica-
tions, they have shown that the solubilisation of more hydropho-
bic small molecules results in the growth of the TX-100 micelles,
while the solubilisation of more hydrophilic small molecules re-
sults in the micelles staying approximately the same size.

We show here that the sodium salts of both ibuprofen and in-
domethacin are solubilised within Triton X-100 micelles. We find
that TX-100 micelles consisting of approximately 147 surfactant
molecules are able to solubilise approximately twice as much in-
domethacin than ibuprofen. Once solubilised within the core of
the micelles, the drug molecules reorient in order to allow their
carboxyl groups to remain hydrated by the water in the aque-
ous environment surrounding the core of the micelles. We find
that there are more extensive interactions between indomethacin
molecules than between ibuprofen molecules. As a result, the
indomethacin molecules form larger aggregates within the core
of the micelle than ibuprofen. Furthermore, we observed that
the indomethacin-loaded micelle divided into two after reaching
its maximum loading. The division of the indomethacin-loaded
micelle is a result of the growth of the solubilised indomethacin
aggregates which destabilise the core of the micelle. In the follow-
ing sections of the manuscript, we present the methods we have
used in order to conduct this investigation, and then report on
the structural properties of the TX-100 micelles with and without
drugs, as well as the drug solubilisation process.

(a) (b) (c)

Fig. 1 Structures of molecules in simulations, including (a) the ibupro-
fen ion, (b) the indomethacin ion and (c) the Triton X-100 surfactant
molecule.

Methods

Molecular dynamics simulations
In this study, three systems (summarised in Table [1)) have been
investigated with all-atom molecular dynamics simulations using
the GROMACS 2018.2 simulation engine4>"4Z, The CHARMM36
force-field4€ was used to describe the interactions of the Tri-
ton X-100 molecules=® and the Na™ ions in solution. The drug
molecules were parameterised using the CHARMM General Force
Field4?. The interactions of the water molecules were modelled
using the CHARMM-modified version of the TIP3P potential.

In order to build an initial configuration of the TX-100 system,
we pre-assembled a spherical micelle containing 150 Triton X-100



System Drug | Triton X-100 | Water

TX-100 0 150 52266
(10.0 wt%)

TX-100-IBUP 100 150 75181
(7.0 wt%)

TX-100-INDO | 100 150 65673
(8.0 wt%)

Table 1 Description of the simulated systems. For each simulated sys-
tem, the system name and the number of drug, Triton X-100 and water
molecules are presented. Underlined are the concentration values of Tri-
ton X-100 in the system.

surfactant molecules using Packmol®?. The input code is pre-
sented in the SI. Then for the systems containing ibuprofen (TX-
100-IBUP) and indomethacin (TX-100-INDO) we placed 100 drug
molecules randomly around the pre-assembled micelle. In each
system, water molecules are then added to fill the simulation box
with dimensions of 120 A x 120 A x 120 A for the TX-100 systerm
and 130 A x 130 A x 130 A for the TX-100-IBUP and TX-100-INDO
systems (Table[I). In the drug containing systems, we also added
100 sodium (Na™) ions as counterions to the negatively charged
drug molecules.

Each system was simulated using the same protocol. First the
system underwent 5000 steps of minimisation with the steep-
est descent method. Then a 50 ps NVT simulation using the V-
rescale thermostat and a 200 ps NPT simulation using the same
thermostat and the Berendsen barostat were conducted in or-
der to equilibrate the temperature and pressure of the system,
respectively. Finally, a production simulation using the NPT en-
semble with the Nosé-Hoover thermostat and Parrinello-Rahman
barostat was conducted. The production simulation was run
for long enough for the size and shape of the micelle to equili-
brate. Therefore, the production simulations were run for 200 ns
(TX-100), 300 ns (TX-100-IBUP) and 600 ns (TX-100-INDO) us-
ing a timestep of 2 fs. The resulting simulation box sizes were
119.4 Ax 1194 Ax 119.4 A, 1342 Ax 1342 A x 1342 A and
129.0 A x 129.0 A x 129.0 A for the TX-100, TX-100-IBUP and TX-
100-INDO systems, respectively.

In all simulations, the target pressure and temperature were set
to 1 atm and 303.15 K respectively. Cut-off distances for Coulomb
and Lennard-Jones interactions were set to 1.2 nm. Long-range
electrostatic interactions were calculated using the Particle-mesh
Ewald method. Hydrogen containing bonds were constrained us-
ing the LINCS algorithm®L,

Analysis of MD simulations

The physical properties of each simulated system were analysed
using in-house Python scripts and the MDAnalysis package=2>3.
In order to characterise the shape of the micelles, we have calcu-
lated the ellipticity of the entire micelle, defined as:

= Imax

Linin

where I, and I,,;, are the largest and smallest terms in a diag-
onal inertia tensor. For a sphere, € is equal to 1, and € increases

as the shape becomes increasingly elliptical. The shape of the
micelle can be further characterised by comparing the diagonal
terms in the inertia tensor. If two axes of the ellipsoid are equal
and greater or less than the third axes, the ellipsoid is oblate or
prolate respectively. Otherwise, when all three axes are equal, the
structure is spherical.

The solvent-accessible surface area (SASA) algorithm repre-
sents the surfaces of our micelles as overlapping spheres with van
der Waals radii of the corresponding atoms, and uses a probe
with a small radius, that is typically 1.4 A to represent a water
molecule, to determine the maximum permitted contact with the
surface®¥, In this study, the FreeSASA=> module was used to cal-
culate the SASA of the various micelles.

In order to determine whether a drug molecule was solubilised
in a micelle, we first calculated the distance between the center of
mass of drug molecules and the micelle. If the distance is less than
5 A, the drug is considered to be solubilised. A cut-off distance of
5 A is chosen as it is roughly the distance to the first neighbouring
atom. This value is used throughout the rest of the analysis.

Further analysis was performed to characterise the hydration of
drugs throughout the simulation. The number of water molecules
around each drug has been plotted against Ar, which is defined
as:

Ar=rg—rs

where r, is the distance of a heavy (non-hydrogen) atom of inter-
est in the drug molecule from the center of mass of the micelle,
and ry is the distance of the O10 atom in the surfactant molecule
(see Fig. nearest the drug molecule from the center of mass of
the micelle. Thus r, is the distance of the drug from the centre of
the mass of the micelle and ry is the distance of the interface of the
micelle with which the drug is interacting to the centre of mass
of the micelle. As a result, if Ar is positive, then the drug is out-
side of the hydrophobic core, and negative if the drug molecule is
solubilised within the core of the micelle.

Finally, drug-drug and drug-Triton X-100 interactions were
characterised by creating contact maps. The distance between the
heavy (non-hydrogen) atoms of the molecules of interest were 5 A
away from one another were considered in contact. The num-
ber of contacts were counted between each pair of heavy (non-
hydrogen) atoms on the molecules of interest, and then the maxi-
mum number of contacts between any two pair of atoms was used
to normalise the various values, such that the pair of atoms most
frequently in contact had a value of 1.0 in the contact maps.

Small-angle neutron scattering

Small angle neutron scattering (SANS) studies were performed
on the SANS2D small angle diffractometer at the ISIS pulsed neu-
tron source (ISIS, Rutherford Appleton Laboratory, STFC, Did-
cot, Oxford). The SANS2D diffractometer was configured to
provide a scattering vector Q = (47A)sin(6/2) in the range of
0.0045 A~! < 0 < 0.4 A=, All the protiated surfactant solutions
were prepared using D,O as the solvent. When preparing the
solutions with D50, the weight ratio of surfactant to D,O was
re-calculated to ensure the molar ratio of surfactant to D,O was
the same as in HyO. The samples were measured in quartz banjo
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cells of 2 mm path length. All measurements were performed
at 298 +0.1 K. The measured SANS data were model-fitted us-
ing Sasview=°. A range of models/scattering form factors (P(Q))
including core-shell spheroids (namely sphere, oblate, prolate)
and triaxial micelles were considered. As the Triton X-100 con-
centrations used were large, it was necessary to account for any
interparticulate interactions (S(Q)), which was achieved using a
hard sphere model. The best model found to fit the data was a
core-shell spheroid model. The modelling of the SANS data as-
sumed a flat background correction to allow for any mismatch in
the incoherent and inelastic scattering between the samples and
solvent and the fitted background levels were checked to ensure
they were of a physically reasonable magnitude.

Results

In the following sections we summarise the results from our all-
atom MD simulations and compare them to the results of our
neutron scattering experiments in order to provide a detailed de-
scription of the size, shape and internal structure of a Triton X-
100 micelle. We also provide a detailed description of how these
properties change when ibuprofen and indomethacin are loaded
within the micelle.

Structural properties of pure Triton X-100 micelle

As can be seen in the snapshot shown in Fig. the pure Triton
X-100 micelle relaxes into a non-spherical structure. The equili-
brated micelle contains an average of 147 Triton X-100 molecules,
with the remaining three molecules in a dynamic equilibrium of
joining and leaving the micelle. In order to quantify the shape of
this micelle (TX-100), we calculated the ellipticity as a function of
time (Fig.[3a). The shape of the Triton X-100 micelle was found
to remain slightly non-spherical throughout the production simu-
lation (€ ~ 1.48) with a prolate shape and a length of 107.8+0.8 A
along the primary axis. Likewise, the measured SASA of the mi-
celle was found to remain nearly constant over time (Fig. [4d),
averaging 6.01 x 10* (& 0.01 x 10%) A2,

0.04

TN e

AN
\\/
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o
@

PEO
Carbons
Water

Density (#/A%)
°
o
S

0.01

(a) (b)

Fig. 2 Structural properties of Triton X-100 micelle. (a) Plot of intrinsic
density of the oxygen atoms in the water molecules (red curve), and the
carbon atoms in the Triton X-100 surfactant molecules (green curve),
as well as the hydrophobic tail (orange curve) and poly(ethylene oxide)
chain (blue curve) of the surfactant molecules, as a function of distance r
(A) from the surface of the hydrophobic core of the micelle. (b) Snapshot
of equilibrated micelle. The different coloured spheres represent different
atomic species (cyan - carbon, red - oxygen, white - hydrogen)

In order to characterise the internal structure of the micelle,
we first needed to identify the intrinsic surface of the hydropho-
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bic core of the micelle. In order to identify this intrinsic surface,
we used the NANOCISC code®Z. We chose the carbon atom in the
aromatic ring of the surfactant (atom C19 in Figure bonded
to the first oxygen in the polyethylene oxide (PEO) as the an-
chor points, which was then used to define the surface of the hy-
drophobic core of the micelle and was therefore defined as where
r =0 in Figures and [6] Furthermore, the intrinsic densities
of water (using the oxygen atoms in the water molecules) and
the Triton X-100 molecules were calculated (Fig. [2a). At large
distances, the number density of the oxygen atoms in the water
molecules is 0.033 #/A3, which is consistent with the bulk water
density found in our previous studies®Z=2, The water density be-
gins to decrease slightly at a distance of 25 A from the micelle’s
core surface and continues to decrease until it reaches a mini-
mum of 0.02 #/A3 at a distance of r ~ —9 A (e.g., 9 A inside of
the hydrophobic core of the micelle). Then in the centre of the
micelle (r ~ —20 A), the number density of water is 0.002 #/A3,
indicating the existence of a small amount of water inside of the
micelle core.

Additionally, we have determined the intrinsic densities of
the carbon atoms in the whole micelle (green curve), the
poly(ethylene oxide) chain (blue curve) and the hydrophobic tail
of the surfactant (orange curve) as shown in Fig. Some of the
PEO chains extend up to a distance of r ~ 25 A, which corresponds
to the distance at which the density of water begins to decrease.
The thickness of the PEO headgroup, which we define as the dis-
tance from the surface of the hydrophobic core of the micelle at
which the density of the PEO chains becomes larger than the den-
sity of the water, is r ~ 10.7 A. The peak density of the PEO chains
is found at a distance of r ~ 7 A from the surface of the hydropho-
bic core of the micelle. In the hydrophobic core of the micelle, the
density of PEO decreases until it reaches a minimum at r ~ —7.5 A
and then increases to a density of ~ 0.011 #/A3 at r = —20 A. In
the core of the micelle, PEO makes up approximately one-third of
the surfactant’s density.

Meanwhile the hydrophobic tails of the Triton X-100 molecules,
which consist of the benzene ring and the attached short hydro-
carbon chain, are found primarily within the core of the micelle
(r <0 A). The hydrophobic tails take a variety of orientations
at the interface of the hydrophobic core and the surrounding
aqueous environment which results in the small density of these
groups found within 7.5 A of this interface (the end-to-end dis-
tance of the hydrophobic tail is ~ 7.5 A). Within the core of the
micelle, the density of the surfactant tails begins to decrease at
r = —17.5 A, which is the distance within the core where we ob-
serve the increase in the PEO density. The hydrophobic tails of the
Triton X-100 molecules interact via a combination of hydrophobic
interactions of the benzene rings and the attached methyl groups,
as can be seen in Fig. S4.

Triton X-100 micelle loaded with ibuprofen
Structural properties
As in the TX-100 micelle, we find that the equilibrated micelle

loaded with ibuprofen consists of almost all of the Triton X-100
molecules (~ 147), although there are a few surfactant molecules
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Fig. 4 Solvent accessible surface area (SASA) of micelles. Plots of
the SASA as a function of time for the (a) pure Triton X-100 micelle,
(b) Triton X-100 micelle loaded with ibuprofen, (c) the parent Triton
X-100 micelle loaded with indomethacin and (d) the daughter Triton
X-100 micelles (LM - larger micelle, SM - smaller micelle) loaded with
indomethacin.

that are attempting to join and leave the micelle. In the presence
of ibuprofen, the value of the ellipticity of the Triton X-100 mi-
celle increases from 1.5 to 2.8 and then plateaus at a mean value
of 2.51£0.01 (Fig. [3b). Over time, therefore, the semi-spherical
micelle becomes more rod-like (triaxial) in shape, with a maxi-
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Fig. 5 Solubilisation of drugs. Figures (a) & (b) show the number of drug
molecules that have been solubilised within the micelle (blue) and within
the core (orange) as a function of time for ibuprofen and indomethacin,
respectively. Figure (c) shows the number of indomethacin molecules
that are solubilised within the smaller daughter micelle (SM), the larger
(LM) daughter micelle, and the total number of indomethacin in both
after the original micelle divided.

mum length of 116.540.4 A. Therefore the Triton X-100 micelle
loaded with ibuprofen has a maximum length that is ~ 8% larger
than the micelle in the absence of the drug.

The surface area of the micelle initially increases as the ibupro-
fen molecules are solubilised within it (Fig @3), as can be seen by
an increase in the SASA value from an initial value of 6.17 x 10+ A2
SASA to a value of 6.4+0.006 x 10* A2. As the SASA values
plateau after approximately 75 ns and the ellipticity after 150 ns,
it appears that the micelle continues to become increasingly rod-
like in such a manner that it maintains a constant surface area.

The structure of the micelle when loaded with ibuprofen is sim-
ilar to that found for the Triton X-100 micelle. As such, the PEO
chains of the surfactant molecules are found on the surface of
the hydrophobic core of the micelle and extending into the sur-
rounding aqueous environment, while the benzene ring and cor-
responding short hydrocarbon chain of the surfactant molecules
are generally hidden from exposure to the surrounding aqueous
environment.
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Fig. 6 Hydration of drug molecules during the solubilisation process.
Number of water molecules hydrating the a) O1 and O atoms in the
ibuprofen molecules and b) 03, 04, N and Cl atoms in indomethacin as
a function of the distance of each atom from the interface of the core of
the micelle. Atom labels are the same as shown in Fig. El

Solubilisation of ibuprofen

As shown in Figure the number of ibuprofen molecules sol-
ubilised within the micelle converges to an average of 49 after
50 ns. On average, 39 of these ibuprofen molecules are solubilised
within the core of the micelle, and interestingly the number of
ibuprofen molecules within the core stabilises at approximately
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the same point in time.

In order to assess how the hydration of the ibuprofen molecules
changes during the solubilisation process, we first measured the
radial distribution functions (rdfs) (Fig. S1) of the polar oxygen
atoms within the ibuprofen molecule and the oxygen atom in sur-
rounding water molecules.

From these rdfs, we determined a first neighbour distance be-
tween the water molecules and these oxygen atoms of 2.8 A. We
then counted the number of water molecules within 2.8 A of the
polar oxygen atoms within each ibuprofen during the course of
the simulation, and have plotted the average number of water
molecules hydrating each of the two oxygen atoms as a function
of the intrinsic distance from the interface of the hydrophobic core
of the micelle (Figs. |§|(a) & (b)), which is defined by the location
of the benzene ring of the Triton X-100 molecules.

As can be seen in Fig. [6b] the number of water molecules
around the O1 and O atoms of the ibuprofen molecules remain
approximately constant until the drug molecules get within 25 A
of the surface of the hydrophobic core of the micelle (2.18 +0.02
water molecules around O1 and O). Then at a distance of 25 /OX,
which corresponds to the maximum extent of the PEO chains of
the Triton X-100 molecules from the surface of the micelle’s core,
the number of water molecules around each oxygen decreases
slightly. Then at a distance of 20 A the number of water molecules
around each atom increases and reaches a peak at ~ 7.5 A which
corresponds to the distance which the hydrophobic tails of Tri-
ton X-100 extend from the surface of the core of the micelle into
the aqueous environment. Both oxygen atoms of the ibuprofen
molecules then become significantly dehydrated as the ibupro-
fen molecule crosses from the corona of the micelle into the core
of the micelle. This dehydration of the oxygens at the interface
of the hydrophobic core of the micelle is likely due to the large
steric barrier that exists for the drug molecules when they cross
into the core of the micelle. When the ibuprofen molecules enter
into the core of the micelle, they generally reorientate such that
the oxygens in the ibuprofen molecules are at the interface of
the core with the aqueous environment and become hydrated to
nearly the same level as in the bulk aqueous environment, which
is demonstrated by the peak in hydration of the oxygen atoms ob-
served at Ar ~ —7.5 A in Fig. The oxygen atoms on the drug
molecules deeper into the core of the micelle become significantly
dehydrated once again.

In Fig. S7b, we show the number of water molecules as a func-
tion of Ar at various time points during the drug solubilisation
process. This figure shows that there is a very slight increase in
the number of water molecules deep within the core of the mi-
celle (Ar < —10 A) as time passes, which demonstrates that the
ibuprofen molecules do not bring a significant amount of water
into the micelles with them. In comparison to the TX-100 micelle
(Fig. S7a) formed in the absence of drug, there is very little dif-
ference in the number of water molecules within the core micelle
of over the course of the two simulations.

Internal structure of ibuprofen-loaded Triton X-100 micelle

To better understand the surfactant-drug and drug-drug interac-
tions, we have measured the amount of contact between the var-

6| Journal Name, [year], [vol.], 1

02002000000 nnnnnnnn

Qe e Gt 5 3=R0808000

200

3

[
-

(c) (d)

Fig. 7 Interactions between Triton X-100 surfactants and drug molecules.
Contact maps which show the amount of contact between an atom on the
surfactant molecule (x-axis) and an atom on the drug molecule (y-axis)
for (a) ibuprofen and (c) indomethacin. Diagrams of (b) ibuprofen and
(d) indomethacin molecules which have been coloured by their amount
of contact with neighbouring Triton X-100 molecules, where the colours
are consistent with those used in the contact maps. Atom labels used
within the contact maps are those shown in Fig.

ious regions of the molecules. In doing so, we have constructed
contact maps, which are generated by calculating the distance
between each heavy (non-hydrogen) atom of a Triton X-100 (or
ibuprofen) molecule and a neighbouring ibuprofen molecule. In
order to determine a distance at which the molecules are in con-
tact, we first calculated the minimum distance between a Triton
X-100 (or ibuprofen) molecule and an ibuprofen molecule when
they interact with each other. From these measurements, we ob-
served that the minimum distance plateaus to ~ 5 A when two
molecules aggregate with one another. Therefore, if any two
heavy (non-hydrogen) atoms are within 5 A of one another then
we count that as a contact between the two molecules.

The regions of the TX-100 surfactant molecules that have the
most contact with the ibuprofen molecules are the hydrophobic
tails, which correspond to atoms C19-C32 on horizontal axis on
Figure Meanwhile, the regions of the ibuprofen molecule
which are in contact with the surfactant molecules are the two ter-
minal methyl carbon atoms, C11-C12 , as highlighted in Fig.
Also we find that the carboxyl group on the ibuprofen molecules
makes no contact with the surfactant molecules. Thus the ibupro-
fen molecules are solubilised within the micelle via hydropho-
bic interactions between themselves and the surfactants while the
oxygen atoms remain solvated by the aqueous environment sur-
rounding the core of the micelle.

Within the core of the micelle, the ibuprofen molecules aggre-
gate with one another. In doing so, we find that methyl carbon
atoms and the carbon in between them (C10, C11 and C12) form
contacts with one another, as shown in Fig. |8al and visualised in
Fig. Representative aggregates of ibuprofen molecules within
the core of the micelle can be seen in Figure S5. We have also
investigated the contacts which exist within the crystalline form



of ibuprofen, which are shown in Fig. S2a. By comparing these
two contact maps (Fig. S3a), we find that the packing of the
drugs within the micelle are significantly different than within
their crystalline form. This is largely due to the reorientation of
the drugs in the micelle such that the carboxyl group can interact
with the surrounding aqueous environment.

Triton X-100 micelle loaded with indomethacin
Structural properties

Like the other systems, we find that the equilibrated micelle
loaded with indomethacin consists of almost all of the Triton X-
100 molecules (~ 146), but there are a few surfactant molecules
that are attempting to consistently join and leave the micelle. As
with ibuprofen, the solubilisation of the indomethacin molecules
causes the micelle to elongate. However, this effect is more signif-
icant in the presence of indomethacin (Fig.[3d), where the elliptic-
ity increases to a value of ~ 7. After forming this elongated struc-
ture, the single elongated micelle then splits into two smaller mi-
celles (Fig.[9). The daughter micelles that result from the division
of the initial micelle consist of 88 and 62 Triton X-100 molecules.
Both of these daughter micelles have smaller values of elliptic-
ity than the parent micelle before it split. One of the daughter
micelles is found to be still elongated and prolate in shape (ellip-
ticity = 2.41+0.01) with a maximum length of 92.7+0.5 A, while
the other is nearly spherical (1.36+£0.01), with a maximum length
of 78.0-£0.2 A. Both of these values are smaller than the value we
found for the Triton X-100 micelle loaded with ibuprofen.

The SASA of the Triton X-100 micelle loaded with in-
domethacin grows until it reaches a maximum value of ~ 8.0 x
10* A> (Fig. . After the micelle splits into two, the SASA val-
ues of the daughter micelles remain fairly constant during the
rest of the simulation, as can be seen in Figure Interest-
ingly the sum of the SASA values of the two daughter micelles
(3.48+0.01 x 10% A & 4.53+0.01 x 10* A2) is approximately the
same as the SASA value found for parent micelle before it split
(~8.3x 10* A%).

Solubilisation of indomethacin

Figure[5b|shows the number of indomethacin molecules that have
been solubilised within the micelle and the core of the micelle,
respectively, as a function of time. While the amount of ibupro-
fen loaded into the micelle saturated after approximately 100 ns,
the amount of solubilised indomethacin continues to increase un-
til approximately 400 ns. At which point, the number of in-
domethacin molecules solubilised in the micelle and the core of
the micelle reach values of 87 +1 and 77 + 2, respectively. The
amount of indomethacin that is solubilised into the core of the mi-
celle is approximately twice the number of ibuprofen molecules
solubilised in the core of the micelle.

The number of solubilised indomethacin molecules continues
to increase after 400 ns and as a result the values of the elliptic-
ity and the solvent-accessible surface area for the parent micelle
continue to increase until the micelle splits. The parent micelle
divides into two after it solubilises ~ 80 indomethacin molecules
into the core of the micelle which results in the micelle continuing

o}

0200080200000 ~n
Mt

o
ool
pviriat

e e
UUUUUUL}UOUO UOD

£,

Fig. 8 Interactions between pairs of neighbouring drug molecules. Con-
tact maps which show the amount of contact between two atoms on two
neighbouring drug molecules for (a) ibuprofen and (c) indomethacin. Di-
agrams of (b) ibuprofen and (d) indomethacin molecules which have been
coloured by their amount of contact with neighbouring drug molecules,
where the colours are consistent with those used in the contact maps.
Atom labels used within the contact maps are those shown in Fig.

(c)

to elongate until it becomes destabilised and finally divides. Af-
ter the parent indomethacin-loaded Triton X-100 micelle divides
into the two daughter micelles, the amount of drug in each of the
two new micelles is constant and none of the drugs that remained
in solution are observed to solubilise into the micelles (Fig. .
The smaller micelle which consists of 62 Triton X-100 molecules,
solubilises 40 + 1 indomethacin molecules, whereas the larger mi-
celle, which consists of 88 surfactant molecules, solubilises 50 4-3
drug molecules. The ratio of indomethacin to Triton X-100 in the
two daughter micelles (0.65 & 0.57) is similar to that found in the
parent indomethacin-loaded micelle before it divided (0.61). This
ratio for the daughter micelles (and the parent micelle) of the
indomethacin-loaded systems, however, is twice twice that found
for the ibuprofen-loaded micelle (0.34).

As was done for the ibuprofen molecules, we have calculated
the hydration of the indomethacin molecules as they approach
the surface of the hydrophobic core of the micelle (Fig. [6b). For
the indomethacin molecules, we have used the chlorine atom,
nitrogen atom and the two oxygen atoms in the carboxyl group
in order to characterise the hydration of the drug molecules. At
large distances (r > 40 A) from the hydrophobic core of the mi-
celle, there are 0.80+0.01, 1.86+0.05, 1.854-0.05 and 0.154-0.01
water molecules around the chlorine, O3, 04 and nitrogen atoms,
respectively. The hydration of all of the atoms remains constant
until a distance of ~ 15 A from the surface of the hydrophobic core
of the micelle. Then the hydration of the N and Cl atoms increase
slightly until the drugs are approximately 5 A from the surface of
the micelle’s hydrophobic core, and then are dehydrated as the
drugs get close to the interface of the core of the micelle. Then
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the oxygens, nitrogen and chlorine atoms are significantly dehy-
drated as they cross into the hydrophobic core of the micelle.

After the drug molecules pass the interface of the core of the
micelle, all of the atoms are hydrated again to approximately
the same amount as in the bulk aqueous environment. Also
the hydration of all four of the atoms we investigated for the
indomethacin molecules deeper inside the core of the micelle
(Ar< —10A4) is larger than that found for the ibuprofen molecules
in the same region of the micelle.

We then looked at the number of water molecules as a func-
tion of Ar at various time points through the solubilisation pro-
cess (see Fig. S7c). As time increases, which in the case of the
indomethacin-loaded micelle also corresponds to more and more
indomethacin in the core of the micelle (see Fig. , we observe
an increase in the amount of water within the core of the micelle.
At times larger than 400 ns, we observe that the amount of water
in the core of the micelle exceeds that found in either the TX-100
micelle (Fig. S7a) or the ibuprofen-loaded micelles (Fig. S7b).

Internal structure of indomethacin-loaded Triton X-100 mi-
celle

As was calculated for the ibuprofen-loaded micelle, we again de-
termined the contacts between indomethacin and the surfactant
molecules, and between the indomethacin molecules. The in-
domethacin molecules interact with the Triton X-100 surfactant
molecules primarily via its chlorine atom (Cl), which interacts
with the benzene ring and the hydrocarbon chain (atoms C19-
C32) which form the hydrophobic tail of the surfactants (Figs.
& [7d). Meanwhile, the indomethacin molecules in the core
of the micelle bind to one another primarily via their chloroben-
zene group (atoms C9 - C14 & Cl). Representative clusters of
indomethacin molecules within the core of the micelle are shown
in Figure S6. The carboxyl group (atoms C19, O3 & 04) of the
indomethacin molecules are not interacting with either the sur-
factants or other indomethacin molecules. Instead the carboxyl
groups are oriented such that they are interacting with the aque-
ous environment surrounding the micelle.

As a point of comparison, we have determined the contact
map between neighbouring indomethacin molecules in its crys-
talline form, as shown in Fig. S2b. When comparing the con-
tact maps for the indomethacin in the core of the micelle and
that found for the drug in its crystalline form (Fig. S3a), we find
that the chlorobenzene group plays a significant role in the in-
teractions between the drugs in both cases. In the micelle, be-
cause the indomethacin molecules are oriented such that their
carboxyl group remains hydrated by the surrounding aqueous en-
vironment, there is more disorder in the respective orientations
of the drug molecules than is found in the crystalline form.

Discussion & conclusions

All-atom molecular dynamics simulations have been used to in-
vestigate the internal structure of Triton X-100 micelles with an
aggregation number of ~ 147 molecules. We find that there the
PEO chains of the Triton X-100 molecules are present alongside
the hydrophobic tails of the surfactant inside of the core of the
micelle. While we have not observed such behaviour in our inves-
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the intrusion of PEO chains into the hydrophobic core of micelles
has been observed previously in other PEO containing surfactant
molecules®104,

We find that the Triton X-100 micelles without any drug are
non-spherical, which is consistent with the findings of Milano et
al.®8 for a similar aggregation number. When investigating the
solubilisation of ibuprofen and indomethacin into these micelles,
we found that nearly twice as many indomethacin as ibuprofen
molecules are solubilised within the micelles. After becoming sat-
urated with drug molecules, we find that the size and shape of the
equilibrated ibuprofen-loaded micelles were elongated compared
to the Triton X-100 micelles without any drug. In comparison,
upon becoming saturated with drug molecules, the indomethacin-
loaded micelles become increasingly asymmetric eventually spon-
taneously dividing into two daughter micelles - a smaller, slightly
asymmetric one and a larger, significantly asymmetric one. In ad-
dition, we have determined the ellipticity of the hydrophobic core
of the two daughter micelles over time, which shows that the core
of the larger of the daughter micelles is more dynamic than the
smaller micelle.

The SANS experiments that we have conducted in parallel
to these simulations show that the Triton X-100 micelle is non-
spherical being model-fitted as a core-shell prolate ellipsoid when
it is not loaded with any drug molecules (Figure & Table [2)),
which is consistent with what we find via our MD simulations.
We, also, find that the average maximum diameter of our simu-
lated micelle is 107.8 A, which is in reasonable agreement with
the longest dimension of the micelle as suggested by the fitting
of the SANS data (((20.4 A x3.8)+6.7 A) x2=168.8 A). It is
worth commenting that the aggregation numbers obtained from
SANS and the MD simulations are not exactly the same because of
the limitation of using only one contrast (i.e. protiated drug and
surfactant dispersed in D,0O) for the SANS data which does not al-
low us to establish whether any EO monomers are intruding into
the core of the micelle. To establish this, it would be necessary
to use additional contrasts using deuterated drug and surfactant
(neither of which are readily available) and then to perform a si-
multaneous constrained model fit across all of the measured data.
However, the SANS data shows that the ibuprofen-loaded TX-100
micelles are more asymmetric than the indomethacin-loaded TX-
100 micelles, which in turn are more asymmetric than the mi-
celles with no drug. When considering the MD simulations, and
in particular the average ellipticity of the two daughter micelles
which form after the unstable, indomethacin-saturated micelle di-
vides in two, the results are reassuringly consistent with the SANS
results. (It should be noted here that the measured SANS profiles,
recorded over several minutes, will show the scattering arising
from individual aggregates weighted according to their volume.)
The ibuprofen-loaded micelle is more asymmetric than the aver-
age of the two daughter, indomethacin-loaded, micelles, which
are both more asymmetric than the micelle in the absence of any
drug.

As the drug molecules are solubilised in the micelle, we find
that the polar atoms are significantly dehydrated as they pass
from the hydrated poly(ethylene oxide) rich corona of the micelle



(a) (b)

Fig. 9 Snapshots of the indomethacin-loaded TX-100 micelle at (a) #+ =100 ns, (b) # =300 ns and (c) 7 =600 ns. As shown in these snapshots, the
TX-100 micelle splits into two daughter micelles of different sizes after 300 ns during the indomethacin solubilisation process. Red and blue show the

tails and the headgroups of surfactants respectively.

Core Equatorial Core axial Shell thickness Overall micelle
System radius (A) ratio [eN) dimensions (&) xR?
No drug 20.4+0.1 3.8+£0.1 6.7+£0.1 168 x 84 1.9
Ibuprofen 20.14+0.2 5.34+0.1 8.14+0.1 229 x 56 1.3
Indomethacin 18.6 £0.1 5.0+0.1 8.8+0.1 207 x 55 1.7

Table 2 Structural parameters for aqueous dispersions of TX-100 micelles in DO, determined through model fitting of the corresponding SANS data
(with the goodness-of-fit between the observed and calculated scattering quantified by means of reduced chi-squared).
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Fig. 10 Measured SANS profile for (a) a 10 wt% dispersion of TX-100
in D20 and for a 7.5 wt% dispersion of TX-100 in DO with added (b)
ibuprofen and (c) indomethacin. Error bars show the standard errors on
the measured data, and the model fitted curve in each plot (red) shows
the calculated scattering intensity (1(Q), cm™) as a function of momen-
tum transfer (Q, A’l), assuming the parameters presented in Table

to the micelle’s core. Once they have penetrated into the micelle
core, the drug molecules reorient such that their carboxyl groups
are rehydrated by the water in the aqueous environment. As the
interactions between the indomethacin molecules were more ex-

tensive than those between ibuprofen molecules, this resulted in
the formation of several larger aggregates within the core of the
micelle than is found with ibuprofen. The formation of these
larger aggregates of indomethacin within the drug-saturated mi-
celle result in the destabilisation of the initial micelle such that it
divides into two smaller micelles. Significantly, we do not observe
any such destabilisation of the ibuprofen-loaded micelle which is
considered to be due to the fact that the ibuprofen molecules do
not interact as extensively with one another in the micelle and
therefore do not aggregate as much. A previous experimental
investigation of the solubilisation of various drug molecules in
sodium lauryl sulfate found more loading of indomethacin than
ibuprofen in their resulting micelles®, which is the same trend
we observe with our simulations. The results in our study provide
details of the molecular scale mechanisms which lead to this trend
and in our case the disruption of the micelles that form when
solubilising the indomethacin. These results show that when de-
signing drug-delivery vehicles the interactions between all of the
components present (drugs and surfactant(s)) will play a signifi-
cant role in the stability of the formulation and the size and shape
of the nanoparticles that result.
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