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ABSTRACT: Protein adsorption on surfaces can result in loss of drug product stability
and efficacy during the production, storage, and administration of protein-based
therapeutics. Surface-active agents (excipients) are typically added in protein formulations
to prevent undesired interactions of proteins on surfaces and protein particle formation/
aggregation in solution. The objective of this work is to understand the molecular-level
competitive adsorption mechanism between the monoclonal antibody (mAb) and a
commercially used excipient, polysorbate 80 (PS80), and a novel excipient, N-myristoyl
phenylalanine-N-polyetheramine diamide (FM1000). The relative rate of adsorption of
PS80 and FM1000 was studied by pendant bubble tensiometry. We find that FM1000
saturates the interface faster than PS80. Additionally, the surface-adsorbed amounts from X-
ray reflectivity (XRR) measurements show that FM1000 blocks a larger percentage of
interfacial area than PS80, indicating that a lower bulk FM1000 surface concentration is
sufficient to prevent protein adsorption onto the air/water interface. XRR models reveal
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that with an increase in mAb concentration (0.5—2.5 mg/mL: IV based formulations), an increased amount of PS80 concentration
(below critical micelle concentration, CMC) is required, whereas a fixed value of FM1000 concentration (above its relatively lower
CMC) is sufficient to inhibit mAb adsorption, preventing mAb from co-existing with surfactants on the surface layer. With this
observation, we show that the CMC of the surfactant is not the critical factor to indicate its ability to inhibit protein adsorption,
especially for chemically different surfactants, PS80 and FM1000. Additionally, interface-induced aggregation studies indicate that at
minimum surfactant concentration levels in protein formulations, fewer protein particles form in the presence of FM1000. Our
results provide a mechanistic link between the adsorption of mAbs at the air/water interface and the aggregation induced by

agitation in the presence of surfactants.

KEYWORDS: novel surfactants, protein formulations, protein aggregation, polysorbate 80 (PS80), FM1000, monoclonal antibody (mAb),
X-ray reflectivity, pendant bubble tensiometry, surface tension, air/water interface, silicone oil/liquid interface

B INTRODUCTION

Protein therapeutics such as monoclonal antibodies (mAbs)
have become leading candidates for the treatment of
autoimmune diseases, human cancer, and infectious diseases,
among other indications."” Due to mAbs’ amphiphilic nature,
adsorption of proteins from aqueous bulk solution onto
surfaces (air/water, solid/liquid, or oil/water) has recently
gained interest in the literature.>™'® Protein molecules are
exposed to several interfaces during the manufacturing of the

product shelf-life, reduce the effective dose of the drug, and
potentially implicate an immunological response.'”~"” In order
to enhance protein stability, protein formulations often
containing excipients such as sugars,w
buffers’>”*** and surfactants
the undesired interaction of proteins with surfaces.

The primary goal of this study was to compare two
excipients’ abilities to stabilize protein molecules in their native
form by preventing unwanted surface adsorption and

,21 22,23

salts, and/or

26-30 L
are employed to minimize

drug substance, processing of the drug product, and trans-

portation, storage, and clinical administration. It has been
hypothesized that as proteins adsorb onto surfaces, they can
denature, unfold, and aggregate at interfaces, leading to protein
particulates and aggregates in the bulk solution.'*™"
Aggregates, sub-visible particles, and visible particles are
detrimental to a biologic drug product as they can limit
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Figure 1. Molecular structure of surfactants (a) FM1000 and (b) PS80.
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aggregation. There are currently two mechanistic pictures of
how surfactants inhibit protein adsorption at the air/water
interface. First, surfactants, being more surface active than
proteins, can block the adsorption of proteins onto the surface,
providing interfacial protection. Second, surfactants can
interact with protein solutions in the bulk to protect regions
prone to protein—protein interactions resulting in denatura-
tion, although this mechanism is considered to be less
dominant.”””" As surfactants can prevent hydrophobically
driven protein adsorption, there is a need to quantify the
amount of surfactant in drug product formulation necessary to
preserve the efficacy and shelf-life of therapeutic proteins. At
sufficiently high protein concentrations, protein molecules can
outcompete surfactants for the interface, resulting in a co-
adsorbed film on surfaces due to competitive adsorption.
Polysorbates have been widely used in biologic drug
products to stabilize protein formulations as they are
considered safe. However, several stability challenges of
polysorbates have been recently described in the literature.*”
Degradation of polysorbates due to cleavage of the ester bond,
resulting in the formation of free fatty acids over time, has been
a subject of concern. Polysorbate degradation is known to
occur through enzymatic hydrolysis or oxidation of poly-
sorbates, resulting in decreased levels of free polysorbate
monomers in the bulk solution.”>™*° These fatty acids are
insoluble and can form visible and sub-visible particles during
the storage of protein drug products. Reduced concentrations
of polysorbate due to degradation can be detrimental for the
final drug product, affecting protection of mAbs from
interfacial stress.****~* Therefore, there is a need to explore
alternative surfactants that can also inhibit protein adsorption.
Poloxamer 188 (P188), a triblock copolymer consisting of
repeating units of polyethylene oxide (PEO) and polypropy-
lene oxide (PPO), is often used as an alternative surfactant to
polysorbates.”" The absence of the ester bond in P188 makes it
less susceptible to enzymatic degradation. On the other hand,
the presence of hydrophilic polyether groups in P188 makes it
more prone to oxidation. However, suppliers now provide
poloxamer with a small amount of the inhibitor such as
butylhydroxytoluene to prevent oxidation.*” Additionally, it
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should be noted that current practices for incorporating
surfactants in biologic formulations are mostly limited to
polysorbates due to their long history of safe use. A more
knowledge-driven approach to surfactant selection and
optimization will be required to successfully advance the
ever-expanding diversity of novel modalities such as cell and
gene therapeutics, recent messenger RNA-based COVID-19
vaccines, recombinant adeno-associated viruses, antibody-drug
conjugates, bispecific antibodies, and fusion proteins.*”

Here, we compare PS80’s (Figure la) effectiveness as an
interfacial stabilizer to an alternative surfactant that has been
shown to adsorb more strongly to interfaces than both
polysorbates and proteins.”* This alternative surfactant, N-
myristoyl phenylalanine-N-polyetheramine diamide
(FM1000), consists of a saturated hydrophobic tail and a
hydrophilic polymeric head group linked together via amide
bonds, Figure 1b. Due to the absence of ester bonds in the
FM1000 structure, the molecule is less prone to enzymatic
degradation as compared to polysorbates. Oxidation pathways
are similar to those found in PS80 and poloxamer due to the
presence of polyether hydrophiles in all molecules, and
oxidation mitigation strategies used for PS80 and poloxamer
could similarly be leveraged for FM1000.** Initial studies on
the ability of FM1000 to prevent protein aggregation have
been reported by Hanson et al.** and Katz et al.***

To examine this molecular hypothesis, we use pendant
bubble tensiometry and X-ray reflectivity (XRR). Prior studies
from our group™ on PS80 applied similar tools to quantify the
concentration of the surfactant required to protect proteins
from interfaces as a function of different mAbs’ surface
activities. For a fixed mAb concentration, a more surface-active
mAb required a fivefold greater PS80 concentration as
compared to the low surface-active mAb at a given mass (or
molar) concentration. We extend our earlier study using a
range of both mAb and surfactant (PS80 and FM1000)
concentrations to assess the differences in interfacial behavior.
Due to the ability of FM1000 to lower the surface tension at a
faster rate for a given mass concentration than PS80, we found
that a constant concentration of FM1000 was sufficient to
prevent the adsorption for a range of protein concentrations.

https://doi.org/10.1021/acs.molpharmaceut.2c00152
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On the other hand, the PS80 levels required varied with the
protein bulk concentration. These results provide a molecular-
level mechanistic understanding of different surfactants’
abilities to prevent protein adsorption, opening doors for
alternative surfactants for therapeutic formulations. Addition-
ally, this study shows that for chemically different surfactants,
the critical micelle concentration (CMC) of the surfactant is
not the driving force for protein drug product stabilization.

B MATERIALS AND METHODS

Materials. The mAb used for this study was provided by
Bristol—Myers Squibb. PS80 (average molecular weight of
1310 g/mol) was provided by NOF Corporation and is an all-
oleate surfactant with minor amounts of heterogeneous fatty
acid ester. FM1000 (average molecular weight of 1400 g/mol)
was synthesized as previously reported and stored as a frozen
aqueous stock solution.” It is a relatively monodisperse
material synthesized from purified myristic acid. The
polydispersity of the FM1000 is driven by the dispersity of
the polyether hydrophile and is less than 1.1. mAb belongs to
the IgG4 family with a molecular weight of 144,481 Da and is
supplied as a stock solution of 10 mg/mL in 20 mM histidine
buffer at pH 6. The stock solution is stored at —60 °C in small
aliquots and thawed as needed.

B METHODS

Preparation of Diluted Solutions. The 20 mM histidine
pH 6 buffer and the stock mAb and surfactant solutions are
filtered using 0.22 pm polyvinylidenefluoride filters prior to
usage in making diluted solutions. The mixed mAb + PS80 and
mAb + FMI1000 solutions are prepared using the formulated
stock solutions of the respective surfactants in 20 mM of
histidine buffer. All solutions are made with deionized water
filtered with an EMD Millipore Milli-Q system (Burlington,
MA). The mAb concentration in the diluted solutions is
verified using the extinction coefficient of 1.50 mL mg™" cm™
measured at 280 nm.

Dynamic Tension Measurements. The adsorption of
proteins or surfactants onto the air/water interface is studied
using a pendant bubble tensiometer (Attension Theta, Biolin
Scientific, Stockholm, Sweden). An inverted needle (16 gauge)
is used to inflate a pendant-shaped air bubble (volume ~ 22
uL) at the tip of the needle in a quartz cuvette filled with mAb
or surfactant or mAb + surfactant solution. The needle is
connected to a 500 L gas-tight Hamilton syringe placed on a
syringe pump (PHD, Harvard Apparatus). The pump is
programmed to push air through the syringe. As molecules
adsorb to the surface, the change in bubble shape due to
adsorption is recorded (6.5 frames per second for the first 5 X
10% s and then at 3.5 frames per second for another S X 10%s).
The recorded bubble images are then fitted to the Young—
Laplace equation to calculate dynamic surface tension as a
function of time. The needle, syringe, and the quartz cuvette
are cleaned with DI water and sonicated for 60 min, followed
by verifying the surface tension of a clean air/water interface
[(72.5 £ 0.3) mN/m] before each experiment. All measure-
ments are performed at room temperature (20 + 3) °C.

XRR Measurements. The XRR studies reported in this
study were performed at NSF’s ChemMatCARS, station 15
ID-C experimental hutch at the Advanced Photon Source in
Argonne National Laboratory (Argonne, IL).*"** The
wavelength of the X-rays used is 1.24 A, and all X-ray data

~
~
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are collected using a PILATUS3 200 K area detector. A
custom-built Langmuir trough insert (7 X 3 X 0.1 cm) is used
to fit the existing X-ray setup at the beamline. The buffer
solution used to dilute mAb or surfactant solutions is degassed
for at least 1 h before the setup. Solutions are freshly prepared
and gently poured onto the Langmuir trough, and the
formation of this liquid layer is taken to be t = 0 for the
adsorption process during XRR measurements. The trough is
in a chamber in the X-ray hutch room, and the chamber
requires evacuation before the experiment can be initiated.
This process requires 50 min. A scan of the surface then takes
50 min. Hence, after completion of the scan, approximately
100 min or 6.0 X 10* s had elapsed from the moment the air/
liquid interface of the trough was formed. The X-ray signal
obtained reflects the adsorption process at a stage of
approximately 6.0 X 10° s from the formation of the clean
interface. All the measurements are carried out at room
temperature (22 + 1) °C. The details of the XRR data analysis
are provided in the Supporting Information.

Agitation Studies. 1 mg/mL stock solutions of FM1000
and PS80 in 20 mM histidine at pH 6 are used to prepare a
series of protein solutions containing 2.5 mg/mL of mAb and
the following concentrations of surfactant: 0.1, 0.05, 0.01,
0.003, 0.001, and 0.0005 mg/mL. S mL of DWK Life Sciences
CompletePAK serum vials are filled with 3 mL/vial solution
and capped with a 20 mm stopper. Capped vials are oriented
on their sides and subjected to reciprocal shaking (180
strokes/min) for 24 h at room temperature. After shaking, 1.4
mL/vial is transferred to individual wells of a water-washed 96-
well deep-well plate and analyzed by micro-flow imaging
(MFI) (ProteinSimple). Image-based sub-visible particle
differentiation is performed within the software, and resultant
data are analyzed in JMP Pro 15.0.0. All samples are run in
triplicate.

Contact Angle Measurements. C6-150 silicone slabs (1
X 3.5 cm), courtesy of DuPont, are placed into open Petri
dishes within Nalgene containers and surrounded by water to
ensure minimal evaporation of the sample. The silicone used
for this work is chemically similar (and therefore would have
the same surface energetics) to that which is used to coat
syringes, only cross-linked to form a solid slab. It is also the
same material that is used to form pharma-relevant silicone
tubing. No water entered the Petri dishes or made physical
contact with the slabs. 1.5 mL of protein solution containing
2.5 mg/mL of mAb with or without FM1000 or PS80 (at 0.0,
0.02, 0.01, 0.00S, 0.001, 0.000S, 0.0003, 0.0002, 0.0001,
0.00005, or 0.00001 mg/mL) is prepared in 20 mM L histidine
at pH 6 and added to the surface of the silicone slabs. The
containers are then sealed and set aside at room temperature
for 24 h. Formulations are then removed from the slabs using
the capillary action of a paper towel, followed by drying with
nitrogen. 3 uL droplets of Milli-Q water (n = ) were manually
dispensed via a pipette onto the surface of the slab, and images
of droplets at equilibrium were recorded for analysis. Fouling is
measured by a decrease in contact angle, and the results are
analyzed in JMP Pro 15.0.0.

B RESULTS AND DISCUSSION

Dynamic Surface Tension Measurements. Pendant
bubble tensiometry is used to examine the dynamic decrease
in surface tension as the mAb or surfactant adsorbs from bulk
solution onto the clean air/water interface. The mAb surface
tension relaxation is discussed first, followed by surfactant

https://doi.org/10.1021/acs.molpharmaceut.2c00152
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Figure 2. Dynamic surface tension measurement profiles for (a) mAb, (b) PS80, and (c) FM1000 using a pendant bubble tensiometer. As mAb
and surfactant molecules adsorb to the pendant bubble interface, a reduction in the surface tension is recorded for 1.0 X 10*s. For mAb, the tension
measurement is recorded for 1.0 X 107! to 2.5 mg/mL; for PS80, tension is recorded for the concentration range of 8.0 X 1073 to 3.0 X 1072 mg/
mL (0.6—24 uM), whereas for FM1000, surface tension is reported for a bulk concentration of 3.0 X 107° to 4.0 X 107> mg/mL (0.02—2.86 uM).
All solutions are prepared from the mAb and surfactant stock solution in 20 mM histidine buffer at pH 6.

tension profiles. Figure 2a shows the dynamic tension profile of
mAD alone as it adsorbs from the bulk solution to the air/water
interface along with the histidine buffer tension profile. The
buffer solution used for preparation of diluted mAb or
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surfactant or mAb + surfactant systems is not surface active
and has an equilibrium surface tension value of 72.5 mM/m
(similar to the clean air/water interface surface tension).
Diluted mAb solutions in histidine buffer ranging from 1.0 X
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107" to 2.5 mg/mL are studied over the time period of 1.0—1.0
X 10* s. The mAb concentration used in this study is similar to
typical intravenous (IV) administration dosages where
concentrated protein solutions (100—150 mg/mL) are
approximately diluted 1000-fold.*”*° The surface tension
profile is similar to that reported for globular proteins® and
other mAbs.** As the bulk concentration increases, the surface
tension decreases in a way similar to that observed for low
molecular-weight surfactants, PS80 (Figure 2b) and FM1000
(Figure 2c). For all the mAb concentrations studied, the
surface tension decreases and reaches a quasi-equilibrium value
as molecules adsorb to the surface. At long times, the tension
continues to decrease and does not achieve an equilibrium
value, indicating irreversible adsorption of mAbs upon
adsorption due to unfolding or slow rearrangements of the
adsorbed mAbs.***

The dynamic surface tension measurements are executed at
bulk concentrations of surfactants from 8.0 X 10 %o 3.0 X
1072 mg/mL (or 0.6—24 uM for PS80, Figure 2b) and 3.0 X
107° to 4.0 X 107* mg/mL (or 0.02—2.86 uM for FM1000,
Figure 2c) over the time period of 1.0—1.0 X 10* s. All
solutions are prepared from the respective surfactant stock
solution in 20 mM histidine buffer at pH 6. The dynamic
surface tension profile of surfactants alone is used to determine
the relative rate of the surfactant molecules adsorbing to the
air/water interface to inhibit subsequent protein adsorption.
Figure 2b,c shows that at the same bulk concentration of PS80
or FM1000, FM1000 lowers the surface tension much faster as
compared to PS80. For instance, at a bulk concentration of 2.0
X 107 mg/mL, the tension relaxation for FM1000 reaches an
equilibrium value of 47 mN/m as opposed to 52 mN/m for
PS80 in 1.0 X 10* s. This indicates that FM1000 is more
surface active than PS80 for the same mass concentration, and
the interface is populated more rapidly by FM1000 molecules,
consistent with previous results.”” Additionally, Figure 2c
shows that for lower concentrations of FM1000 (3.0 X 107> to
6.0 X 107* mg/mL), an early induction period in the surface
tension is observed where the tension remains equal to the
tension of the clean air/water interface before an actual
decrease in the surface tension. As FM1000 bulk concentration
increases, the induction period shortens and eventually
disappears (see the insert for Figure 2c) with an immediate
reduction in the tension.

Typically, the CMC of surfactants plays a key role in the rate
of surface adsorption. Equilibrium surface tension values,
which are based on long-time dynamic tension, are also a
function of bulk surfactant concentration (Figure S1). These
results show that as the bulk concentration increases, the
equilibrium surface tension value decreases for both the
surfactants. For FM1000, the plot indicates a CMC value of 3.0
X 107 mg/mL (2.14 uM). The CMC value of FM1000 is
slightly different than that reported by Hanson et al. (denoted
as 14FM1000), where dynamic light scattering was used to
measure the CMC of FM1000 in 0.9% saline. We believe this
difference is due to the different solution matrices and
techniques used in this study.”’

Our earlier study reported a CMC of 1.6 X 107> mg/mL (12
uM) for PS80," and PS80’s CMC value is approximately five
times higher than the CMC value for FM1000, indicating that
a lower concentration of FM1000 would be sufficient to form a
surfactant monolayer onto the surface. Additionally, a
Langmuir adsorption fit to the constructed equilibrium surface
tension as a function of bulk concentration indicated a
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maximum packing of surfactant concentration (I'y,) of around
1.88 mg/m® for PS80 and 1.45 mg/m’ for FM1000.
Equivalently, the area per molecule of the surfactant (A, =
1/T,.) is calculated to be 115 A?/molecule and 187 A%/
molecule for PS80 and FM1000, respectively. A higher value of
A, for FM1000 further indicates a larger “footprint” of the
FM1000 molecule at the interface compared to PS80. In other
words, fewer FM1000 surfactant molecules (or less bulk
FM1000 concentration) would be needed to populate the air/
water surface and inhibit protein adsorption.

Using dynamic surface tension measurements, one can
predict the relative rates of adsorption of different surfactants.
As discussed in the introduction, surfactants are added in
protein formulations to stabilize the surface, inhibiting protein
adsorption. However, even though surfactants are more surface
active than proteins, at a high enough protein concentration,
hydrophobic proteins can compete with surfactants for the
interfacial area.'"** Based on the dynamic surface tension data,
a complete mechanistic understanding of protein—surfactant
interaction at the air/water interface is not feasible. Addition-
ally, the equilibrium tension data for the mixed protein—
surfactant solutions cannot probe whether an adsorbed protein
layer is present below the surfactant monolayer. Therefore, a
more sensitive technique that can probe the interfacial layer up
to 20—40 nm is required. In order to gain a quantitative
understanding of interfacial adsorption of the mixed protein—
surfactant system, we use XRR measurements.

XRR Measurements. XRR allows one to examine the
ensemble average packing of surfactant molecules and the
competitive adsorption between surfactants and proteins. Our
experiments investigate a series of surfactant concentrations for
PS80 and FM1000 to understand the difference in the surface
packing of these molecules. Additionally, we fix the protein
concentration and vary the surfactant concentration (either
PS80 or FM1000) to predict the minimum surfactant
concentration required to inhibit protein adsorption onto the
air/water interface. Before studying the mixtures of PS80 or
FM1000 with the protein, we examined the single component
system (surfactant alone and protein alone). As molecules
adsorb to the surface, the variation in the electron density,
p(z), perpendicular to the interface (z) can be determined
using XRR. The electron density profile (EDP) can then be
integrated in the z direction to calculate the thickness and
surface concentration of the adsorbed layer using the known
structure of protein, PS80, and FM1000.

The experimental procedure for XRR measurements has
been reported in our earlier study.'' Briefly, pure surfactant,
pure protein, or the mixed protein—surfactant solution is
gently poured onto a custom-built rectangular trough. An
adsorbed thin liquid film forms onto the air/water interface
due to the dynamic adsorption of molecules from the bulk
solution. X-rays from the synchrotron beam are incident at an
angle, a onto the planar air/water interface. The reflectivity R
is measured as a function of the incident angle, a. The
experimental data are reported as the normalized reflectivity,
R(Q,)/Rx(Q,) as a function of the wave vector transfer, (Q,) =
(47/4) sin (a) where Ri(Q,) is the Fresnel reflectivity from an
ideally flat air/water interface whose electron density varies as
a step-function at the interface, and A(= 124 A) is the
wavelength of the incident X-ray. The incident angle a is
varied to cover the range 0.016 A™' < Q, < 0.6 A™". The
normalized reflectivity is then fitted using the Parratt method
to generate the corresponding EDP (p(z)) as a function of
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Figure 3. XRR measurements of the adsorbed layers of pure mAb or pure surfactants from bulk solution onto the air/water interface. (a)
Representative normalized XRR profiles, R/Ry, as a function of wave vector transfer, Q,, (symbols) and Parratt fits to the reflectivity profile (solid
line) for PS80 (orange), FM1000 (green), and mAb (red). XRR data for surfactants (PS80 or FM1000) show a single peak, whereas the mAb
profile shows multiple peaks for Q, < 0.2 A. The upper two XRR curves are shifted for clarity; R/Rr — 1 as Q, — 0 for all measurements. (b)
Corresponding EDPs as a function of interfacial depth, z, obtained from the reflectivity fits for PS80 (orange), FM1000 (green), and mAb (red), as

derived from (a).
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Figure 4. XRR measurements of the adsorbed layers from competitive adsorption of mAb (0.5 and 2.5 mg/mL) and PS80 from bulk solution onto
the air/water interface. (a) Normalized XRR profiles, R/Ry, as a function of wave vector transfer, Q,, (symbols) and Parratt fits to the reflectivity
profile (solid line) for mAb (0.5 mg/mL) and PS80 at increasing concentrations (3.14 X 107, 7.86 X 107>, and 1.08 X 107> mg/mL) in the top
panel and mAb (2.5 mg/mL) and PS80 at increasing concentrations (3.14 X 1073, 7.86 x 1073, 1.20 X 1072, and 1.37 X 1072 mg/mL) in the
bottom panel. The XRR curves are shifted for clarity; R/Rz — 1 as Q, — 0 for all measurements. (b) Corresponding EDPs as a function of
interfacial depth, z, obtained from the reflectivity fits for the mixed component system derived from (a).

interfacial depth, z. For more details regarding the fitting
procedure, see the Supporting Information text.

The normalized reflectivity R(Q,)/Rp(Q,) as a function of
Q, for pure surfactants (PS80 or FMI1000) is reported in
Figure 3a. The corresponding EDP curves are shown in Figure
3b. XRR measurements for pure surfactants are performed for
bulk concentrations in the range of 3.14 X 107> to 1.37 X 1072
mg/mL (additional surfactant concentration XRR profiles are
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reported in the Supporting Information, Figures S2 for PS80
and S3 for FM1000). A broad maximum in the reflectivity
measurement of pure surfactant is observed for the studied
concentration range. This can be attributed to a similar
molecular architecture for both PS80 and FM1000. For the
case of a protein-alone system, a representative reflectivity
profile at a bulk concentration of 0.5 mg/mL is shown in
Figure 3a. The corresponding EDP is reported in Figure 3b. As
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Figure 5. XRR measurements of the adsorbed layers from competitive adsorption of mAb (0.5 and 2.5 mg/mL) and FM1000 from bulk solution
onto the air/water interface. (a) Normalized XRR profiles, R/Rg, as a function of wave vector transfer, Q,, (symbols) and Parratt fits to the
reflectivity profile (solid line) for mAb (0.5 mg/mL) (upper panel) and mAb (2.5 mg/mL) (bottom panel) with increasing concentrations of
FM1000 (3.14 X 1073, 7.86 X 1073, and 1.37 X 107> mg/mL). The XRR curves are shifted for clarity; R/R; — 1 as Q, — 0 for all measurements.
(b) Corresponding EDPs as a function of interfacial depth, z, obtained from the reflectivity fits for the mixed component system derived from (a).

opposed to only a broad maximum for the case of surfactants,
the adsorbed protein profile shows two maxima peaks at lower
Q.. These conclusions were also reached in a study reported by
our group for a different class of protein and P$80."

Figures 4 and S report the normalized reflectivity, Parratt
fits, and EDP for the competitive adsorption between mAb +
PS80 (Figure 4) and mAb + FM1000 (Figure S). The mAb
concentration was studied at 0.5, 1.0, and 2.5 mg/mL. The
surfactant bulk concentration for PS80 ranges from 3.14 X
1073 to 1.94 x 1073 mg/mL, whereas for FM1000, the surface
concentration ranges from 3.14 X 107 to 1.37 X 107> mg/mL.
For discussion, protein concentrations of 0.5 and 2.5 mg/mL
are used (see Supporting Information for results corresponding
to protein concentrations at 1.0 mg/mL, Figures S4 and SS).
Figure 4a (top row) shows that for a protein concentration of
0.5 mg/mL, as PS80 concentration increases, the two maxima
peaks observed for proteins converge to a single broad
maximum peak, indicating PS80 dominating the surface (see
overlapped XR curves, Figure S6 of Supporting Information).
For a PS80 concentration of 3.14 X 1073 mg/mL, a shift in the
second maxima of the reflectivity profile to lower Q, is
observed. This is attributed to the adsorption of PS80
molecules that have competitively adsorbed along with the
protein molecules, resulting in the formation of mixed layers
that cause a shift to lower Q,. PS80 surfactant molecules will
reach the clean surface rapidly due to faster diffusion of PS80
molecules than proteins from the bulk solution to the air/water
interface. However, at a low enough concentration of PS80
(3.14 X 107 mg/mL), the bulk supply of surfactants is not
sufficient to completely prevent the adsorption of proteins to
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the surface (cf. the comparison graph S6a in the Supporting
Information). A similar conclusion can be reached by
comparing the EDP of the two-component system (Figure
4b, top row). As the PS80 concentration is increased to 7.86 X
107 mg/mL, the reflectivity (or EDP) shows a broad
maximum similar to that of pure PS80’s alone reflectivity
profile at the same bulk concentration (cf. comparison graph
S6b in the Supporting Information). This indicates that the
PS80 molecules have blocked the surface, inhibiting any
further protein adsorption. Similarly, for a protein concen-
tration of 1.0 mg/mL, the surfactant concentration of 7.86 X
10~* mg/mL is sufficient to prevent protein adsorption (Figure
S4a,b and Table S3). As protein concentration is increased to
2.5 mg/mL, a surfactant concentration greater than 1.20 X
107 mg/mL is required to inhibit protein adsorption (Figure
4a,b, bottom row). As protein concentration increases, the
number of protein molecules competing for the surface also
increases. Therefore, to overcome the flux of proteins reaching
the surface, a sufficiently higher surfactant concentration is
required to surpass the protein flux and form a layer onto the
surface, thereby preventing protein adsorption.

Similar experiments are performed with the same protein
concentrations but using FM1000 as the surfactant. The
FM1000 concentration of 3.14 X 107> mg/mL showed
protein-like XRR features at lower Q,, indicating the presence
of a mixed layer on the surface regardless of the protein
concentration (see overlapped XR curves, Figure S7a of
Supporting Information). However, at this surfactant concen-
tration, compared to the protein + PS80 system, from the
qualitative representation of the measured reflectivity profiles
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(the presence of two distinct maxima peaks), the interface for
the protein + FM1000 system has less protein present (cf.
comparison graph S7a and the subset plot in the Supporting
Information). Interestingly, for all the studied protein
concentrations of 0.5—2.5 mg/mL, the FM1000 concentration
equal to or greater than 7.86 X 107> mg/mL is sufficient to
prevent protein adsorption:

The PS80 concentration necessary to prevent protein
adsorption is below its CMC value, while all of the FM1000
concentrations studied are above its CMC value (Table 1). For

Table 1. Surfactant Concentration in Terms of CMC Values
of PS80 and FM1000

surfactant conc. mg/mL PS80 x CMC FM1000 X CMC
3.14 x 1073 0.20 1.05
7.86 X 1073 0.50 2.62
1.37 X 1072 0.86 4.57

FM1000 surfactant concentrations greater than 7.86 X 1073
mg/mL, sufficient micellar aggregates are present in the bulk
solution. However, for a FM1000 bulk concentration of 3.14 X
107 mg/mL (1.05 X CMC) that corresponds to the onset of
CMC, it will have fewer micellar aggregates as compared to
monomers. This indicates that even if the surfactant
concentration is above its CMC value, protein adsorption
can still be dominant. We believe, as suggested by these data,
that the inhibition of protein adsorption onto surfaces has to
do with the absolute concentration of surfactant required in
the solution (micellar or free monomers) rather than a
function of the percentage of CMC.

Adsorbed Layers of PS80 and FM1000. The surface
concentration of adsorbed PS80 (I'pggy) or FM1000 layers
(Teai000) onto the air/water interface is calculated using the
EDPs (Figures 3b, S2b, and S3b; for details see Supporting
Information text). The corresponding equivalent area per
molecule of the PS80 (Apsgo = 1/T'psgo) or FM1000 (Agyri000 =
1/Tgp1000) Surfactant is also reported in Table 2. Error bars are

Table 2. Surface-Adsorbed Amounts and Area per Molecule
for Pure Layers of PS80 and FM1000

PS80 FM1000
surfactant conc.
mg/mL T, mg/m* A A? I, mg/m? A A?
3.14 x 1073 1.48 + 0.08 147 £ 7 0.61 + 0.09 378 + 61
7.86 X 1073 2.09 + 0.09 104 £ 5 0.79 + 0.02 295 + 6
1.37 X 1072 2.28 + 0.12 96 + S 0.95 + 0.06 244 £ 15

calculated based on one standard deviation from the best-fit
value. For both PS80 and FM1000, as surfactant concentration
increases, the surface concentration increases due to an
increase in the number of surfactant molecules adsorbed to
the air/water interface. I 'pgg, increases with an increase in PS80
bulk concentration up to the CMC value of PS80, where it
becomes constant. The surface concentration of PS80 is in the
range of 1.48—2.28 mg/m” for the concentration range of 3.14
X 1073 to 1.37 X 107> mg/mL (Tables 2 and S2 of Supporting
Information). For the FM1000 surfactant, the surface
concentration [pyjjo00 is between 0.61 and 0.95 mg/m?
(Table 2) for the concentration range of 3.14 X 107> to 1.37
X 107> mg/mL. The maximum surface packing value for PS80
(Teopsgo) or FM1000 (I eario0o) from XRR measurement
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(2.28 mg/m* for PS80 and 0.95 mg/m* for FM1000) is in
approximate agreement with that obtained from dynamic
tension measurements (1.88 mg/m2 for PS80 and 1.25 mg/m2
for FM1000) (see Figure S1 and Supporting Information text).
The recorded surface concentration of FM1000 is two times
lower than that of PS80. In other words, the area per molecule
for FM1000 is approximately two times greater than PS80 for
the bulk concentration of 1.37 X 107> mg/mL, with fewer
FM1000 molecules adsorbing to the surface. These data
indicate that FM1000 molecules are able to block a larger
percentage of the interfacial area upon adsorption to the
surface. These data also support an earlier hypothesis by
Hanson et al, where along with the hydrophobic tail,
adsorption and rearrangement of PEO, PPO or phenylalanine
regions is also possible, causing a further decrease in the
surface tension value while expanding the surface coverage of
each individual surfactant molecule.”

Adsorbed Layers of Protein. The surface concentration
of the adsorbed protein layer (I',) is calculated based on its
EDP (Figures 3b, 4b, and Sb; for details see Supporting
Information text). The values are reported in Table 3 and are

Table 3. Surface-Adsorbed Amounts and Area per Molecule
for Pure Layers of mAb

protein conc. mg/mL FP mg/m2 A, A?
0.5 L1S + 0.06 20,781 + 994
1.0 1.54 + 0.04 15,593 + 411
2.5 1.81 + 0.06 13,280 + 410

in the range of 1.15—1.81 mg/m” for the bulk concentration of
0.5-2.5 mg/mL protein. The area per molecule for this
protein is in the range of 13,280—20,781 A% Based on the
homology model (Figure S8), the dimensions of the mAb
protein molecules are 150 X 125 X S5 A with the Fab thickness
of 40 A and an Fc domain of 55 A. Molecular orientations in
flat-on, side-on, or end-on have been reported for protein
molecules on hydrophobic surfaces.”” For a perfectly flat-on
orientation, the area per molecule would correspond to (150 X
125) 18,750 A2, whereas side-on (125 X 55) or end-on (150 X
SS) orientations would be 6875 A” and 8250 A% respectively.
Based on the XRR-calculated area per molecule values (Table
3), the protein is adsorbed in a spaced-out flat-on orientation
at 0.5 mg/mL. As protein concentration increases to 2.5 mg/
mL, the area per molecule decreases to 13,280 + 410 A% This
value is lower than the area per molecule for the maximum
packing of the flat-on orientation (18,750 A?) but higher than
that for the side-on (6875 A?) or end-on (8250 A?)
orientation. Prior studies using homology modeling by our
group have indicated that the adsorbed layer surface
population could consist of a mixture of all three orientations
(flat-on, side-on, and end-on).>

Mixed Adsorbed Layers. The qualitative comparison of
XRR profiles of protein concentration of 0.5 and 2.5 mg/mL
with PS80 or FM1000 is discussed in detail (see Figures S4
and SS for protein concentration results at 1.0 mg/mL with
PS80 and FM1000, respectively, in the Supporting Informa-
tion). The reflectivity and the corresponding EDPs for the
mixed mAb + surfactant system exhibit characteristics from the
individual surfactant and mAb systems. The co-adsorbed
interfacial layer at the air/water interface can be modeled as a
combination of pure surfactant and pure protein component
with a proper weighting factor a, where a is the relative percent
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Table 4. Surface-Adsorbed Amounts, Area per Molecule, and Relative Percent Surface Coverage of mAb in Mixed Layers of

mAb and PS80
mADb conc. mg/mL PS80 conc. mg/mL Fp mg/m2 A, A?
0.5 3.14 x 1073 0.53 + 0.15 44,995 + 9667
7.86 X 1073 0
1.08 X 1072 0
2.5 3.14 x 1073 0.54 + 0.03 44,735 + 2378
7.86 X 1073 0.21 + 0.01 113,487 + 1446
1.20 X 1072 0.07 + 0.02 339,405 + 86,183
1.37 X 1072 0

I mg/m2 A A? % a obtained from fitting for protein coverage
0.81 + 0.16 270 + 66 46

2.05 + 0.10 106 + 6

245 + 0.12 89 +2

1.06 + 0.06 205 + 11 29

1.85 + 0.09 117 + 6 12

1.93 + 0.12 113+ 2 4

2.28 + 0.17 103 + 8

Table S. Surface-Adsorbed Amounts, Area per Molecule, and Relative Percent Surface Coverage of mAb in Mixed Layers of

mAb and FM1000

mADb conc. FM1000 conc. ) )
mg/mL mg/mL [, mg/m’ A, A? I, mg/m* A, A % a obtained from fitting for protein coverage
0.5 3.14 x 1073 0.12 + 0.01 202,662 + 14,911 048 + 0.15 489 + 119 10
7.86 X 1073 0 0.71 £ 0.08 245 + 21
1.37 x 1072 0 1.09 + 0.18 212 + 30
2.5 3.14 x 1073 0.29 + 0.12 82,722 + 62,366 0.52 + 0.12 450 + 87 15
7.86 x 1073 0 0.76 + 0.02 307 + 6
1.37 X 1072 0 0.95 + 0.07 244 + 17
(a) (b)
0.02 0.02
PS80 Dominates FM1000 Dominates
0.015 - . 0.015 ]
* %7 ¥ ¥ ¥
= /'/ ="'
b o - TE96%) =
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Figure 6. Minimum surfactant concentration for a given bulk mAb concentration to inhibit mAb adsorption onto the surface, derived from XRR
measurements. The percent coverage for the co-adsorbed layers (red symbols) as determined from reflectivity fits where the first number indicates
protein coverage, a, followed by surfactant coverage, (1 — a). Blue symbols are points where no measurable protein is adsorbed to the surface. (a)
As the mADb concentration increases from 0.5 to 2.5 mg/mL, the PS80 concentration to prevent the adsorption of mAbs onto the air/water
interface also increases. (b) Fixed value of FM1000 concentration is required to inhibit mAb adsorption. The black dashed line is shown to provide

a guide for the reader.

surface coverage of mAb, and 1 — a represents the surfactant
coverage. Using a as the only fitting parameter for fitting the
co-adsorbed reflectivity profiles gives reasonable fits for the
mAD + surfactant data sets.”” The mAb and surfactant percent
surface coverage [a %, (1 — a)%] are reported in Tables 4, S,
S3, S4 and Figure 6. The calculations for the surface-adsorbed
amount for the mixed system are detailed in the Supporting
Information text. We consider first the mixed layers of protein
+ PS80 with a fixed protein concentration of 0.5 mg/mL. At
the lowest PS80 concentration of 3.14 X 1073 mg/mL, the
surface concentration of protein in the mixed layer decreased
to 0.53 + 0.15 and 0.81 + 0.16 mg/m2 for the surfactant
(corresponding to a coverage ratio of mAb/PS80 = 46:54%,
Figure 6). The pure protein surface concentration at 0.5 mg/
mL is 1.1S + 0.06 mg/m® (Table 3). Therefore, in the
presence of PS80, a lower value in the protein surface
concentration in the mixed layer as compared to the pure
protein system is indicative of PS80 blocking some of the
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interfacial area. The PS80 surface concentration at this bulk
concentration corresponds to 1.48 + 0.08 mg/mz, and the
surface concentration of PS80 in the two-component system is
not as high as in the pure PS80 system, indicating co-adsorbed
layers of both mAb and PS80 on the surface. This is due to
fewer surfactant molecules in the solution being available to
prevent mAb adsorption. As the surfactant concentration
increases to 7.86 X 107> mg/mL, no measurable protein is
detected on the surface. The surfactant concentration is equal
to its saturation value of 2.05 + 0.10 mg/mz, indicating a
complete blockage of protein molecules to the surface. A
further increase in the PS80 concentration gives the
corresponding saturation value of pure PS80. This indicates
that a concentration greater than 7.86 X 1073 mg/mL is
sufficient to prevent protein adsorption with a bulk
concentration of 0.5 mg/mL.

As protein concentration increases, the number of protein
molecules adsorbing to the surface also increases, resulting in
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an increase in protein surface concentration (Table 3). At a
protein concentration of 2.5 mg/mL, a PS80 concentration of
7.86 X 107 mg/mL is not sufficient to prevent protein
adsorption. The protein surface concentration decreases
further to 0.21 + 0.01 mg/mz, and the PS80 surface
concentration increases to 1.85 + 0.09 mg/m* In terms of
the surface coverage, the mAb/PS80 ratio is 12:88%, indicating
residual protein on the surface. The surfactant concentration
has not reached its saturation value of 2.09 mg/m? for this bulk
concentration. A further increase in the surfactant concen-
tration to 1.20 X 107> mg/mL inhibits the protein adsorption
by a factor of 3 from the value of the pure protein layer. The
surfactant concentration further increases to 1.93 + 0.12 mg/
m? but a small amount of residual protein still exists (4%
mAb). With a further increase in the PS80 concentration to
1.37 X 107> mg/mL, no measurable amount of mAb is
detected, and the surfactant coverage of PS80 is 100%; the
surface-adsorbed amount of PS80 is precisely its saturation
value of 2.28 + 0.17 mg/mz. This indicates complete blocking
of mAb molecules to the air/water interface. Therefore, with
an increase in mAb bulk concentration, PS80 concentration
also must increase to prevent mAb adsorption.

For mixed layers of FM1000 at 3.14 X 1073 mg/mL and
mADb protein at 0.5 mg/mL, protein adsorption is inhibited by
10-fold from the value of the pure protein layer (1.15 + 0.06
mg/m?) as compared to only twofold in the presence of PS80
(0.53 + 0.15 mg/m?). The FM1000 surface concentration was
recorded to be 0.48 + 0.15 mg/m? The tendency of FM1000
molecules to inhibit protein adsorption at this low bulk
concentration can be attributed to its higher area per molecule
than PS80, suggesting that fewer FM1000 molecules are
required to block the surface, preventing protein adsorption,
although some residual protein is still present on the surface
(0.12 + 0.01 mg/m?). With an increase in FM1000
concentration to 7.86 X 1073 mg/mL, no measurable protein
is detected. The surfactant surface concentration is equal to its
saturation value of 0.71 + 0.08 mg/m” Similarly, an FM1000
concentration of 1.37 X 107> mg/mL completely blocks
protein adsorption onto the surface. As protein bulk
concentration increases to 2.5 mg/mL with FMI1000
concentration at 3.14 X 107> mg/mL, protein adsorption is
inhibited by fourfold compared to the adsorption in the pure
protein system. Even though the protein bulk concentration is
increased by five times, the FM1000 concentration of 7.86 X
107* mg/mL is still sufficient to prevent protein adsorption. In
comparison, a PS80 concentration of four times higher bulk
concentration (>1.20 X 107> mg/mL) is necessary to prevent
the protein adsorption at the same bulk concentration. As
noted earlier, FM1000 concentrations used for this study are
above FM1000’s CMC. In contrast, all concentrations of PS80
used for the study are below PS80’s CMC (Table 1). This
shows that CMC is not a critical factor to indicate its ability to
inhibit protein adsorption. CMC is a fine comparative
measurement to use when working with chemically similar
structures. However, for the case of PS80 and FM1000, CMC
is not the tool to use due to the difference in their structures.

A summary of the minimum surfactant concentration (C,)
necessary to be present in a mAb formulation for a given
protein bulk concentration (CP) is shown in Figure 6. The
qualitative comparison of XRR profiles and the calculation of
surface-adsorbed amounts and area per molecule for pure and
mixed component systems provide insights into the mecha-
nism for preventing mAb adsorption for two different
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surfactants. Our results show that at similar surfactant
concentrations, compared to PS80, lower FM1000 concen-
trations can be used to inhibit protein adsorption at 2.5 mg/
mL protein. There are two possible reasons for this difference.
First, even though the FM1000 surfactant concentration is
above the CMC value, which would indicate a lower number of
free monomers in solution, a sufficient number of monomers
are still present in the bulk solution to adsorb to the surface,
blocking proteins from adsorbing. Perhaps rather than free
monomers depositing on the interface, micelles traffic to the
interface where many monomers are delivered at once. While
the PS80 concentration necessary to block mAb adsorption is
lower than the CMC value, the number of free PS80
monomers in solution is still higher than that of FM1000
(due to FM1000’s lower CMC), yet PS80 is less effective at
preventing mAb adsorption. Therefore, this study shows that
CMC is not the critical factor to indicate the ability to inhibit
protein adsorption. As both the surfactants used in this study
are chemically different, a CMC based comparison was not
conducted. The second reason that FM1000 is more effective
could be due to the lower surface tension than PS80 at similar
mass and molar concentrations, enabling FM1000 molecules to
outcompete protein adsorption onto the surface better than
PS80. A higher area per molecule for FM1000 indicates that
fewer FM1000 molecules are sufficient to prevent protein
adsorption as opposed to PS80. This is evident from a lower
surface concentration value for FM1000 as compared to PS80
for the same bulk surfactant concentration. Thus, XRR
measurements along with the quantitative understanding of
protein and surfactant competitive adsorption reveal molec-
ular-level understanding of different surfactants to inhibit
protein adsorption. One of the advantages of using FM1000
over PS80 would be lower levels of FM1000 concentrations in
protein formulations due to its higher surface area per
molecule and surface activity for a given mass and molar
concentration compared to PS80, allowing FM1000 to block a
larger percentage of the interfacial area. This becomes
important in therapeutic formulations where it is ideal to
have a minimum amount of surfactants present in the solution
to prevent aggregation of proteins. A higher percentage of the
surfactant itself can lead to an immune response.’’
Furthermore, for IV administration of drugs, it is essential to
have a sufficient surfactant concentration after diluting the
protein drug product to still prevent the loss of proteins upon
adsorption.

Agitation Studies. Protein molecules are subjected to
shaking during transportation, storage, and administration.
Shaking can lead to the formation of new hydrophobic
surfaces, potentially exposing protein formulation onto these
fresh interfaces, increasing their adsorption and aggregation on
surfaces. Other studies have shown that as proteins adsorb to
the air/water interface, the interfacial stress generated from
agitation leads to protein ;_1§gregation and the formation of
micron-sized particles.””>*~>® We have compared the ability of
PS80 and FM1000 to inhibit particle formation, where the
population of particles as a function of surfactant excipient and
surfactant concentration can serve as a downstream measure of
the inhibition of protein adsorption at the interface. The rapid
adsorption of surfactants to the interface should reduce protein
aggregation that is an outcome of protein adsorption at the air/
water interface.

As evident from our XRR measurements, surfactants above a
certain concentration for a given protein concentration are
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relatively able to inhibit protein adsorption onto the surface.
We performed agitation shake studies with the protein
concentration fixed at 2.5 mg/mL and surfactant (either
PS80 or FM1000) concentrations in the range of 5.0 X 107 to
1.0 X 107" mg/mL. Figure 7 reports the particle counts (>2,
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Figure 7. Particles per milliliter in mAb formulation with PS80 (red)
and FM1000 (blue) after being subjected to reciprocal shaking (180
strokes/min) for 24 h at room temperature. Particles were analyzed
by MFL The error bars are the standard deviation for triplicate
samples.

>10, and >25 um) after 24 h of shaking. At the surfactant
concentration range used for this study, FM1000 resulted in
overall lower particle counts as compared to PS80, indicating
that FM1000 is generally better able to inhibit shake-induced
protein aggregation. Visual analysis of the images produced by
MEFI suggests that the particles are proteinaceous, as particles
were predominantly aspherical and of varying translucency. For
no surfactant or surfactant concentration <5.0 X 107 mg/mL,
sufficient protein particle counts are detected. This correlates
with our XRR measurements, which show higher levels of
protein adsorption at a low surfactant concentration of PS80
compared to FM1000. For surfactant concentration of 1.0 X
10~ mg/mL, samples with PS80 surfactants are prone to
significant protein aggregation (~2500 particles/ml for >10
pum, and ~4000 particles/ml for >25 um), while the FM1000
samples have comparatively low numbers of particles (~1000
particles/ml for >10 ym, and ~300 particles/ml for >25 pm).
As the surfactant concentration is increased by 10 times (1.0 X
1072 mg/mL), both the PS80 and FM1000 inhibit protein
particle formation. Differences in absolute concentration for
the surfactant required to minimize particles compared to XRR
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data could be due to multiple mechanisms of aggregation and/
or differences in the surface area generated by the different
analysis methods.

These results are consistent with our findings from XRR
measurements, where with a protein concentration of 2.5 mg/
mL, surfactant concentrations greater than 1.20 X 107> mg/mL
for PS80 and 7.86 X 1073 mg/mL for FM1000 are sufficient to
prevent the adsorption of proteins. This indicates that the
minimum surfactant concentration obtained from XRR
measurements can also prevent any further adsorption of
proteins onto freshly created surfaces due to shaking. A further
increase in the surfactant concentration for the shaking study
leads to an overall lower particle count with FM1000. XRR
measurements indicate that FM1000 can block a larger
percentage of the surface, and therefore, during the shake
studies, at a high enough FM1000 concentration, there is less
protein per unit time available to form particles, leading to
fewer particles in the presence of FM1000.

Adsorption on Silicone Substrates. Liquid drug
formulations are often provided as prefilled syringes for self-
administration by patients. Syringes are usually coated with
silicone oil for ease of administration. However, mAb protein
molecules can adsorb onto the silicone oil/liquid interface,
promoting protein aggregation. To determine whether
FM1000 or PS80 can prevent the adsorption to silicone
when incubated with protein formulation, we looked at the
surface fouling on a silicone substrate by measuring the contact
angle. Although solid, the silicone used for this work is
chemically similar to that of the silicone oil that is used to coat
syringes.

Similar to the agitation studies, the protein concentration of
2.5 mg/mL is used, and the surfactant concentration is in the
range of 1.0 X 107" to 5.0 X 107> mg/mL. Figure 8 reports the
measured water droplet contact angle of the silicone surface
following incubation with a formulation of the mAb and
surfactant (FM1000 or PS80) as a function of surfactant
concentration. The clean silicone surface has a contact angle of
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Figure 8. Water contact angle on silicone slabs following incubation
of 2.5 mg/mL mAb + surfactant on the surface for 24 h. A higher
contact angle indicates less fouling of the surface by the mAb.
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110°. If enough surfactant molecules are present in the
formulation, fouling due to mAb adsorption can be prevented,
leading to contact angle maintenance of 110°. Should the mAb
molecules adsorb, a decrease in contact angle measurements
would be observed as the protein presents a more hydrophilic
surface. The data show that FM1000 once again provides
protection at lower surfactant concentrations compared to
PS80 before the surface begins to foul. At a surfactant bulk
concentration of 1.0 X 107* mg/mL, the measured contact
angle in the presence of mAb protein is around 110° for
FM1000 and 70° for PS80. As PS80 concentration of 1.0 X
107" mg/mL indicated fouling due to mAb adsorption,
experiments with PS80 concentrations lower than 1.0 X 107*
mg/mL were not performed to conserve material. As the PS80
concentration is increased by 10 times to 1.0 X 10~ mg/mL,
the contact angle increases to 110°, indicating that mAb
adsorption is inhibited. The surfactant concentration required
to prevent surface fouling for both FM1000 and PS80 is
different than that from the agitation or XRR studies. One of
the possible reasons is that the mechanism of surfactant
adsorption is different on an air/water interface compared to a
silicone/water interface. These surface studies also measure
irreversible adsorption, while our XRR studies do not probe
the reversibility of the adsorbed layer. Similarly, our agitation
studies only probe the downstream effect of adsorption-sub-
visible particles—but the pathway to aggregation through the
interface is not probed. Future studies will be focused on the
understanding of protein-FM1000 interactions at a silicone/
liquid interface.

B CONCLUSIONS

In this work, we explored the molecular-level understanding of
FM1000 and PS80 excipients for the stability of a mAb-based
protein formulation upon interfacial adsorption. We found that
FM1000 has a lower surface tension than PS80 at similar mass
and molar concentrations, and therefore, FM1000 adsorbs
faster onto the air/water interface. Additionally, the pendant
bubble tensiometer and XRR measurements for the surfactant
alone system showed a higher area per molecule for adsorbed
FM1000 than PS80 molecules. This indicates that fewer
FM1000 molecules are sufficient to saturate the air/water
interface and can therefore prevent the adsorption of protein
molecules at lower concentrations of excipient. In order to
inhibit mAb adsorption at the air/water interface with an
increase in mAb bulk concentration, FM1000 concentration of
7.86 X 107> mg/mL was sufficient. On the other hand, for the
highest mAb concentration of 2.5 mg/mL used in this study,
four times higher PS80 concentration relative to FM1000 was
required to block mAbs from adsorbing to the surface.
Additionally, agitation and surface-fouling studies correlated
well with the XRR measurements. Overall, this study suggests
that the design of new excipients, such as FM1000, should
focus on high interfacial footprints to effectively compete for
interfacial area with mAbs and other proteins.
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