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a b s t r a c t

Polyethoxylated, nonionic surfactants are important constituents of many drug formulations, including
lipid-based formulations. In an effort to better understand the behavior of formulation excipients at the
molecular level, we have developed molecular dynamics (MD) models for the widely used surfactant
Kolliphor EL (KOL), a triricinoleate ester of ethoxylated glycerol. In this work, we have developed models
based on a single, representative molecular component modeled with 2 force field variations based on
the GROMOS 53A6DBW and 2016H66 force field parameters for polyethoxylate chains. To compare the
computational models to experimental measurements, we investigated the phase behavior of KOL using
nephelometry, dynamic light scattering, cross-polarized microscopy, small-angle X-ray scattering, and
cryogenic transmission electron microscopy. The potential for digestion of KOL was also evaluated using
an in vitro digestion experiment. We found that the size and spherical morphology of the KOL colloids at
low concentrations was reproduced by the MD models as well as the growing interactions between the
aggregates to from rod-like structures at high concentrations. We believe that this model reproduces the
phase behavior of KOL relevant to drug absorption and that it can be used in whole formulation simu-
lations to accelerate the formulation development.

© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

Surface-active substances or surfactants are amphiphilic com-
pounds with lyophilic and lyophobic moieties that, depending on
the solvent, usually manifest as a hydrophilic (polar) part, the “head
group,” and a hydrophobic region, the “tail.” The amphiphilic
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structure of surfactants is responsible for their tendency to
concentrate at interfaces and to form supramolecular structures,
such as micelles or bilayers. Depending on the nature of the polar
group, surfactants can be classified as ionic or nonionic. Ionic sur-
factants may have anionic, cationic, amphoteric, or zwitterionic
polar groups. Nonionic surfactants incorporate uncharged polar
groups, such as alcohols, esters, or ethers, and hence are relatively
insensitive to changes in pH or electrolyte concentration. Nonionic
surfactants are generally regarded as biocompatible, nontoxic, and
ecofriendly. Among the various classes of nonionic surfactants, the
polyethylene oxide (PEO) monoalkyl ethers (of the CnEOm type) are
perhaps the most extensively studied, and the phase behavior,1,2

solubility, cloudpoint,3 mesophases,4 and other physicochemical
properties of simple and mixed systems of these surfactants are
well established. In contrast, the literature on nonionic surfactants
with branched, oligomeric chemical structures remains limited.
Importantly, there is a dearth of information available regarding
hts reserved.
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PEO esters of fatty acids that are widely used as pharmaceutical
detergents and emulsifiers, particularly as excipients in self-
emulsifying drug delivery systems and lipid-based formulations
(LBFs).5,6

LBFs are an increasingly important approach for the formula-
tion of poorly water-soluble drugs for oral delivery because of
their efficacious way of incorporating into the endogenous lipid-
trafficking pathway of the gastrointestinal (GI) tract.7,8 Although
our knowledge about the behavior of LBFs within the GI tract is
growing, predicting the in vivo performance of LBFs remains
difficult, which is a significant impediment to their commercial
implementation. We propose that molecular dynamics (MD)
simulations can contribute to better understanding of the dy-
namic processes of molecular assembly and phase separation
within the GI tract9-14 and that this can be extended to modeling
the behavior of LBFs and their in vivo behavior. For example, in an
early study, computational modeling of the fate of LBFs in the gut
was investigated by Warren et al.,12 who modeled a simple type I
LBF of mixed glycerides, in the presence of propylene glycol and
water. Subsequent efforts have been directed toward simulating
the self-assembly of endogenous surfactants, such as bile
salts,10,13-15 sodium salts of long-chain carboxylic acids,9,16,17 and
gemini surfactants.18-20 Because PEO nonionic surfactants play a
central role in oral drug delivery vehicles, validated models for the
simulation of these materials are necessary; however, simulations
of the phase behavior of these nonionic, CnEOm-type surfactants
lag behind. This is mainly due to the presence of PEO chains, which
in colloidal materials exhibit complex interactions with them-
selves and with water. PEO chains are not well parameterized in
the standard GROMOS 53A6 united atom force field, which is
recognized to be the cause of modeling issues.21-23 Despite
considerable efforts to parameterize the force field to represent
the true Hamiltonian describing a molecular system, it has
become increasingly apparent that the behavior of both the oxy-
functional groups and the ethylene chains in water are not accu-
rately modeled by the default force field parameters.21,23 Recently,
Horta et al. introduced the 2016H66 GROMOS-compatible
parameter set, aimed at improving the description of com-
pounds with oxy-functional groups and vicinal diethers.21,22

Warren et al.,24 on the other hand, focused on better models for
the interaction of alkane and PEO-containing molecules with
Figure 1. (a) Idealized chemical structure of the polyethoxylated glycerol triricinoleate, wit
panel 3 the ricinoleic acid moiety. (b) The single component used to model KOL in the MD
reference atoms used in the radial distribution function analysis.
water, developing another modified GROMOS force field denoted
53A6DBW.

The “Kolliphors” (formerly known as “Cremophors”) are an
important family of PEO nonionic surfactants, manufactured by
BASF. Kolliphor EL (KOL), in particular, is a widely used non-
hydrogenated hydrophilic surfactant with hydrophobic-lipophilic
balance value of 12-14 that is produced by the reaction of castor
oil with ethylene oxide at a molar ratio of 1:35 (Solubilizer Com-
pendium; BASF). KOL is a pale-yellow viscous liquid, historically
known for its use in parenteral formulations of hydrophobic drugs
such as cyclosporine A and paclitaxel (Taxol). Today, KOL has a
broader applicability for the solubilization of poorly water-soluble
drugs in LBFs and cosmetics because of its water solubility and
attractive safety profile after oral administration. KOL has the
nominal chemical structure shown in Figure 1 but is, in fact, a
complex mixture resulting from the stochastic nature of the
ethylene oxide polymerization and side reactions that occur during
the synthesis, especially with hydroxy fatty acid and triglyceride
starting materials.25 The mean length of the PEO moieties of the
surfactant is largely determined by the molar ratio of ethylene
oxide to fatty acid in the reaction mixture, but clearly, surfactants
with PEO chains longer and shorter than the mean chain length are
additionally formed. Furthermore, the polydispersity of KOL is
subject to batch-to-batch variability. This molecular heterogeneity
is not a problemwhen surfactants are used for their customary role
as excipients because most of the components have surfactant
properties.

Despite its appealing properties and widespread implementa-
tion of KOL in drug formulations, the phase behavior and micro-
structures of this surfactant in aqueous systems are far from being
understood. In light of this, the objective of the current work was to
experimentally characterize the biophysical behavior of KOL and to
establish a validated MD model for KOL, based on a singular mo-
lecular component, that can be applied to the simulation of LBFs.
Accordingly, we have performed extensive physical studies of KOL
solutions, using cryogenic transmission electron microscopy (cryo-
TEM), light scattering measurements, and small-angle X-ray scat-
tering (SAXS) to investigate the colloidal behavior of KOL. We have
also carried out series of simulations thatmodel KOL inwater over a
wide range of concentrationsdinitially using the unmodified
GROMOS 53A6 force field and also using the 53A6DBW and 2016H66
h x þ y þ z ¼ 35. Panel 1 delineates the glycerol backbone, panel 2 the PEO chain, and
simulations (x, z ¼ 12, y ¼ 11; C127H244O44, MW: 2475 g$mol�1). Asterisks indicate the
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modified force fields, which have been developed to model com-
pounds containing PEO moieties. We compare the colloidal struc-
tures and phase behavior obtained using these 2 force fields with
our experimental data.

Materials and Methods

Materials

Kolliphor® EL (polyoxyl 35 hydrogenated castor oil) was
donated by BASF Corporation (Washington, NJ) and obtained from
Sigma-Aldrich (St. Louis, MO). Sodium chloridewas purchased from
Analytical Univar Reagent Ajax Finechem Pty Ltd. (Thermo Fisher
Scientific, Scoresby, Australia). Water was obtained by a Milli-Q
water purification system (Millipore, Bedford, MA). Transcutol®

HP (diethylene glycol monoethyl ether) was supplied by Gattefoss�e
(St. Priest, France). Sodium taurodeoxycholate >95%, 4-
bromophenylboronic acid, and porcine pancreatin extract (P7545,
8 � USP specifications activity) were all obtained from Sigma-
Aldrich. Phosphatidylcholine (Lipoid E PC S, approximately 99.2%
pure, lecithin from egg yolk) was obtained from Lipoid (Lipoid
GmbH, Ludwigshafen, Germany). Sodium hydroxide (NaOH) was
purchased from Merck (Darmstadt, Germany).

Experimental Methods

Preparation of KOL Solutions
A given amount of KOL was added to water with an ionic

strength of 150mM (NaCl) to provide a range of KOL concentrations
(%w/w). Sample mixtures were prepared in glass scintillation vials
(20 mL), vortex-mixed, and stored at 37�C. Samples were mixed
thoroughly before analysis. Formulations containing no added
water for the digestion experiments were vortex-mixed and stored
at 37�C to equilibrate for at least 24 h before use.

Dynamic Light Scattering
A Malvern Zetasizer Nano ZS ZEN3600 (Worcestershire, UK)

equipped with a 4-mW He-Ne laser and an avalanche photodiode
detector was used to measure the hydrodynamic diameter of par-
ticles. The backscattered laser light (l ¼ 633 nm) was monitored at
ameasurement angle of 173� (noninvasive backscatter default). The
equipment was calibrated using 60 ± 2.7 nm and 220 ± 6 nm di-
ameters of nanosphere size standards of polystyrene polymer latex
(Duke Scientific Corporation) in water with a polydispersity index
(PDI) of <0.2. A viscosity of 0.6864 cP, a refractive index of 1.330 for
the dispersant (water), and a refractive index of 1.47 with an ab-
sorption of 0.016 for the surfactant were used for the sample
standard operating procedure. Samples were stored in a heating
cabinet at 37�C, and the measurements were conducted at an
identical temperature using low-volume disposable sizing cuvettes
(cell type ZEN0112; Sarstedt, Nümbrecht, Germany). Measurements
were carried out 1 day after sample preparation to allow equili-
bration of themixture (until aggregate size did not change), and the
average of 3 data sets was taken for each solution. Samples were
vortex-mixed before each measurement. Data collection was per-
formed from different batches of KOL, originating from different
suppliers/manufacturers to ensure consistency in the aggregate
characterization. The data are reported as Z-average diameter,
which is also referred to as harmonic intensity-weighted average
hydrodynamic diameter. The PDI is also reported.

Nephelometry
Surfactant solutions (300 mL) were pipetted into individual wells

of a polystyrene, flat-bottomed 96-microwell plate (NUNC; Thermo
Scientific), mixed in situ and introduced into the NEPHELOstarPlus
(BMG Labtech GmbH, Ortenberg, Germany) microplate nephe-
lometer, which measures forward light scattering. A wavelength of
635 nm and monitoring angle of 80� were used. The sample tem-
perature was 37�C. The following program settings were used:
gain ¼ 70, cycle time ¼ 300 s, positioning delay ¼ 0.5 s, and double
orbital shaking (5 s at 300 rpmwith width of 2 mm)was performed
before each measurement cycle (Omega-Control software, 5.10 R2
version; BMG Labtech GmbH). Turbidity measurements were per-
formed for concentrations up to 40 %w/w, beyond which the
sample solution was too viscous to allow for accurate surfactant
pipetting into the wells. Control samples consisting of a solution of
150 mM NaCl in water were run in parallel to obtain the back-
ground signal. Data processing was performed with Mars Data
Analysis Software, version 3.02.R2.

In Vitro KOL Dispersion and Digestion
In vitro experiments were conducted using previously reported

methods, conditions, and apparatus.26,27 Briefly, 1.1 g of LBF was
dispersed using an overhead propeller stirrer (length 96 mm)
rotating at 450 min�1 (speed setting þ3) in a jacketed and ther-
mostatically controlled glass reaction vessel (Metrohm® AG, Her-
siau, Switzerland) containing 40 mL of digestion buffer at a
constant temperature (37�C). The buffer was made in advance
(equilibrated overnight) and preheated to 37�C before the
dispersion-digestion experiment and consisted of 2 mM Tris-
maleate, 1.4 mM CaCl2.2H2O, and 150 mM NaCl adjusted to pH
6.5 to which 3 mM sodium taurodeoxycholate, and 0.75 mM
phosphatidylcholine was added. The pH was manually adjusted
during the initial dispersion phase (15 min) using 0.1 M NaOH and
HCl solutions. The formulation was dispersed for 15 min, and
digestion was initiated by adding 4 mL of pancreatin extract to the
digestion medium. Pancreatin extract was prepared as described
previously28 and contained pancreatic lipase (and other pancreatic
enzymes) and had a pancreatic lipase activity of ~40,000 TBU (to
provide approximately 1000 TBU per mL of digest). During the
digestion phase (60 min), the pH was continuously monitored and
adjusted to a set point of pH 6.5 using a pH stat titrator via auto-
matic addition of 0.2 M NaOH, thereby generating lipolysis curves.
As fatty acids liberated during digestion are likely to be partially
ionized, titer values were corrected for the presence of unionized
fatty acid by back-titration to pH 9 at the end of digestion.5 Titer
values were compared to themoles of fatty acid that were expected
to be released from the KOL formulation (3 moles per mole of KOL)
to yield a %digestion value. Control digestion experiments were also
performed to account for the fatty acids produced on digestion of
phosphatidylcholine present in the digestion media, which is hy-
drolyzed by phospholipase A2 (present in pancreatin) to produce
fatty acids and lysophosphatidylcholine. Control digestion experi-
ments were therefore performed in the same manner as that
described previously but in the absence of added formulation. The
digestion data obtained for the experimental formulations were
subsequently corrected for background fatty acid production (i.e.
fatty acids derived from the lecithin present in the digestion media)
by subtraction of the fatty acids produced during control digestion
experiments.

Cross-Polarized Light Microscopy
Samples of various concentrations (%w/w) of KOL in 150 mM

aqueous NaCl in a scintillation glass vial (20 mL) were transferred
onto a microscope slide and analyzed using a Zeiss Axiolab mi-
croscope (Carl Zeiss, Oberkochen, Germany) equipped with crossed
polarizing filters. Images were obtained using a Canon PowerShot
A70 digital camera (Tokyo, Japan) and processed with Fiji (ImageJ)
software.29 Cross-polarized light microscopy was used to deter-
mine the presence of liquid crystalline phases.
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Cryogenic Transmission Electron Microscopy
Cryo-TEM imaging was conducted at the Monash Ramaciotti

Centre. Vitrification of the sample-loaded grid was conducted using
the Vitrobot Mark IV (FEI, Hillsboro, OR). Two microliters of each
sample (1.4 and 15 %w/w KOL) was applied to Quantifoil R 2/2 mesh
copper grids over a holey carbon support (Quantifoil Micro Tools,
Großl€obichau, Germany). Blotting of excess solutionwas performed
by adsorption onto a filter paper in the Vitrobot chamber for 2 s at
4�C, with a draining time of 1 s and a blotting force setting ofþ2 psi
with the humidity kept close to 100%. The sample was then
immediately plunge frozen by immersion into a reservoir of liquid
ethane cooled by liquid nitrogen. Frozen grids were stored in liquid
nitrogen until required. The grids with the frozen sample were
transferred under liquid nitrogen onto a Gatan 626 cryo-transfer
holder (Gatan, Pleasanton, CA) while keeping the temperature
below �160 �C. Cryo-TEM imaging was performed at an operating
voltage of 120 keV and a stage temperature of�180�Cwith a Tecnai
G2 Spirit Twin transmission electron microscope (FEI). Electron
microscopy images were acquired with an Eagle slow-scan CCD
camera (FEI) in the low-dose mode using an electron dose of 8-10
electrons/Å2. Analysis of micelle image data was carried out using a
custom macro (available on request) written in the Fiji distribution
of ImageJ software.29 Details of the analysis are as follows. Local
contrast was enhanced to allow easier object extraction (block
size ¼ 127, histogram ¼ 64, maximum ¼ 3). A gaussian blur
(sigma ¼ 3) was applied to reduce noise. Micelles were then
thresholded and segmented to allow measurement of individual
particles. The width, area, and aspect ratio of each particle were
recorded. In addition, an average consensus particle was generated
by averaging all measured particles in a sample.
Small-Angle X-Ray Scattering
SAXS measurements were conducted on the SAXS/WAXS

beamline at the Australian Synchrotron.30 Surfactant samples
(approximately 120 mL) were loaded into 1.5-mm-diameter special
glass capillaries (Charles Supper, Natick, MA) and placed into a
temperature-controlled capillary holder for analysis, maintained at
37�C. Where samples were highly viscous (surfactant concentra-
tions of 50% and above), they were loaded between Kapton tape
and then taped onto the same temperature-controlled capillary
holder for analysis. The sample-to-detector distance was 1536 mm,
and an X-ray wavelength (l) of 0.954 Å (photon energy ¼ 13 keV)
was used to give a q range of 0.005 < q < 1.0 Å�1. A 2D scattering
pattern was obtained using a Pilatus 1 M detector with a pixel size
of 172 mm and an active area of 169 � 179 mm2 per pixel. The
acquisition time of each measurement was 5 s. Radial integration
by the in-house-developed software ScatterBrain was used to
convert the 2D scattering patterns into 1D scattering profiles of I(q)
versus q, where q is the scattering vector given by (4p/l)sinq, I(q) is
the X-ray intensity at a given q, and 2q is the scattering angle.
Micelle and liquid crystalline structures were then identified from
the features in the 1D scattering profiles. Indirect Fourier trans-
formation of the scattering data to give pair distance distribution
Table 1
Force Field Parameters Used in the Simulations That Differ From the 53A6 Force Field

Parameter 53A6DBW

Partial atomic charges 53A6OXYa

Proper dihedral angles 53A6b

Lennard-Jones interactions Interaction between carbon and wat

a Horta et al.23
b Anderson and Wilson.36
c Warren et al.24
d Fuchs et al.21
[p(r)] functions was performed using the p(r) inversion function of
SasView (version 4.0.1) software.31
MD Simulations

MD simulations were performed using GROMACS,32 versions
2016.3 and 2018.1. The total computation time required for the
simulations presented was approximately 65,000 CPU hours (3 �
nVidia Tesla V100). Isotropic periodic boundary conditions were
applied to a cubic simulation cell (21 � 21 � 21 nm), for the spon-
taneous aggregation simulations and an orthorhombic cell for the
bilayers (5.6� 5.6� 140 nm). Simulations were conducted with the
Verlet cutoff scheme33 using a cutoff distance of 1.4 nm for short-
range nonbonded forces (Coulombic and van der Waals in-
teractions), beyond which the electrostatic effects were treated by
the particle mesh Ewald summation method using a 3D FFT with a
grid spacing of 0.12 nm, interpolation order of 4, and a relative
strength of Ewald-shifted direct potential34 of 1�10�5. The
isothermal-isobaric or NPT ensemble (constant number of particles,
pressure, and temperature) was used. Simulations used 2 GROMOS-
compatible force fields, 2016H6622 and 53A6DBW.24 The base pa-
rameters for KOL were obtained from Automated Topology Builder
(ATB) version 2.2 (https://atb.uq.edu.au).35 Parameters that were
changed from the default ATB topology are summarized in Table 1,36

and parameters' values are listed in Figure S1. The rigid simple point
charge water model was used. Water molecules were constrained
using the SETTLE algorithm,37 whereas solute bond lengths were
constrained by the LINCS algorithm.38 A 5-fs time step for the pro-
duction run was enabled by increasing the mass of the polar
hydrogen atoms by a factor of 4 while subtracting this mass increase
fromthebondedheavyatoms to conserve the totalmoleculemass, as
commonly used in MD simulations.9,12,39,40 KOL was represented in
the simulations as a single component, triricinoleate ester of poly-
ethoxylated glycerol 35 (Fig. 1), based on the most abundant con-
stituent as reported by the manufacturer (BASF Technical Sheet,
Solubilizer Compendium) and in the literature.41-43 Random initial
system geometries were generated by randomly placing molecules
within the simulation cell using the script random_box from the
Silico package, v1.01.44 Bilayers were constructed using the Silico
bilayer_builder script, with 50 KOL molecules in each layer. The
simulatedKOL systemswere solvatedwithwater containing150mM
NaCl to reflect the ionic strength of the GI fluids. The number of KOL
molecules in the cell was calculated based on the desired final con-
centration (%w/w) in water and each simulation contained approx-
imately 900,000 atoms. The initial systems were subjected to a
steepest descentminimization. The temperaturewas then set to 310
K and kept constant by the velocity rescale algorithm with a 0.1 ps
time constant45 for 50 ps, while the pressure was maintained to
approximately 1 bar and a compressibility of 4.5 � 10�5 using the
(isotropic) Berendsen algorithm46 followed by (anisotropic) Parri-
nello-Rahman47 extended-ensemble pressure coupling, both for
50ps. The output from thisfinal stepwas thenused to commence the
production runs of 100 ns each.MD trajectorieswere analyzed using
2016H66

53A6OXYa

53A6OXYþD
d

er OW is modified by þ5% (C6) and �5% (C12)c 53A6OXYa

https://atb.uq.edu.au


Figure 2. Phase diagram of KOL in water containing 150 mM NaCl as a function of the
weight fraction. The left axis (black) displays the hydrodynamic diameter of the ag-
gregates, that is, micelles (filled circles) and phase separated structures (open squares)
measured by DLS. The right axis (blue triangles) displays the turbidity as relative
turbidity units (RTU) up to 40 %w/w. Error bars are plotted as ±SD. The mean poly-
dispersity value obtained over a concentration range is shown at the top. Hydrody-
namic radii of the particles are obtained from the translational diffusion coefficient
using the Stokes-Einstein relationship and are valid for noninteracting particles.
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programs distributed as part of the GROMACS software package,
unless otherwise stated. Radii of gyration of aggregates were
computed with gmx gyrate, averaged over the last 10 ns of the sim-
ulations. The solvent-accessible surface area (SASA)of theaggregates
was computed using gmx sasa.48 The effective micellar size is
calculated based on the following equation and assuming a solid
sphere of uniform density49:

RS ¼
ffiffiffi
5
3

r
RG

The radial distribution function (RDF) was calculated using the
GROMACS program tool gmx_rdf, using a binwidth of 0.002 nm and
performed over the last 10 ns of the production run. The hydro-
philic atoms selected for the analysis were C41, O9, O17, and O39 in
1 index group (Fig. 1b). Visualization of the simulation trajectories
was performed using VMD,50 version 1.9.2. Molecular aggregation
was examined using the Silico script find_aggregate, which iden-
tifies hydrophobic aggregates of molecules (e.g., micelles, vesicles,
or lamellae) in a periodic system. Molecules were defined as
belonging to the same aggregate if 2 carbon atoms were within a
cutoff distance of 0.4 nm. Any remaining molecules were subse-
quently identified as being free monomers.

Results

We have used a range of experimental techniques to investigate
the phase behavior of KOL. These determinations are combined
with MD simulations of KOL in solution to improve our under-
standing of the self-assembly of this complex nonionic surfactant.

Experimental

KOL Stability in the GI Tract
To investigate whether the KOL colloids formed in the gut

consist of the original or digested species, the extent of KOL
digestion was determined by in vitro lipolysis experiments with
back-titrations (Fig. S2). The extent of KOL digestion at the ester
linkages of the ethoxylated glycerides was determined to be 21%
and occurs gradually over 60 min by pancreatic lipase-colipase,
rather than by an immediate digestion burst. This suggests that
the majority of KOL in a formulation will still remain undigested in
the gut and be the primary species.

Determination of the Micellar Phase Boundary
The formation of micelles by KOL in water was analyzed by

dynamic light scattering (DLS) and nephelometry to obtain an es-
timate of the aggregate size and region of the micellar phase
boundary. To encompass a broad range of concentrations, solutions
of KOL with concentrations 0.5%-99 %w/wwere studied. At low KOL
concentrations, sample solutions were easily dispersible and clear.
At concentrations greater than 25 %w/w, gel-like viscous mixtures
were formed, and at concentrations beyond 50 %w/w, sample vis-
cosity limited the accuracy of volume dispensing for nephelometry.
Figure 2 shows the DLS and nephelometry results. A micellar region
was detected below 25 %w/w surfactant (blue), and this was
confirmed with turbidity measurements using the nephelometer.
For samples below 25 %w/w KOL, the average aggregate size
(determined by DLS) ranged from 12 to 15 nm in diameter, which
corresponds to a typical micellar size. Specifically, this is in agree-
ment with the 13 nm aggregate size reported previously for KOL in
the presence of a drug.51 Interestingly, the values for the hydro-
dynamic diameter obtained from DLS remain constant through the
micellar concentration range, indicating that there is no appre-
ciable swelling of the aggregates with increasing surfactant
concentration. Samples in the micellar range were found to be
monodisperse, displaying a low PDI, whereas samples beyond the
phase boundary (orange) were polydisperse. A further increase in
concentration beyond 25 %w/w KOL generated very large struc-
tures, although measured sizes should be regarded as nominal due
to the high viscosity of the solution in this range.
Structural Characterization of KOL Colloids
Cross-polarized light microscopy was used to characterize the

large structures formed by KOL above the micelle phase boundary.
The detection of birefringent specimens indicates the presence of
anisotropic lyotropic liquid crystals. As shown in Figure S3, no
birefringence was present up to 15 %w/w, which represents the
micellar region. Samples of 50 %w/w displayed a mild degree of
opaque cloudiness. At this concentration, the cross-polarized light
micrograph exhibited birefringence in a leaf or feather-like struc-
ture, which is comparable to the typical fanlike structure seen for
hexagonal liquid crystals.

Cryo-TEMwas also used to gain further insight into the structure
of KOL micelles. Figure 3a shows micrographs of frozen KOL solu-
tions that were prepared with concentrations of 1.4% and 15% w/w
KOL (although we believe the vitrification process may perturb this
concentration, discussed further below). The micelles have
maximal diameters of 8.7 and 9.9 nm and minimal diameters of 6.0
and 7.5 nm, respectively. These mostly consist of isotropic spherical
micelles that are organized into a lattice-like arrangement. The
large black shapes on themicrographs are ice packs that result from
the sample vitrification process. The micelles at both concentra-
tions are uniform, as can be seen from Figure 3b, which shows
averaged micelle structures. It is notable that micelle size does not
change greatly with concentration, which is consistent with the
DLSmeasurements. Hexagonal close packing of the micelles is clear
in both images, locally in the 1.4 %w/w image and across the whole
frame in the 15 %w/w image, suggesting that concentration of the
sample leads to more ordered aggregate packing. This is confirmed
by the image analysis, inwhich the gray area of the particle is larger
at 15 %w/w, which indicates a higher degree of overlap across all
the particles in the image. However, we note that there does not
appear to be a 10-fold concentration difference in between the 2
images, suggesting that concentration of the sample has occurred
upon vitrification. It is known that the vitrification process of the



Figure 4. SAXS results of KOL in water containing 150 mM NaCl as a function of the weight
(%w/w) in the micellar region in water at 150 mM NaCl at 37�C. Individual colored points
transformation of the scattering intensity versus q for solutions of 1-12 %w/w KOL. The
approximate maximum particle diameter determined from the p(r) functions (approximatel
are characteristic of a hexagonal liquid crystalline phase. The ratios of the peak q values ar

Figure 3. Cryo-TEM micrographs of KOL at 1.4 and 15 %w/w in 150 mM NaCl in water.
(a) Cryo-TEM micrographs with a 50-nm scale bar. (b) Table and overlay image of the
detected aggregates in the Cryo-TEM micrographs. The size estimation was calculated
for the micelle diameter with an in-house script for ImageJ.
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sample solution onto a grid can introduce a variety of artifacts,
including increasing the apparent concentration of particles due to
adsorption at the air-water interface.52

KOL dispersions were analyzed using synchrotron SAXS to
investigate the native colloidal phases of KOL in aqueous systems.
At KOL concentrations up to 30 %w/w (in the phase boundary re-
gion as observed by DLS), the scattering profiles observed at low q
(Fig. 4a) are consistent with core-shell particles, with a side
maximum centered around q ¼ 0.078 Å�1 clearly superimposed on
the main scattering feature at lower q. As the concentration of KOL
is increased, the scattering intensity of the high q features increases
linearly, as would be expected for a linear increase in the number of
micelles above the critical micelle concentration of KOL. The in-
tensity of scattering at low q is observed to decreasewith increasing
KOL concentration above 10 %w/w, and an additional interference
fringe begins to grow in intensity at q ¼ 0.05-0.06 Å�1. This in-
dicates that increased interparticle interactions lead to an observ-
able structure factor perturbation in the scattering profiles. This is
also borne out in the pair distance distribution [p(r)] functions
derived from the scattering data by inverse Fourier transform of the
scattering data (Fig. 4b). The initial peak/trough/peak shape of the
p(r) functions indicates that the KOL micelles have a core-shell
structure, in which the shell has a higher electron density than
the core.53 The absence of a pronounced tail in the p(r) functions
indicates that the particles are approximately spherosymmetric
and are not significantly elongated in 1 or 2 dimensions.54,55 The
decrease in p(r) to subzero values beyond the maximum particle
diameter marked by the dashed line is indicative of increasing
fraction. (a) Background-subtracted scattering profiles of KOL at various concentrations
represent the recorded data. (b) Normalized p(r) functions derived by inverse Fourier
solid colored lines represent the p(r) functions, and the dashed line represents the
y 130-140 Å). (c) Raw scattering profile of the 50 %w/w KOL sample showing peaks that
e labeled.
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interparticle interactions that lead to the observed structure factor
perturbation of the scattering profiles. The low q scattering data of
KOL solutions with concentrations up to 30 %w/w were therefore
within the range of the DLS data showing core-shell particles with
diameters on the order of 13-15 nm. At 50 %w/w KOL, which is
outside of the micellar region observed by DLS, Bragg peaks asso-
ciated with a liquid crystalline phase are present at q values of
0.064, 0.111, and 0.128 Å�1. The ratio of the peak q values (1,√3 and
√4) corresponds to a hexagonal liquid crystalline phase with a
lattice parameter of 113 Å. This correlates with the hexagonal
packing of micelles observed in the cryo-TEM images in which the
observed nearest-neighbor interparticle separation is close to the
calculated lattice parameter of 11.3 nm. The samples containing 80%
and 95% KOL afforded no scattering signals related to micelles or
hexagonal liquid crystalline phases.

Computational: Molecular Dynamics

MD simulations were carried out to investigate to what extent a
simple KOL model, containing only a single molecular component,
could reproduce our experimental studies. As part of this analysis,
we compared the influence of 2 sets of force field parameters on the
aggregation of KOL into micellar structures, which is the most
relevant phase to studies of lipid formulations. Table 2 displays the
number of the molecular species used in each simulation to model
the phase behavior of KOL in water.

Effect of Force Field Parameters on Surfactant Behavior and
Hydration

As the conventional GROMOS 53A6 force field was not devel-
oped to model the complex behavior of PEO chains, and does not
reproduce the experimental behavior of polyethoxylated com-
pounds in water,22,24 several research groups have aimed at
addressing this issue by developing new force field parameters that
better model the conformational behavior of the PEO backbone and
its interactions with water. The 53A6DBW and 2016H66 force fields
are both modified versions of the GROMOS 53A6 force field and
were used in this study to understand the behavior of KOL at a
molecular level and the self-assembly of PEO surfactants. In an
initial experiment, we investigated how an isolated KOL molecule
behaves in aqueous environment. Simulations of a single molecule
in water (100 ns) were performed using the 3 available force fields
Table 2
Specifications of Molecular Dynamics Simulations of KOL in Water

Sim. No. Cell Size (nm) Force Field [KOL] (%w

1 5.6 � 5.6 � 140 53A6 73
2 53A6DBW
3 2016H66
4 21 � 21 � 21 53A6DBW 1.4
5 2016H66
6 53A6DBW 3
7 2016H66
8 53A6 5
9 53A6DBW
10 2016H66
11 53A6DBW 7
12 2016H66
13 53A6DBW 10
14 2016H66
15 53A6DBW 12
16 2016H66
17 53A6DBW 15
18 2016H66
19 2016H66 50
(simulations 1-3). Figure 5 shows a series of snapshots of the KOL
molecules over time. It is noticeable that the 53A6 force
field rapidly produces a compact KOL structure, whereas the
2016H66 and 53A6DBW force fields produce more open, solvated
structures.
Simulations of KOL Aggregation
To investigate to most relevant colloidal structure at low KOL

concentrations, we modeled the formation of micelles starting
from a random organization using the 53A6DBW and 2016H66 force
fields. Figure 6a shows the spontaneous aggregation of KOL (5 %w/
w) into micelles over 50 ns using the 2016H66 force field and
starting from a random arrangement of KOL molecules (simulation
10). The final frames for each of the force fields are shown in
Figure 6b (simulations 8-10). In each case, the initially randomly
distributed surfactant molecules aggregate within 2 ns to form
distinct, larger structures around 50 ns. The systems reach a dy-
namic equilibrium between 50 and 100 ns, duringwhich fusion and
splitting of micelles occur. Care is required with MD simulations to
establish whether the simulations have reached an equilibrated
state, as aggregation and phase reorganization can occur over long
time frames. Several independent system variables, such as the
number of aggregates formed, the SASA, and the total energy of the
system reach stable values during the last 40 ns of these simula-
tions (Fig. S4). During this spontaneous aggregation process, the
KOL nonpolar fatty acid moieties are rapidly orientated toward the
core of the micelle and the so-called “palissade” layer of the PEO
chains forms. At the completion of the simulations, the unmodified
53A6 force field forms a compact, shrunken aggregate. In contrast,
the 53A6DBW and 2016H66 force fields produce micelles with well-
solvated outer layers. To demonstrate these differences in PEO
chains hydration in the different force fields, we calculated the
averaged RDFs for selected atoms along these hydrophilic chains of
the KOL molecule and water (OWatoms) as well as the SASA for the
different parts of the molecule (Fig. 7). The 2016H66 and the
53A6DBW force produce a first solvation shell (first peak) at a dis-
tance of 0.28 nm from the glycerol and PEO chains, which corre-
sponds to the length of a hydrogen bond (Fig. 7a). A second
hydration shell is visible, with the 2016H66 and the 53A6DBW force
fields at a distance of 0.48 nm with a higher probability, approxi-
mately 2 hydrogen bonds away. Neither of these peaks is present
using the 53A6 force field, showing that the hydrophilic part of the
/w) Number of Molecules

KOL Naþ Cl� H2O

100 0 0 5000

32 873 873 299870
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Figure 5. Evolution of a single KOL molecule in water over 100 ns using the 53A6, 53A6DBW, and 2016H66 force fields. Water molecules and ions are omitted. KOL is colored blue for
the hydrophilic glycerol and PEO chains and orange for the hydrophobic ricinoleic acid moiety. The extended conformations marked with an asterisk are shown at reduced scale.
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molecule interacts weakly with the surrounding water. This is
reinforced by Figure 7b, which shows clear differences in the SASAs
of the hydrophilic moieties (defined as in Fig. 1b) using each of the
different force fields. The SASA of the hydrophilic part of KOL with
the 53A6 force field is approximately three times smaller thanwith
the modified force field versions, suggesting a different packing or
orientation of the KOL molecules in the micelles. As the 53A6 force
field results in phase-separated, dehydrated colloids, all further
computational studies of KOL were performed using the 53A6DBW
and 2016H66 force fields.
Figure 6. Impact of the force field parameters on the aggregation process and final micelles
aggregation process of KOL. Water particles have been rendered as a transparent surface,
hydrophilic glycerol and PEO chains and orange for the hydrophobic ricinoleic acid moietie
different force fields.
Phase Behavior of KOL With the 53A6DBW and 2016H66 Force Fields
To investigate the phase behavior of the KOL model, we ran a

series of simulations at different surfactant concentrations (simu-
lations 4-19). Each simulation was commenced from a random
arrangement of KOL molecules. Figure 8a shows the final structures
of the simulated systems. All simulations with both force fields
produce micelles with the fatty acid chains located in the micellar
core. We observe that the 53A6DBW force field results in micelles of
consistent size upon increasing concentration, whereas the
2016H66 force field promotes the formation of larger aggregates
of KOL at 5 %w/w water containing NaCl (150 mM). (a) Snapshots of the spontaneous
and NaCl ions have been omitted. The KOL molecules are shown colored blue for the
s. Boxes indicate the periodic cell. (b) Final frames after 100 ns simulation with the 3



Figure 7. Impact of the force fields on the hydration of KOL at 5 %w/w. (a) Averaged radial distribution functions, g(r), for the hydrophilic atoms of KOL (C41, O9, O17 and O39) and
water (OW) for the different force fields. (b) Total solvent-accessible surface area (SASA) ± SD of the KOL hydrophilic part (all atoms of the PEO chains and glycerol backbone) and
the hydrophobic part (all atoms of the ricinoleic acid chains). Data are calculated from the last 10 ns of the simulations.
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(Fig. 8b). This is especially the case at 5 %w/w, where a significant
difference between the micelle sizes generated by the 2 force fields
is observed (Student t-test with Mann-Whitney test). To probe how
the force fields affect the KOL aggregate shape, the radii of gyration
Figure 8. Micelle behavior upon increasing KOL concentration. (a) Final frames of the simu
Figure 6 is used, and the water and NaCl ions have been omitted. (b) Aggregate size of the
factor [√(5/3)], over the last 10 ns of the trajectory, displayed as mean ± SD. Statistical signifi
nonparametric test for unmatched groups. (c) Radii of gyration of the colloidal aggregates
around the principal axes of each aggregate over the final 10 ns of
each trajectory were calculated. As shown in Figure 8c, the micelles
are approximately spherical at low concentrations (1 and 3 %w/w),
with all the dimensions being of similar length. At concentrations of
lations (100 ns) at the various KOL concentrations (%w/w). The same color scheme as
micelles in the simulations based on the radius of gyration multiplied by a correction
cance was determined with p < 0.05, using the Student t-test with the Mann-Whitney
around the principal axes.



Figure 9. Final frame of MD simulations at 50 %w/w KOL. (a) Representation of the full KOL molecules, with the color scheme as in Figure 6. Water and NaCl ions have been omitted.
(b) Representation of the hydrophobic, fatty acid moiety only.
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5 and 7 %w/w, the aggregates deviate from the spherical shape to
form slightly more oblate micelles (rx z ry > rz). Simulating a
system containing 50 %w/w KOL using the 2016H66 force field
(simulation 19) results in the formation of disorganized rods
(Fig. 9), where the hydrophobic cores of the micelles merge into
elongated structures (Fig. 9b). Although this structure is not clearly
a hexagonal phase, it resembles an unordered hexagonal packing of
the type observed in the cryo-TEM and SAXS experiments.
Microstructure of the KOL Micelles
To determine the extent of hydration of the micelles formed

spontaneously by KOL, we calculated the RDF of water (OW) from
each micelle center of mass and compared it across the 2 force
fields. Figure 10a shows the RDF for KOLmicelles formed at 3 %w/w.
The core or interior of the micelle is minimally hydrated to a dis-
tance of 2 nm (radius), which is in agreement with the SASA of the
hydrophilic and hydrophobic parts of KOL, as shown in Figure 7b,
and was consistent for both force fields. Figure 10b is a represen-
tation of a micelle of KOL at 3 %w/w and highlights the position of
the glycerol backbone on the micelle surface. The hydrophilic
glycerol and PEO chains are oriented radial to the micelle core with
the 3 PEO chains in a relatively expanded conformation to maxi-
mize the penetration of water into the chains. The PEO chains are
not organized close to each other, which reflects the relatively
inefficient packing of the surfactant molecules due to the cis double
bond and the alcohol group present in the ricinoleic acid moieties.
Figure 10. Degree of internal hydration of KOL micelles at 3 %w/w (100 ns). (a) RDF of wate
force fields. (b) Organization of the KOL molecules within a micelle. The ricinoleic acid chain
and red oxygen atoms. Bold atoms show the glycerol backbone and the adjacent atoms.
Discussion

Kolliphor EL, being a nonionic surfactant with 3 amphiphilic
chains connected through the terminal glycerol spacer group, is a
nonconventional surfactant. As little is known about the nature of
KOL colloids, we investigated the size, morphology, and phase
behavior of these aggregates using complementary computational
and experimental techniques.

The diameter of KOL aggregates measured by DLS and SAXS was
12-15 nm with little micellar growth observed on increasing KOL
concentration. Cryo-TEM analysis found smaller size micelles (9-10
nm). Size overestimation by DLS is commonly reported, as this
technique determines the hydrodynamic radius, rather than the
effective radius, including the viscosity drag at the colloid surface
from the Stokes-Einstein equation.56 The SAXSmeasurements were
consistent with the particle size obtained by DLS (13-14 nm) by
analysis of the pair distance distribution [p(r)] functions. The
measured KOL micelle size is slightly larger than found for other
heterogeneous nonionic surfactant micelles, such as Pluronics ag-
gregates (10 nm),57 micelles from Tween-80 (10 nm),58 or Brij
(10 nm).59 The absence of micellar growth with increasing KOL
concentration has previously been reported for a range of nonionic
surfactants.60-64

The micelle shapes determined by cryo-TEM and SAXS were
essentially spherical, with increasing interparticle interactions
above 5 %w/w building to hexagonal packing at 50 %w/w. Hexag-
onal close packing of micelles was observed at all concentrations
r (OW atoms) from the center of mass of the micelle using the 53A6DBW and 2016H66
s are shown as orange rods. PEO chains are represented as lines with blue carbon atoms
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measured using cryo-TEM with an interparticle spacing consistent
with the lattice parameter determined by SAXS for the 50 %w/w
sample. This suggests that artificial concentration of the sample
had occurred during the vitrification process, possibly due to se-
lective removal of water by the blotting substrate or alternatively
due to concentration of the surface-active particles at the air-water
interface immediately before plunge freezing.52

A range of MD simulations were run to compare different KOL
force field models with the experimental data. As expected, the
unmodified 53A6 force field did not allow for any water diffusion
through the hydrophilic PEO chains and hence resulted in unhy-
drated micelles (Fig. 6b). The colloidal structures formed with the
modified force fields exhibited a similar degree of water penetra-
tion and general hydration. The hydrophilic moiety of KOL is thus
strongly exposed to water using both of these force fields. These
results highlight the sensitivity of the molecular and phase
behavior to the force field details. Overall, the parameterization
resulted (in both cases) in an improved interaction of the PEO chain
with the water molecules producing experimentally comparable
core-shell micelles.

To compare the molecular simulations with experimental re-
sults, the phase behavior at different surfactant concentrations was
investigated. The spherical morphology of the micelles at low
concentration observed with both force fields (53A6DBW and the
2016H66) was in good agreement with the cryo-TEM and SAXS data
that show globular aggregates. The assembly of the KOL molecules
within the micelles obtained by MD also reproduces the core-shell
architecture determined by SAXS. The aggregate size obtained from
the simulation was in the experimental range of 12-15 nm,
although additional smaller aggregateswere observed, which could
be a limitation from the size of the molecular simulation cell. The
53A6DBW force field replicated the observation from DLS studies
that KOLmicelle size is relatively independent of concentration and
the trend seen by SAXS, where the number of micelles increases
upon increasing concentration, whereas micelles produced by the
2016H66 force field increase in size with increasing concentration.
The 2016H66 force field, on the other hand, replicates the experi-
mental aggregate size more accurately than 53A6DBW. At higher
KOL concentrations (above 7 %w/w), the micelles aggregate in the
MD simulations, resulting in larger entities with a rod-like
morphology. This observation roughly correlates with the SAXS
data, in which a larger structure factor was seen after 5 %w/w but is
not clear that there is close agreement between the modeled and
experimental structures at higher concentration ranges.
Conclusion

In this study, we have investigated the colloidal structure and
phase behavior of KOL using a range of experimental techniques
that will allow us to validate our computational nonionic surfactant
model. DLS and cryo-TEM analysis determined the KOL micelles to
be spherical and in the range of 12 to 15, and 7-11 nm in diameter,
respectively. SAXS experiments confirmed these findings and
identified particles with a core-shell structure that showed
measurable interparticle interactions above 5 %w/w leading to
hexagonal close packing at 50 %w/w. The key features of the
observed experimental behavior of KOL are, in general, successfully
modeled by means of MD using the 53A6DBW and 2016H66 modi-
fications of the GROMOS force field. Our single-component KOL
model reproduces the phase behavior of the commercial mixture
with an accuracy that is sufficient to extend the use of the model to
more complex studies of drug formulations and their behavior
within the GI tract. Ultimately, we expect that detailed and accurate
MDmodels will become an essential tool for the design of complex
colloidal systems, such as LBFs for drugs with low aqueous
solubility.
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