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ABSTRACT A critical quality attribute for liquid formulations is the absence of visible particles. Such particles may form upon
polysorbate hydrolysis resulting in release of free fatty acids into solution followed by precipitation. Strategies to avoid this effect
are of major interest for the pharmaceutical industry. In this context, we investigated the structural organization of polysorbate
micelles alone and upon addition of the fatty acid myristic acid (MA) by small-angle x-ray scattering. Two complementary ap-
proaches using a model of polydisperse core-shell ellipsoidal micelles and an ensemble of quasiatomistic micelle structures
gave consistent results well describing the experimental data. The small-angle x-ray scattering data reveal polydisperse mix-
tures of ellipsoidal micelles containing about 22–35 molecules per micelle. The addition of MA at concentrations up to 100
mg/mL reveals only marginal effects on the scattering data. At the same time, addition of high amounts of MA (>500 mg/mL)
increases the average sizes of the micelles indicating that MA penetrates into the surfactant micelles. These results together
with molecular modeling shed light on the polysorbate contribution to fatty acid solubilization preventing or delaying fatty acid
particle formation.
SIGNIFICANCE Polysorbate-containing formulations of biologics may occasionally release free fatty acids upon
polysorbate degradation. These free fatty acids may precipitate and form particles, which is undesirable for pharmaceutical
formulations for subcutaneous injection. As polysorbate micelles should have the potential to incorporate free fatty acids
and thus prevent their precipitation, a better understanding of the interaction of free fatty acids with polysorbate micelles
should help to develop more robust pharmaceutical formulations of biologics. Here, we present molecular modeling and
experimental results that provide detailed information on interaction of free fatty acids with polysorbate micelles.
INTRODUCTION

Pharmaceutical drugs do not only contain an active pharma-
ceutical ingredient (API); in general, the API is assisted by
several excipients and all together comprise the formulated
drug product. A very important aim of the formulation is to
keep the API intact, active, and available over the shelf-
life. Temperature, pH, oxidative, UV, agitation, and shear
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stress are the major factors APIs need to be protected against
in biologics formulations (1–3). Surface active agents, short
surfactants, are a molecule class widely used in pharmaceu-
tical formulations to ensure the product quality (4). These
molecules are amphiphilic with hydrophilic and hydrophobic
regions and therefore locate energetically preferred at phase
boundaries between polar and nonpolar phases. Examples
of such boundaries are the liquid-air or liquid-container
interfaces in formulations. The protective mechanism is
well studied, and the API stabilization is mostly linked to a
competitive adsorption of a surfactant to the hydrophobic in-
terfaces and a resulting displacement of the API (1,2,5–9).
Proteins are the APIs in biologics and surfactants are able
to shield the hydrophobic surfaces at the boundaries of the
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Fatty acid and PS20 micelle interaction
protein solution thereby preventing adsorption, misfolding of
the proteins, and aggregation at these interfaces (10–12).

The formation of surfactant micelles is a further possibil-
ity to reduce the free energy of amphiphilic surfactants in
polar solutions and occurs above a certain surfactant con-
centration, the critical micelle concentration (13–16). The
surfactant molecules are oriented with the hydrophilic re-
gions directed to the outside of the micelle while the hydro-
phobic regions cluster in the micellar core. These structures
can differ in size, shape, aggregation number (number
of molecules per micelle), and stability. The micellar
appearance is also dependent on the type of surfactant, con-
centration, and environmental conditions (e.g., pH and tem-
perature). The resulting structures can vary from small
spherical, via elongated cylindrical or large flat lamellar mi-
celles to vesicles with a bilayer (17).

Polysorbates (PSs), also known as Tweens, are very
common dispersants and are the most relevant surfactants
in therapeutic biologics. Ninety-six percent of all commer-
cial biologics’ formulations include either PS20 or PS80
(4,18). Both PSs consist of a sorbitan core, substituted
with on average 20 polyoxyethylene (POE) subunits. This
hydrophilic part of the molecule is esterified with a hydro-
phobic fatty acid. The used fatty acid mixture defines
the difference between PS20 and PS80. Oleic acid
(C18:1) is the predominant fatty acid in PS80 and lauric
acid (C12:0) in PS20 (Fig. 1). PS has no clearly defined
structure being a mixture of many different structures.
Already the condensation of sorbitol to sorbitan can result
in isosorbide. These core structures can be substituted with
many different POE patterns and one or several of different
fatty acids. All this ends up in more than 1500 possible
structures for each PS (19). PS micelles typically contain
a mixture of different structures and the composition varies
with PS concentration (20). PSs used in pharmaceutical
formulations are regulated via compendial requirements
and the batch-to-batch consistency is highly controlled by
raw material testing.

Numerous publications are devoted to issues related to PS
degradation in biologics (2,21–30). The most frequently
occurring issues are loss of functional PS, the appearance
of particles or enhanced oxidation. These phenomena are
related to PS degradation, which is described to occur via
two pathways, a hydrolytic and an oxidative one. The oxida-
tive pathway is based on a radical-driven mechanism and is
more prominent for PS80 than for PS20. The omnidirec-
tional oxidative degradation is also described to foster pro-
tein oxidation (31) and could therefore influence the quality
of biologics. However, this pathway is not the focus of this
publication. The second pathway, PS hydrolysis, results in
an ester cleavage that can be caused either by extreme pH
or by hydrolytic enzymes. The pH is always moderate in bi-
ologics and is therefore not of high relevance. Consequently,
together with the API, copurified host cell proteins with
esterase activity are the more probable root cause for hydro-
lytic PS degradation. This hydrolytic pathway results in a
release of fatty acids from PS into the protein solution.
Most of the released fatty acids are poorly soluble and
tend to aggregate into particles (24,26). Such particles could
be a critical quality attribute of biologics.

Many parameters influence the fatty acid solubility.
Important factors in biopharmaceuticals are the type of fatty
acid, pH, silicone oil concentration, and the PS concentra-
tion (32–34). The chain length and saturation of fatty acids
influence the solubility and the solid state. Longer fatty
acids are less soluble in aqueous solutions than shorter
ones. Furthermore, the melting point is influenced by the
alkyl chain length and saturation. The longer but unsatu-
rated oleic acid (C18:1) is liquid at room temperature while
a shorter but saturated lauric acid (C12:0) is solid. The pH
influences the charge state of the fatty acid and therefore
also the solubility in aqueous solutions. In general, all
formulation components can influence the fatty acid solubi-
lity, from silicone oil via the API to surfactants. Well studied
is the positive effect of PSs on the solubility of free fatty
acids (33,35), but it remains unknown what happens on
the molecular level in these solutions. Our aim was to
shed light on the question, whether free fatty acids released
from PS20 solutions can be incorporated into PS20 micelles
and whether micelles of different PS20 fractions behave
differently with respect to fatty acid incorporation. Investi-
gations were performed on PS20, the POE sorbitan mono-
laurate fraction (F2) and a fraction of POE sorbitan
esterified with more than one lauric acid (F4). Myristic
acid (MA) (C14:0) was used as model free fatty acid in
the experiments. MA is the second most abundant fatty
acid of PS20 and less soluble than the most abundant fatty
acid lauric acid. Considering these properties, we expect
MA to have a higher relevance for the occurrence of parti-
cles in biologics liquid formulations.

Different experimental techniques were used in the past
to investigate the surfactant behavior and micellar structure
in solution, from tensiometric methods via dynamic light
scattering to small-angle scattering of x-rays (SAXS) and
neutrons. Small-angle scattering yields structural informa-
tion on the nanometer scale being suitable for common
surfactant micelles. Here, we employed SAXS using high-
brilliance synchrotron radiation providing accurate experi-
mental data on low-concentration solutes. SAXS uses the
elastic scattering behavior of x-rays traveling through mate-
rial and interacting with the electrons. The scattering data
after subtraction of the solvent contribution contain infor-
mation about size, shape, and electron density distribution
of the investigated structure. To get further insights of
PS20 structure, molecular dynamics (MD) simulations
have been used to study PS20 micelles and their interaction
with small molecules (36). In this work, we also used MD
simulations to model the interactions between the PS20 mi-
celles and MA, and shed some light on how the MA mole-
cules migrate into the PS20 micelles.
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This study demonstrates experimentally and by modeling
that free fatty acids can be incorporated into the PS micelles.
This information is important for the mechanistic under-
standing of how does PS contribute to the solubilization of
fatty acids.
MATERIALS AND METHODS

Materials

Polysorbate NF, Multi-Compendial, from J.T. Baker was used for the exper-

iments with whole PS20. POE sorbitan monolaurate fraction (F2) and the

higher-order esters fraction (F4) of lauric acids with POE sorbitan were

purified and provided byCroda (East Yorkshire, UK). PS and the PS fractions

were dissolved inMilli-Qwater. MA (Merck, Darmstadt, Germany) was dis-

solved in methanol (Avantor, Luxembourg). n-Dodecyl-b-maltoside (DDM)

(Sigma-Aldrich, Darmstadt, Germany) was dissolved in Milli-Q water.
Sample preparation

PS (PS20, F2, F4) stock solutions were diluted to useful intermediate con-

centrations with ultrapure Milli-Q water and stirred for 10 min or vortexed

for 5 min. A stock solution of MA in methanol was diluted to useful inter-

mediate concentrations with methanol. A titration series of MA from 0 to

2000 mg/mL in 5 or 1 mg/mL PS was then pipetted, where the methanol

content was kept at 4% (v/v). The sample system was kept without any

buffer or further formulation components to reduce potential sources of er-

rors when subtracting placebo from verum. Samples were vortexed for

1 min and then incubated for 16 h at room temperature. For higher MA con-

centrations, a white precipitate was observed, and the supernatant was care-

fully transferred into a fresh vessel for measurements. For DDM

measurements, 7.3 mg DDM was dissolved in a final volume of 730 mL

Milli-Q water immediately before SAXS measurements.
SAXS measurements

SAXS data from PS PS20, F4, F2, and DDM samples were collected at the

EMBL SAXS beamline P12 at PETRA III, DESY, Hamburg, Germany (37).

The scattering intensity I(s)was measured as a function of momentum trans-

fer s ¼ 4psinQ/l, where 2Q is the scattering angle and l the x-ray wave-

length. The PS samples were measured in an aqueous solution of 4%

methanol (‘‘buffer’’). The titration against MA was conducted at detergent

concentrations of 1 and 5 mg/mL, with addition of MA from 0 to 2000

mg/mL. For the concentration effect analysis on PS samples, a serial dilution

(10, 5, 2.5, and 1.25mg/mL) was conducted. DDMwas measured inMilli-Q

water at detergent concentrations 10, 5, 2.5, and 1.25 mg/mL, with Milli-Q

water measured as blank. SAXS data were collected at 20�C using a batch

mode setup with automated sample delivery (38). The beamline was cali-

brated for angular axis using silver behenate powder. The scattering data

were collected by a two-dimensional PILATUS-6M detector with the sam-

ple to detector distance 4 m and the x-ray energy 8 keV. The scattering data

underwent standard automated radial averaging and buffer subtraction pro-

cedures (39). Samples and the corresponding matching solvents were

measured under continuous flow to avoid radiation damage. For each spec-

imen, 40 frames with exposure time 0.1 s were collected and the successive

frames were analyzed for possible radiation damage using the pipeline

SASFLOW (40). The frames showing potential radiation damage effects

(i.e., statistically different from the first frame) were not included in the

average. The capillary was washed after each sample and the measurements

of all solutes were repeated 6–10 times and independent repetitions were

averaged to reduce the noise (39). The overall particle parameters were as-

sessed by PRIMUS (41). The distance distribution functions were computed

by an indirect Fourier transformation using GNOM (42).
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Modeling using a system of polydisperse core-
shell ellipsoidal micelles

SAXS data from PS20, F2, and F4 were approximated by a system of poly-

disperse core-shell ellipsoidal micelles using the program BILMIX (43).

This program was originally developed for the analysis of spherical or ellip-

soidal unilamellar lipid vesicles, but it has the capacity for modeling of

ellipsoidal micelles as well. The following parameters of the micelle system

are optimized by BILMIX: semiaxes of the ellipsoid of revolution (a,a,b),

polydispersity of the ellipsoid dRell, thickness of the ellipsoidal shell t, elec-

tron densities of the core (rin) and shell (rout) parts of the micelle. The

scheme of a core-shell ellipsoidal model of a micelle is shown in Fig. 2.
Modeling using quasiatomistic models of
micelles

In an alternative approach, we have used a number of quasiatomistic models

of micelles generated by the program ELLMIC, a modified version of

ELLLIP (44). ELLMIC uses a monomeric PS20 molecule as an individual

building block. For this, quasihomogeneous angular grids with a user-spec-

ified number of directions based on Fibonacci numbers sequence (1, 2, 3, 5,

8, 13, 21, 34.) are generated. Then the monomeric lipids are aligned with

respect to these axes to build an ellipsoid with the specified semiaxes.

A number of prolate and oblate ellipsoids with varying sizes were gener-

ated based on the modeling results of the previous section. From the exper-

imental zero angle scattering (and also from the earlier results), the micelles

were found to contain between about 20 and 35 surfactant molecules. Two

types of micelles were thus generated containing 22 and 35 monomeric

surfactants. These micelles included model 1 (ellipsoid with semiaxes

a ¼ 4.5 nm, b ¼ 3.4 nm, c ¼ 3.3 nm), model 2 (a ¼ 4.5 nm, b ¼
4.5 nm, c ¼ 3.5 nm), model 3 (a ¼ 5.0 nm, b ¼ 3.5 nm, c ¼ 3.5 nm), model

4 (a ¼ 5.0 nm, b ¼ 4.5 nm, c ¼ 4.0 nm), model 5 (a ¼ 4.0 nm, b ¼ 3.0 nm,

c ¼ 3.0 nm), and model 6 (a ¼ 5.0 nm, b ¼ 4.0 nm, c ¼ 4.0 nm). Besides,

15 different conformations of monomeric surfactant molecules were used

as individual building blocks (with different tail lengths). In total, an

ensemble of 180 quasiatomistic models was created.

The theoretical scattering intensities from the generated micelles were

calculated using the program CRYSOL (45). To account for the polydisper-

sity of the micelles, the data were fitted by linear combinations of the calcu-

lated theoretical intensities from multiple models using the program

OLIGOMER (41). Given the intensities from the components (surfactant

micelles) OLIGOMER finds their volume fractions by solving a system

of linear equations using the algorithm of nonnegative least-squares to

minimize the discrepancy between the experimental and calculated scat-

tering curves. The models yielding systematically nonzero volume fractions

in the OLIGOMER fitting were selected.
MD simulations

All simulations were carried out with the GROMACS program package,

version 2020.4 (46). The structure of F2 (C12) was modeled with equal

polyethylene glycol chain length (w ¼ x ¼ y ¼ z ¼ 5, see Fig. 1), which

is a major simplification as PS20 is a mixture of roughly 1500 different

structures (19). The F2 micelle with 35 F2 molecules built by ELLMIC

(Fig. 5 b, top right) was centered in a periodic simulation box (x, y, z dimen-

sions were�11.8, 10.9, and 10.0 nm) solvated with ca. 40,000 TIP3P water

molecules. The system size was ca. 125,000 atoms. After energy minimiza-

tion (1000 steps steepest descent), 2 � 300 ns MD simulations were carried

out in the NpT ensemble and the first 10 ns were discarded as equilibration.

The final structure of the first simulation was subjected to additional simu-

lations with MA at three different F2:MA mixtures (ca. 2:1, 1:1, 1:2); 20,

35, and 70 MA molecules were randomly placed in the solvent of the simu-

lation box and overlapping water molecules were removed. Naþ ions were

used to neutralize the negative charges of the MA molecules. After energy



FIGURE 1 Polysorbate average structure. The sum of w, x, y, and z, the

number of POE substituents, is on average 20 and n can vary from 2 to 8.

Fatty acid and PS20 micelle interaction
minimization (1000 steps steepest descent), one 300 ns MD simulation was

carried out for every F2:MA mixture and the first 10 ns were discarded as

equilibration. The general AMBER force field (GAFF) version 2.1 (47)

with AM1-BCC partial charges was used for the F2 and MA molecules.

Long-range electrostatic interactions were treated with the particle mesh

Ewald method (48) with a grid spacing of 0.16 nm. Short-range van der

Waals interactions were described with a Lennard-Jones 6–12 potential

that was cut off at 1.0 nm. This cutoff was also used for the division between

short- and long-range Coulomb interactions. The SETTLE algorithm (49)

was used to constrain the bonds and angles of the water molecules, and

LINCS (50) was used to constrain all bonds with H-atoms. Together with

hydrogen mass repartitioning (m ¼ 3.024 u) for the F2 and MA hydrogens

(51), allowed for an integration timestep of 4 fs using the leap-frog inte-

grator. The temperature was kept constant at 300 K by coupling to a velocity

rescaling thermostat with a coupling time constant of 0.4 ps (52). A Berend-

sen barostat was used for isotropic pressure coupling at 1 bar with a time

constant of 2.0 ps and compressibility of 4.5 � 10�5 bar�1. The accumu-
FIGURE 2 Schematic representation of a polydisperse core-shell ellip-

soidal micelle. The parameters describing the model are the following:

semiaxes of the ellipsoid of revolution (a,a,b), polydispersity of the ellip-

soid dRell, thickness of the ellipsoidal shell t, electron densities (contrasts)

of the core (rin) and shell (rout) parts of the micelle. To see this figure in

color, go online.
lated simulation time was 1500 ns with a throughput of 200 ns/day (Intel

Xeon Gold 6148/NVIDIA RTX 6000).
RESULTS

To assess the concentration effects for PS20 and fractions F2
and F4, SAXS data were recorded at 1.25, 2.5, 5.0, and
10.0 mg/mL PS without addition of MA (Figs. S1–S3). The
measurement was performed in water without further compo-
nents to avoid interference. Here, the scattering data from F4
and PS20 demonstrate only minor concentration-related dif-
ference in themeasured concentration range. This observation
suggests that the overall shapes and organization of the mi-
celles are essentially concentration independent in the investi-
gated range for PS20 and the F4 fraction. For the F2 fraction,
the two lowest concentrations, 1.25 and 2.5 mg/mL, reveal an
elevated intensity at higher scattering angles (starting from
about 0.5 [1/nm]) compared with the two data sets taken at
higher concentrations (5 and 10 mg/mL). This result may be
partially explained by an equilibrium between the F2micelles
and monomers. However, as the Rg value does not seem to
decrease with concentration, a mechanism suggested by
Knoch et al. may better explain the observed effect (20).
Here, at low concentrations, the initial micelles could be built
from the surfactant species with the lowest individual cmc,
which are more sparsely packed but yield micelles of the
same size. Starting from c ¼ 5 mg/mL, no further concentra-
tion difference is observed and the scattering from F2 at
5 mg/mL agrees well with that from F2 at 10 mg/mL.

The presented data indicate that the concentration of
5 mg/mL is optimal to study the organization of PS micelles
(sufficiently high to prevent dissociation and sufficiently low
to avoid interparticle interference effects). The overall struc-
tural parameters derived from the SAXS data without addi-
tion of MA are summarized in Table 1. The SAXS results
for PS20 and its fractions are in a good agreement with the
small-angle neutron scattering data recently published for
similar PS20 samples (53). One can see a slight increase of
the radius of gyration Rg and the maximum particle size
Dmax upon adding high amounts of MA (Fig. 3). The number
TABLE 1 Overall SAXS parameters for PS20 (5 mg/mL), F2

(5 mg/mL), and F4 (5 mg/mL) with no or low amounts of MA

(<100 mg/mL) and with high amounts of MA (>500 mg/mL)

obtained by GNOM

Sample Rg (nm) Dmax (nm) I0 (cm
�1) Nmol

PS20 (no or <100 mg/mL MA) 3.4 5 0.1 8.6 5 0.5 0.054 34

PS20 (>500 mg/mL MA) 3.5 5 0.1 8.8 5 0.5 0.049 32

F2 (no or <100 mg/mL MA) 2.9 5 0.1 8.0 5 0.5 0.033 22

F2 (>500 mg/mL MA) 3.0 5 0.1 8.3 5 0.5 0.035 23

F4 (no or <100 mg/mL MA) 3.3 5 0.1 8.4 5 0.5 0.051 32

F4 (>500 mg/mL MA) 3.5 5 0.1 8.7 5 0.5 0.055 34

Rg, radius of gyration; Dmax, maximum size; I0, extrapolated zero angle

scattering; Nmol, average number of molecules in the micelle estimated as

I0/IPS20, where IPS20 ¼ 0.227 � 10�3 cm�1 is the computed forward scat-

tering by a single PS20 molecule in water.
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FIGURE 3 Distance distribution functions for PS20 (a), F2 (b), and F4 (c) micelles at 5 mg/mL: blue curves, with no MA; red curves, with high amount of

MA (‘‘þMA’’) (>500 mg/mL). To see this figure in color, go online.
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of surfactant molecules in the micelles can be estimated be-
tween 22 and 35 according to the extrapolated zero angle
scattering I0 values as obtained from GNOM analysis.

The modeling results in terms of polydisperse core-shell
ellipsoidal micelles are presented in Tables 2, 3, 4, and 5.
The experimental SAXS data and their best fits by
BILMIX are shown in Fig. 4. As seen from Table 1, Rg

and Dmax and also the number of molecules per surfactant
micelles are noticeably smaller for F2 micelles compared
with those of PS20 and F4 micelles. PS20 and F4 micelles
appear to be rather similar to each other, F4 being just
slightly smaller and (from the BILMIX fitting in Table 2)
less polydisperse than PS20. For all fits, the obtained shell
density is positive (lipid heads) and the core density is nega-
tive (lipid tails). In an unconstrained search of the best fits,
BILMIX typically selects oblate ellipsoids; however, a sys-
tem of prolate ellipsoids can also reasonably well describe
the data, providing just slightly worse fits to the data. The
addition of MA at concentrations up to 100 mg/mL reveals
only marginal effects on the scattering data (the changes
are within the error estimates of the micelle sizes). At the
same time, for all samples, addition of higher amounts of
MA (>500 mg/mL) noticeably increases the average sizes
of the micelles (see Tables 3, 4, and 5).
TABLE 2 Structural parameters of polydisperse core-shell ellipsoid

with no or low amounts of MA (<100 mg/mL) and with high amounts

Sample

Ellipsoid

semiaxis,

a (nm)

Ellipsoid

semiaxis,

b (nm)

Dis

of el

dRe

PS20 (no or < 100 mg/mL MA) 3.68 5 0.07 2.46 5 0.07 0.37

PS20 (>500 mg/mL MA) 3.70 5 0.07 2.45 5 0.07 0.35

F2 (no or <100 mg/mL MA) 3.35 5 0.05 2.11 5 0.11 0.45

F2 (>500 mg/mL MA) 3.43 5 0.05 2.18 5 0.09 0.41

F4 (no or <100 mg/mL MA) 3.46 5 0.06 2.19 5 0.09 0.31

F4 (>500 mg/mL MA) 3.65 5 0.09 2.52 5 0.07 0.25

aThe error estimates for the model parameters in Tables 2, 3, 4, and 5 were assesse

interval around the data range corresponding to the number of Shannon channe
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In the BILMIX modeling, the contrasts of the core and
shell (rin and rout) are evaluated on a relative scale by the
minimization program. Interestingly, however, the ratio of
the obtained contrasts of the two components is about
�0.55, which is expected for the theoretical ratio of the
contrast of the lipid tails (�0.036 e/A3) to that of the polar
heads (0.059 e/A3). This ratio, determined by BILMIX
without information on the contrasts, lends further support
to the models.

In an alternative approach, quasiatomistic models of mi-
celles of different sizes were generated and tested (see ma-
terials and methods). With this approach it was possible to
fit the data well by linear combinations of the calculated
theoretical intensities of micelles as shown in Fig. 5 a.
The results of the modeling are presented in Table 6. In
all cases, the data could not be satisfactorily fitted by any
single model and from two to four different models were
selected upon screening. This finding is not surprising given
the expected polydispersity of the micelles. The selected
models can be separated into two groups: group 1, ‘‘large’’
micelles (with semiaxes between 4.5 and 5.0 nm, 3.5 and
4.0 nm, 3.5 and 4.0 nm, respectively) and group 2, ‘‘small’’
micelles (with semiaxes of 4.0, 3.0, and 3.0 nm). Typical
models selected by OLIGOMER are displayed in Fig. 5 b.
al micelles for PS20 (5 mg/mL), F2 (5 mg/mL), and F4 (5 mg/mL)

of MA (>500 mg/mL) obtained by BILMIX

persion

lipsoid,

ll (nm)

Thickness of

ellipsoidal shell,

t (nm)

Core density

contrast,

rin (e/Å
3)

Shell density

contrast,

rout (e/Å
3)

5 0.07 0.88 5 0.07 �0.035 5 0.002 0.060 5 0.004

5 0.05 0.97 5 0.09 �0.039 5 0.003 0.053 5 0.002

5 0.09 0.80 5 0.07 �0.028 5 0.001 0.055 5 0.002

5 0.09 0.80 5 0.05 �0.031 5 0.002 0.054 5 0.002

5 0.07 0.80 5 0.07 �0.043 5 0.003 0.057 5 0.003

5 0.05 0.80 5 0.08 �0.031 5 0.002 0.056 5 0.003

d by averaging the variations of the restored values as functions of the fitting

ls in the fit (Nshannon ¼ 6).



TABLE 3 Structural parameters of polydisperse core-shell ellipsoidal micelles for PS20 in the absence of MA and with addition of

MA (500, 1000, 1500, and 2000 mg/mL) obtained by BILMIX

PS20

(5 mg/mL)

Ellipsoid semiaxis,

a (nm)

Ellipsoid semiaxis,

b (nm)

Dispersion of ellipsoid,

dRell (nm)

Thickness of ellipsoid

shell, t (nm)

Core density contrast,

rin (e/Å
3)

Shell density contrast,

rout (e/Å
3)

0 MA 3.68 5 0.05 2.46 5 0.07 0.36 5 0.05 0.82 5 0.05 �0.031 5 0.002 0.064 5 0.003

500 MA 3.70 5 0.07 2.49 5 0.06 0.35 5 0.07 0.91 5 0.09 �0.035 5 0.002 0.057 5 0.002

1000 MA 3.75 5 0.09 2.52 5 0.05 0.36 5 0.05 0.91 5 0.07 �0.036 5 0.001 0.058 5 0.002

1500 MA 3.75 5 0.07 2.50 5 0.07 0.37 5 0.06 0.80 5 0.09 �0.036 5 0.002 0.058 5 0.003

2000 MA 3.68 5 0.05 2.46 5 0.07 0.36 5 0.05 0.82 5 0.05 �0.033 5 0.003 0.063 5 0.004

Fatty acid and PS20 micelle interaction
As seen from Table 6, for all samples large micelles are pre-
sent in solution, whereas small micelles are found only for
F2 samples (‘‘models 5’’). This is consistent with the results
from BILMIX analyses showing that the average sizes of
micelles are smaller for F2 compared with PS20 and F4.
The volume fractions of the components are changing
with the addition of excess MA. One has also to note that,
while F2 data can be fitted by a mixture of micelles contain-
ing from 22 to 35 molecules, for PS20 and F4 data only the
micelles containing 35 molecules are required.

As a caveat, one should interpret the above results liter-
ally as a coexistence of a few separated and distinct
structures. Instead, the selected models are tentative repre-
sentatives of otherwise continuous ensembles. The different
structures just represent typical visualizations emerging
from an average of continuous and possibly broad variations
of micelle shapes over the ensemble and time.

To further verify the results regarding the composition of
the micelles, the obtained data were compared with the scat-
tering from DDM micelles. The latter are a well character-
ized system with known composition and MW of about
100 kDa (9). The measured scattering from DDM micelles
yielded Rg¼ 3.1 nm, in a good agreement with the data pub-
lished by Gabel et al. (54). Fig. 6 presents the experimental
scattering data from PS20 and DDM on the absolute scale
and the best fitting computed scattering curves from a single
conformation of the two micelles. For PS20, an ellipsoidal
micelle has semiaxes of 4.5, 4.5, and 3.0 nm containing
22 molecules (MW ¼ 28 kDa); for DDM, the micelle has
semiaxes of 4.0, 3.0, and 3.0 nm containing 174 molecules
(MW¼ 89 kDa). Importantly, the scattering from the models
was computed without adjusting any fitting parameters; the
data were only multiplied by factors slightly exceeding
unity (1.05 for PS20 and 1.20 for DDM). The computed
TABLE 4 Structural parameters of polydisperse core-shell ellipsoid

(1.5, 100, 500, and 1500 mg/mL) obtained by BILMIX

F2

(5 mg/mL)

Ellipsoid semiaxis,

a (nm)

Ellipsoid semiaxis,

b (nm)

Dispersion of ellipsoid

dRell (nm)

0 MA 3.33 5 0.05 2.09 5 0.09 0.45 5 0.08

1.5 MA 3.35 5 0.05 2.13 5 0.08 0.44 5 0.09

100 MA 3.36 5 0.07 2.15 5 0.07 0.41 5 0.07

500 MA 3.41 5 0.06 2.19 5 0.07 0.40 5 0.09

1500 MA 3.41 5 0.07 2.18 5 0.05 0.40 5 0.05
curves yield good agreement with the experimental data at
small angles, and not only on the curve geometry but also
on the number of molecules (i.e., on the absolute scale).
One should further mention here the results by Ivanovi�c
et al., who utilized the data published by Gabel et al. to
analyze the DDM micelles (54,55). The models reported
by Ivanovi�c et al. accounting for significant contributions
from the bound waters had the overall sizes agreeing with
our results. The authors also found that polydisperse ellip-
soidal representations of the micellar shapes were in a quan-
titative good agreement with a multiple-replica ensemble
refinement from MD simulations.

The above comparison further confirms that the MW of
PS20 micelles is around 30 kDa, whereas that of DDM mi-
celles is about 100 kDa, agreeing well with published data
(9). Interestingly, despite the much lower MW of PS20
micelles compared with DDM, the Rg of PS20 micelles
(3.7 nm) is larger than that of DDM micelles (3.1 nm).
This points to a rather different organization of the scat-
tering matter in PS20 micelles compared with DDM due
to the positioning of the bulkier headgroups of PS20 at the
periphery of the micelle.

Furthermore, all-atomMD simulations were performed to
investigate qualitatively how the MA molecules interact
with PS and if they migrate into the micelles. Due to the
computational complexity of the simulation, we decided
to study only the OLIGOMER-selected model composed
of PS molecules belonging to the F2 fraction (lauric acid
monoester, formula in Fig. 1, with w ¼ x ¼ y ¼ z ¼ 5)
with 35 molecules (model 6; 1-c18). First, 2 � 300 ns
MD simulations of one fully solvated lauric acid monoester
micelle per simulation box w/o MA were carried out to
equilibrate the initial model. In the course of the simula-
tions, the micelles became more compact and spherical,
al micelles for F2 in the absence of MA and with addition of MA

, Thickness of ellipsoid

shell, t (nm)

Core density contrast,

rin (e/Å
3)

Shell density contrast,

rout (e/Å
3)

0.80 5 0.05 �0.031 5 0.002 0.062 5 0.003

0.80 5 0.06 �0.032 5 0.003 0.063 5 0.004

0.80 5 0.07 �0.031 5 0.002 0.062 5 0.003

0.80 5 0.05 �0.032 5 0.002 0.062 5 0.002

0.80 5 0.06 �0.032 5 0.003 0.062 5 0.003
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TABLE 5 Structural parameters of polydisperse core-shell ellipsoidal micelles for F4 in the absence of MA and with addition of MA

(1.5, 100, 500, and 1500 mg/mL) obtained by BILMIX

F4

(5 mg/mL)

Ellipsoid semiaxis,

a (nm)

Ellipsoid semiaxis,

b (nm)

Dispersion of ellipsoid,

dRell (nm)

Thickness of ellipsoid

shell, t (nm)

Core density contrast,

rin (e/Å
3)

Shell density contrast,

rout (e/Å
3)

0 MA 3.46 5 0.11 2.18 5 0.12 0.30 5 0.07 0.80 5 0.05 �0.036 5 0.002 0.057 5 0.002

1.5 MA 3.57 5 0.09 2.42 5 0.11 0.22 5 0.09 1.00 5 0.07 �0.039 5 0.003 0.057 5 0.002

100 MA 3.55 5 0.11 2.37 5 0.09 0.23 5 0.07 1.00 5 0.06 �0.044 5 0.003 0.056 5 0.003

500 MA 3.60 5 0.07 2.50 5 0.09 0.17 5 0.09 1.00 5 0.09 �0.041 5 0.002 0.056 5 0.003

1500 MA 3.72 5 0.08 2.18 5 0.11 0.21 5 0.08 1.00 5 0.07 �0.044 5 0.002 0.056 5 0.002
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and their size significantly decreased by around 10–15%
compared with the starting models (for more information
see supporting material). However, given the polydispersity
of the micelles and the fact that F2 and the other fractions
are heterogeneous mixtures of multiesters, this is not unex-
pected. In addition, the size and shape of the resulting mi-
celles are comparable with those found by Lapelosa et al.
(36). The final structure of these two MD simulations
were used as a starting structure for subsequent MD simula-
tions at three different lauric acid monoester/MA molecular
mixtures (1:2, 1:1, and 2:1). The experimental concentra-
3084 Biophysical Journal 122, 3078–3088, August 8, 2023
tions of 5 mg/mL for the monoester fraction F2 and 1 mg/
mL for MA correspond to a molecular F2/MA ratio of
approximately 1:1. All simulations show that the MA mol-
ecules indeed migrate into the core of the lauric acid mono-
ester micelles leading to an increased size of the micelles by
around 5–10% depending on the mixture, which is in line
with the SAXS data. The hydrophobic tails of MA and the
lauric acid monoester stack with each other and the carbox-
ylic acid of MA points toward the hydrophilic outer shell of
the micelles (Fig. 7, inset). Although these results are very
intriguing, our goal was not to get a quantitative comparison
FIGURE 4 Experimental SAXS data (dots with

error bars) and the best fits obtained by BILMIX

using a model of polydisperse core-shell ellipsoidal

micelles (red curves). (a) F2, PS20, and F4 with no

or low amount of MA (<100 mg/mL) and with high

amount of MA (‘‘þMA’’) (>500 mg/mL), (b) PS20

in the absence of MA and with addition of MA

(500, 1000, 1500, and 2000 mg/mL), (c) F2 in the

absence of MA and with addition of MA (1.5,

100, 500, and 1500 mg/mL). (d) F4 in the absence

of MA and with addition of MA (1.5, 100, 500,

and 1500 mg/mL). For F2, PS20, and F4, the exper-

imental data taken at 5 mg/mL are presented. To

see this figure in color, go online.



FIGURE 5 (a) Experimental SAXS data (dots with error bars) and the best fits obtained by OLIGOMER using a combination of quasiatomistic models of

micelles (red curves). F2, PS20, and F4 with no MA and with high amount of MA (‘‘þMA’’) (>500 mg/mL). (b) Typical quasiatomistic models of micelles

selected by OLIGOMER, micelles in the upper row correspond to F2 (from left to right: model 1 [1-c18], model 5 [1-c18], model 5 [2-c12], all models

contain 22 surfactant molecules, and model 6 [1-c18] with 35 molecules), micelles in the lower row are found for PS20 and F4 (from left to right: model

1 [1-c18], model 2 [1-c18], model 4 [1-c18], model 6 [1-c18], all models contain 35 surfactant molecules). Carbon and hydrogen atoms are shown as gray

beads, oxygen atoms as red beads. To see this figure in color, go online.

Fatty acid and PS20 micelle interaction
to the SAXS data, but rather obtain a qualitative picture if
and how the MAmolecules would migrate into the micelles.
We tried to use the MD models to fit the SAXS curves but
we were not able to get a good agreement. However, the
structure of PS20 was approximated by a single model
and it is known that PS20 and its different fractions have
no clearly defined structure (19), which renders these quan-
titative comparisons very challenging.
DISCUSSION

Hydrolysis of PS20 releases free fatty acids, which are
poorly soluble in aqueous solutions as liquid biologics for-
mulations. These fatty acids may precipitate into particles
or droplets. Formation of these particles needs to be avoided
as the absence of particles is a critical quality attribute for
most liquid biologics drug products. Several investigations
were conducted on this topic over the last years (2,21–30).
Different factors were found to increase the fatty acid solu-
bility in liquid formulations with PS being one of them. PS
micelles appear to be an obvious reservoir for the fatty acids
TABLE 6 Volume fractions of six different quasi-atomistic models

Sample

Molecule 1-c18

(model 1)

Molecule 1-c18

(model 2)

Mol

(m

F2 (low amount of MA) (22 5 2) % –

F2 (high amount of MA) (30 5 2) % –

PS20 (low amount of MA) (31 5 2) % (12 5 3) % (57

PS20 (high amount of MA) – (70 5 2) % (30

F4 (low amount of MA) (52 5 2) % –

F4 (high amount of MA) (44 5 2) % – (56

The error estimates were obtained as a SD of optimized parameters from OLIGO

the number of Shannon channels in the fit (Nshannon ¼ 5–6).
and this study is focused on these micelles and their interac-
tions with free fatty acids.

PS micelles have different properties dependent on
which PS subspecies is included. PS20, which is a highly
diverse mixture of structures is compared with an all lau-
rate PS20 monoester fraction (F2) and a higher-order frac-
tion (F4) with multiple lauric acids. The SAXS analysis
reveals distinct differences between these samples on their
own and also upon addition of a fatty acid. Two comple-
mentary approaches using a system of polydisperse
core-shell ellipsoidal micelles and an ensemble of quasiato-
mistic micelles gave consistent results and could well
describe the data. F2 results in smaller and more polydis-
perse micelles than PS20 and F4. The PS20 and F4 mi-
celles are rather similar to each other, but F4 micelles
are slightly smaller and less polydisperse than PS20 mi-
celles. Thus, the observed higher polydispersity and lower
stability upon dilution of the F2 fraction can easily be ex-
plained by a lower hydrophobicity of the monoester frac-
tion (F2) compared with the higher-order ester fraction
and whole PS20. The hydrophobic core of the micelle is
of micelles as obtained by OLIGOMER

ecule 1-c18

odel 4)

Molecule 1-c18

(model 5)

Molecule 2-c12

(model 5)

Molecule 1-c18

(model 6)

– (22 5 2) % (18 5 1) % (38 5 1)%

– (16 5 3) % (10 5 2) % (44 5 1) %

5 2) % – – –

5 3) % – – –

– – – (48 5 3) %

5 3) % – – –

MER runs using the angular range smax (2.5O 3.0) nm�1 corresponding to
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FIGURE 6 Experimental scattering from PS20 micelles at 5 mg/mL (tri-

angles with error bars) and computed scattering from an ellipsoidal model

constructed from 22 molecules (red solid line). Spheres with error bars and

blue solid line are experimental scattering from DDM micelles and that

from an ellipsoidal micelle with 174 molecules, respectively. To see this

figure in color, go online.
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the driving force for micelle formation in aqueous solutions
and increases their stability (13). The effect of the hydro-
phobic core is less pronounced in the monoester fraction
F2 than in the higher-order ester fraction F4 or whole
PS20. SAXS data can be fitted by polydisperse mixtures
of ellipsoidal micelles, with about from 22 to 35 molecules
per micelle for F2 and 35 molecules per micelle for PS20
and F4. The addition of the fatty acid MA in concentrations
up to 100 mg/mL MA reveals only marginal effects on the
scattering data, within errors estimates of the micelle sizes.
At the same time, for all samples, addition of high amounts
of MA (>500 mg/mL) somewhat increases the average
sizes (volume and shape) of the micelles indicating that
MA penetrates into the surfactant micelles. As an inter-
esting note, the electron density of MA (324 e/nm3) is
very close to that of pure water (334 e/nm3) and the MA
molecule as such has nearly zero contrast in an aqueous so-
lution and is thus practically unseen by SAXS. The pres-
3086 Biophysical Journal 122, 3078–3088, August 8, 2023
ence of MA is only revealed by the change of the size/
conformation of the surfactant micelles. MD simulations
of F2-like micelles (monolauryl PS, w ¼ x ¼y ¼ z ¼ 5)
with different MA mixtures were performed to investigate
if and how MA migrates into the F2 micelles. All simula-
tions suggest that MA integrates into the core of the F2 mi-
celles and indeed slightly increases their size. The
individual MA molecules stack with the hydrophobic tails
of the F2 molecules and their negatively charged head-
group is located at the hydrophilic outer shell of the mi-
celles, which can be explained by the hydrophobic effect.
Interestingly, the overall size of the micelles from MD sim-
ulations is smaller than the experimentally determined pa-
rameters of the micelles. There are several possible reasons
for this discrepancy. The PS20 molecules are described by
a single model in the simulation, which is a significant
approximation given its high polydiversity. Furthermore,
the GAFF force field used for the PS20 parameters is a
generalizable force field and has not been specifically
parametrized for micelles.

Surprisingly, smaller amounts of MA (<100 mg/mL)
may be added to PS micelles solutions without noticeable
effect while a measurable increase in the micelle sizes is
only observed above a certain MA amount. Notably, MA
is only poorly soluble in water (pH- and surfactant concen-
tration-dependent %3 mg/mL (35)). MA amounts above the
solubility limit have only limited time to interact with PS
and become incorporated into the micelles before they pre-
cipitate when added to an aqueous solution. The MA
amounts were added at once after being dissolved in meth-
anol and then added to the PS solutions in our experiments.
In contrast, fatty acid release into biologics upon PS
hydrolysis proceeds in a rather slow and continuous
manner, allowing a successive incorporation of MA into
PS micelles before the MA solubility limit is reached.
We assume that, in our short-term experiments, the
amounts of MA added at once must be high to ensure
incorporation of significant amounts of MA into the PS mi-
celles before MA precipitates.

The experimental results and modeling indicate that fatty
acids do intercalate into the hydrophobic core of PS20 mi-
celles in aqueous solutions. Previous studies have already
FIGURE 7 Snapshots from an MD simulation of

a solvated F2 micelle (monolauryl PS with w¼ x¼
y¼ z¼ 5) with 35 F2 molecules and the addition of

35 MA molecules (1:1 mixture) at the start of the

simulation (left) and after 300 ns (right). The inset

shows the stacking between the hydrophobic tails

of F2 and MA (F2 headgroups are not shown). Hy-

drophobic tails and polar headgroups of F2 mole-

cules are shown as yellow spheres and gray/red

spheres, respectively. Hydrophobic tails and polar

headgroups of MA are shown as magenta and or-

ange spheres, respectively. Hydrogens and water

molecules are not shown for visual clarity. To see

this figure in color, go online.



Fatty acid and PS20 micelle interaction
described and quantified a positive effect of PS20 on the
solubility of fatty acids (35). Our results further deepen
the understanding of this effect by explaining why the
release of fatty acids does not necessarily result in particles
and what in detail happens in the drug product. Although
these observations were made in the absence of further
formulation components, we expect the same mechanism
to occur in liquid drug products. Finally, our results may
support the planning of further investigations with the
aim to better understand particle formation in biologics for-
mulations caused by PS degradation. Open questions of
relevance are, when and under which circumstances do
the first particles occur and what are the possible require-
ments to prevent particle formation over the time period
corresponding to the shelf life of the drug. More precise
models of the processes could help one to predict which
PS degradation and fatty acid release is acceptable and
which is not.
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