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ABSTRACT
Purpose To study the effect of three nonionic surfactants on
the protein-silicone oil interactions.
Methods The adsorption of Tween® 80, Pluronic® F68 and
Tween® 20 at the silicone oil/water interface (using shifts in
frequency (ΔF) and resistance (ΔR) with quartz crystal micro-
balance) was compared to the adsorption at air/water interface
(using surface tension). Effect of surfactants on protein adsorp-
tion to the silicone oil/water interface was studied in sequential-
and co-adsorption modes. Protein-surfactant binding in the bulk
was measured using dynamic surface tension method.
Results Saturation of air/water and silicone oil/water interfaces
by surfactants was observed at similar bulk concentrations. ΔF
due to protein adsorption to the interface decreased only when
surfactant was present as a pre-adsorbed species. Insignificant
differences in the dynamic surface tension values of surfactant
solutions were observed in the presence of protein.
Conclusions Similar hydrophobic forces were responsible for
driving the surfactant adsorption at both air/water and silicone
oil/water interfaces. Surfactants were effective in reducing the
protein adsorption to the silicone oil only when introduced
before or along with the protein. No significant binding be-
tween the protein and surfactants was observed in the bulk.

KEY WORDS protein adsorption . protein aggregation .
silicone oil . surfactant . viscoelasticity

INTRODUCTION

Proteins being amphiphilic are generally surface active, and
therefore, interact with various interfaces encountered dur-
ing different pharmaceutical processes of expression, purifi-
cation, filling, filtration, freeze-thaw, transportation, and
storage. The interfaces include both air/water (pumping,
filling, transportation, and storage) and solid/water (purifi-
cation, freeze-thaw, pumping, filling, and storage). Whereas
air/water interfaces are always hydrophobic, solid/water
interfaces could be both hydrophobic (e.g. Teflon, alkyl
substitute chromatography columns and silicone oil), or
hydrophilic (e.g. glass, modified chromatographic silica and
polyvinylidene fluoride membrane in filters). The interfacial
interactions can lead to a change in protein conformation
(1,2) resulting in diminished biological activity and aggrega-
tion upon storage.

One of the common interfaces encountered by the protein
molecules is that of silicone oil/water. Silicone oil is widely used
as a lubricant in prefilled syringes and vial stoppers to enable
component processability during manufacturing and function-
ality during delivery (3). Silicone oil has been implicated in
protein aggregation and particle formation (4–7) and has been
a serious concern in pharmaceutical industry where the prefilled
syringe is becoming a container of choice for the delivery of
biopharmaceuticals. These protein aggregates/particulates
could be less efficacious and may have immunogenic potential,
making the drug formulation clinically unacceptable (8).

Protein molecules can encounter two forms of silicone oil
in a container, one present as a lubricant coating (a static
interface with the formulation phase) and other, that may
leach in to the bulk (a dynamic interface with the formula-
tion phase). Both the interfaces with silicone oil may be
playing role in the silicone oil induced protein instability.
Different groups have studied the interaction of protein with
silicone oil using silicone oil spiking (dynamic silicone
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oil/water interface) (5,7,9) or in actual prefilled syringes
(consisting of both static and dynamic silicone oil/water in-
terfaces) (6,10). Although the studies done in prefilled syringes
depict a real world scenario, from a point of mechanistic
understanding of protein-silicone oil interactions it is impor-
tant to study separately the protein interactions at a static
silicone oil/water interface. This is important because with
improved silicone oil coating technologies such as baking, the
manufactures have been able to obtain coatings significantly
less prone to leach silicone oil (11). In such a case, the area of
concern would be the hydrophobic and static silicone oil
coating/formulation interface where protein molecules can
adsorb, denature and potentially form bulk and/or surface
aggregates. However, studies with proteins on such a static
silicone oil/water interface are very few (12,13).

Different studies with static hydrophobic interfaces have
shown the tendency of protein molecules to undergo denatur-
ation upon adsorption (2,14–18). The denatured protein spe-
cies were also observed to be present in the bulk following the
adsorption step (2,19). These denatured species can combine
with similar molecules in the bulk to cause aggregation. Such
instability of protein molecules can also potentially occur in a
prefilled syringe, where a static silicone oil lubricant coating is
in contact with the protein in solution. Moreover, since the
prefilled syringes act as storage container as well, this process
of protein surface adsorption, denaturation, and desorption
can continue to cause increased bulk protein aggregation over
the product shelf life (~ 2 years). Any of these steps could be
rate limiting in the process. The first step of adsorption could
be minimized to prevent the protein stability issues that could
arise later. The protein adsorption at hydrophobic interfaces
can be inhibited/reduced by the use of nonionic surfactants in
protein formulations. The use of the surfactants in
biopharmaceuticals for stabilization effect has been attributed
mainly to the competition of the surfactant with the protein
for a common interface (20–22) and the binding of the sur-
factant to protein through hydrophobic groups, making pro-
tein surface more hydrophilic, and preventing the interfacial
protein adsorption (23–25). Other mechanisms such as de-
creased aggregation by increasing the free energy of unfolding
of the protein by binding to its native state have also been
proposed (26). Though the surfactants were effective in reduc-
ing the silicone oil induced protein instability in a system with
spiked silicone oil (7,9), a fundamental understanding of the
role of surfactants in affecting the protein-silicone oil interac-
tions at a static silicone oil/water interface is still lacking.
Studying the real time adsorption of proteins in the presence
of surfactant directly at a static silicone oil/water interface, as
present in a lubricated syringe, would provide a better mech-
anistic understanding of these interactions.

We have previously shown the effect of Tween® 20 on
the interactions of a fusion protein with silicone oil (13).
Tween® 20 was effective in reducing the protein adsorption

as a pre-adsorbed species at the interface. However, the
observed effect may not be universal and cannot be extrap-
olated to other surfactants relevant to the pharmaceutical
industry. Therefore, in this study we compare the effect of
three nonionic surfactants, Tween® 80, Pluronic® F68 and
Tween® 20 on the interactions of an Fc-fusion protein with
a thin film of silicone oil. The surfactant adsorption behav-
ior at silicone oil coating/formulation interface (adsorbed
amount, saturation behavior, and the nature of adsorbed
film) with respect to their adsorption at the air/water inter-
face is also studied.

MATERIALS AND METHODS

The material used in these studies such as the protein,
silicone oil, surfactants, buffer components etc. have been
described previously (13). Additionally, Tween® 80 and
Pluronic® F68 were obtained from Fisher scientific (Fair
Lawn, NJ). The experimental procedures of sample prepa-
ration and adsorption studies with protein and surfactant
using QCM have also had been described earlier (13).

Quartz Crystal Microbalance (QCM) Setup

The adsorption studies at the silicone oil/water interface
were carried out using commercially available QCM appa-
ratus (QCM 200; SRS Inc., Sunnyvale, CA) with silicone
fluid (PDMS; 1 million cSt) coated quartz crystals (5 MHz).
The studies were conducted in flow injection mode at 25.0°C
with the coated crystal mounted in a flow cell. The solvent
was made to flow through the system using a syringe pump
(NE 1010X; New Era Pump Systems, Inc., Farmingdale,
NY) at a rate of 50 μL/minute. Upon reaching a stable
baseline with respect to changes in frequency (F) and resis-
tance (R) values in the solvent, sample was introduced. Data
i.e. the shifts in the F and R values of the crystal as a function
of time were recorded at an interval of 10 seconds using
LabView stand alone software (National Instruments
Corporation, Austin, TX). The samples were made to re-
main in contact with the crystal surface until the point of no
further shifts in F and R values. These changes in the F and R
signals were taken into calculations to determine the mass of
species (protein/surfactant) adsorbed at equilibrium to the
interface (13). Details related to system handling have been
described previously (13,27).

Equilibrium Surface Tension Measurements

The studies were conducted in distilled water at 24.0±0.5°C
using a semiautomatic Surface Tensiomat model 21 (Fisher
scientific company, NJ) utilizing a platinum-iridium du-
Noüy ring. A 15 mL volume of each solution was added to
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a pre-cleaned petri dish (60 mm×15 mm), and the dish
surface was allowed to saturate for 15 min before discarding
the solution. The test solution (15 mL) was then added to the
petri dish, covered to prevent any solvent evaporation, and
stored for 24 h before making any measurements. The force
required to detach the ring from the surface of the solution is
proportional to the apparent surface tension (P). The appar-
ent surface tension is then converted to true surface tension
(S) by using a correction factor (F):

S ¼ P � F ð1Þ

where F is dependent on the radius and circumference of the
ring, radius of the wire used in the ring, apparent surface
tension (dial reading), and densities of the two phases. The
measurements were conducted in duplicate.

Protein-Surfactant Binding Studies

The binding between the Fc-fusion protein and surfactants
was studied using the maximum bubble pressure method at
pH 5.0 and 10 mM solution ionic strength. The method
employs the measurement of dynamic surface tension at the
newly formed surface of a bubble in a solution. The ob-
served surface tension depends on the amount of surface-
active species adsorbed onto the newly formed surface,
which in turn depends on its size, molecular weight, and
the rate at which the interface is generated (bubble rate or
surface age). A bubble rate can be chosen where only the
smaller sized, free surfactant molecules (higher diffusion
rate) contributes to the surface tension, and the contribution
from the larger species (protein monomer, protein aggre-
gates, and protein-surfactant complex; smaller diffusion
rate) can be avoided. Therefore in a mixture of a surfactant
and macromolecule, this technique can be used to monitor
the changes in the surface tension caused only by the sur-
factant. This change in the surface tension can then be
related to the concentration of free surfactant molecules in
the solution, and hence any binding between protein and
the surfactant will be reflected in the measured surface
tension values. Details related to the principle and working
of the technique are given elsewhere (28,29).

Surface tension measurements were conducted using a
surface tensiometer (Sensadyne 9000, Chem-Dyne
Research Corp., Mesa, AZ) with two offset glass probes of
diameter 0.5 and 4.0 mm and at a bubble rate of 0.2
bubbles/second (surface age - 5 seconds). Calibration of
the instrument was performed using triple distilled water
and ethanol as high and low surface tension standards,
respectively with corresponding surface tension values of
72.1 and 22.4 dynes/cm at 25.0°C. The surface age was
kept constant at 5 seconds and readjusted if needed during

the titration process. The temperature of the fluid under
measurement was kept constant at 25.0±0.1°C using an
external water bath. Titrations of the buffer were first
performed using a stock surfactant solution to generate a
surface tension versus concentration profile. The protein
solution (5.0 μM) in buffer was titrated with the same stock
of surfactant solution.

RESULTS AND DISCUSSION

Surfactant Adsorption at the Silicone Oil/Water
and Air/Water Interfaces

Surfactants are commonly added to the protein formula-
tions to provide protection against both the air/water and
container/water interfaces. The adsorption behavior of sur-
factants at air/water interface has been widely studied,
however, reports for their adsorption at the interface be-
tween container and formulation are lacking (30). In order
to determine the bulk surfactant concentrations needed to
achieve interfacial saturation, adsorption isotherms for the
three nonionic surfactants were generated at the silicone
oil/water interface (Fig. 1). All the surfactants show an initial
rise in adsorption, which is followed by a plateau. Figure 1
also shows that the Langmuir monolayer adsorption model
(Eq. 2) can be used to describe the data for surfactant
adsorption at the interface:

Δm

Δmmax

¼ KadsC

1þ KadsC
ð2Þ

where Δm is the adsorbed mass, Δmmax is the mass required
to get a monolayer coverage on the interface, Kads is the
equilibrium adsorption constant, and C is the bulk surfac-
tant concentration at the equilibrium.

Langmuir equation can be applied when the following
assumptions are met: (i) the adsorbent surface is homoge-
nous, (ii) the adsorption occurs in one molecular layer, (iii)
both the solvent and solute molecules have equal cross
sectional areas, and (iv) there are no net solute-solvent or
solute-solute interactions, both in the bulk phase and at the
interface (31). The last two assumptions are difficult to meet
in the adsorption of surfactants from aqueous solutions on to
an interface. However, it has been shown by the use of the
Flory-Huggins principle that the last two assumptions cause
deviations from the Langmuir expression that are in oppo-
site directions to one another, and hence compensate each
other, giving a good Langmuir fit to the data (31). This
model was therefore used here to determine possible orien-
tation of the surfactant molecules adsorbed at the silicone
oil/water interface. Equation 2 can be linearized to Eq. 3
and the mass of surfactant required to achieve monolayer
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coverage could then be determined:

C

Δm
¼ C

Δmmax

þ 1
Δmmax Kadsð Þ ð3Þ

The area occupied by each molecule and hence, the
possible orientation of the surfactant units at the silicone
oil/water interface can then be determined using Eq. 4:

Area occupied by each molecule )
2

� �
¼ 1016

NA � m ð4Þ

where NA is the Avogadro’s number and m (= Δmmax) is the
amount of surfactant (in moles/cm2) required to achieve
monolayer coverage of the interface. The results are given
in Table I and discussed later in comparison with the ad-
sorption data obtained at the air/water interface. For the
duration of the experiments, the silicone oil coating was
physically stable in the presence of the studied surfactants
at concentrations above their CMC (data not shown; see
(13) for details).

The adsorption of nonionic surfactants at the air/water
interface was studied using equilibrium surface tension mea-
surements as a function of bulk concentration (Fig. 2). All
the plots show that the surface tension decreases to a certain
concentration characteristic of each compound, when sur-
face tension remains essentially constant (or decreases very
gradually as in Pluronic® F68) with a further increase in the
concentration. The adsorption of surfactants at the
air/water interface is driven by hydrophobic interactions.
Closeness of bulk concentrations providing air/water inter-
facial saturation (Fig. 2) to that required to saturate the
silicone oil/water interface (Fig. 1) suggests that the similar
hydrophobic forces are also responsible for promoting ad-
sorption of the nonionic surfactants to the silicone oil/water
interface.

To obtain information about the adsorption behavior of
the surfactants at air/water interface, equilibrium surface

tension data were analyzed using the Gibb’s adsorption
equation (32):

Γ 2 ¼ � 1
RT

dg
d Ln C

� �

T

ð5Þ

where Γ2 is surface excess (mole/m2), R is gas constant, T is
temperature, and γ is surface tension. This equation assumes
ideal behavior at low concentrations, so the concentration
(C) can be used instead of activity. The amount of a solute
adsorbed at the air/water interface (surface excess) can be
determined from the initial slope of surface tension versus

natural log concentration plots for the surfactants studied
(Fig. 3). The area occupied per surfactant molecule at the
air/water interface can then be determined using the sur-
face excess in Eq. 4. Table I compares the interfacial ad-
sorption data for surfactants at the silicone oil/water and
air/water interfaces. All the surfactants, except Tween® 80,
were calculated to have greater mass adsorbed at the
air/water interface compared to the silicone oil/water in-
terface. The adsorption of surfactant molecules at the
air/water interface is associated with a greater molecular
flexibility as the penetration of the nonpolar tail is allowed
into the air. Therefore, a more compact surfactant layer
with greater number of adsorbed molecules (higher
adsorbed mass ) could be expected in this case.
Additionally, Pluronic® F68 has also been suggested to
undergo a considerable folding of its hydrophobic poly(pro-
pylene) oxide (PPO) moieties at the air/water interface (33),
leading to the formation of a more compact layer. This
could be the reason for a significantly higher adsorption of
Pluronic® F68 at the air/water interface compared to sili-
cone oil/water interface. Tween® 80 showed reduced ad-
sorption at the air/water interface compared to silicone
oil/water interface. This result is consistent with the previ-
ous report comparing Tween® 80 adsorption at the hydro-
phobic solid/liquid interface (silane treated glass/water

Fig. 1 Adsorption isotherms for
the nonionic surfactants, Tween®
80, Pluronic® F68 and Tween®
20 at the silicone oil/water
interface using QCM at 25.0°C
(n≥2). Solid lines are the
Langmuir fit to the data.
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interface) with liquid/vapor interface (34). The greater ad-
sorption at the solid/liquid interface is explained by a more
structured adsorbed surfactant layer at the hydrophobic
solid/liquid interface leading to a higher packing density.

Table I also shows the area occupied by the surfactant
molecules at the air/water and silicone oil/water interfaces.
The area has been compared to the area of the surfactant
monomer, calculated theoretically, in horizontal orienta-
tion, using the bond lengths of the groups present in the
fatty acid chains or PPO unit of the surfactants (groups in
contact with the hydrophobic interface). For all the surfac-
tants, the experimentally measured areas at the silicone
oil/water interface were found to be greater than the area
calculated theoretically, suggesting that the monomeric
units of surfactants are adsorbed in loosely packed layers.
This is because of the hindrance of steric nature associated
with the bulky hydrophilic moieties, oxyethylene (Tween®
80 and 20) and PEO (Pluronic®F68), extended into the
bulk. Similar adsorption behavior was observed for
Tween® 80 and Tween® 20 on the air/water interface.
For Pluronic® F68, on the other hand, the area experimen-
tally measured at the air/water interface is significantly
lower than the theoretically calculated area, supporting the

earlier proposed hypothesis of PPO folding at the air/water
interface. The differences observed in the area occupied by
each surfactant molecule between air/water and silicone
oil/water interface could be attributed to the nature of the
two interfaces. In the present case, the silicone oil coating (on
crystal surface) in contact with water represents a static and
non-penetrable interface. However, air/water is a penetrable
and dynamic interface where molecules can achieve greater
flexibility, allowing them to form a more compact layer with
greater number of molecules at the interface. For Tween® 80,
the reason for smaller occupied area at the silicone oil/water
interface in comparison to air/water interface is described in
the previous paragraph in terms of its higher packing density
at the hydrophobic solid/liquid interface.

Viscoelastic Nature of the Adsorbed Layer

Measuring resistance shifts (ΔR) in QCM provides informa-
tion about the physical nature of the bound layer, i.e. if it is
elastic (rigid) or viscoelastic. A bound layer which is elastic in
nature dissipates no energy and results in a negligible
change in the crystal R value. However, a surface layer
which is viscoelastic in nature results in a positive shift in
the R value because of the energy loss associated with the
viscous nature of the coupling. The ΔR for surfactant ad-
sorption at the silicone oil/water interface, at or above
surface saturation concentrations, were 2.53±0.77 Ω
(Tween® 80), 3.03±0.52 Ω (Pluronic® F68), and 2.62±0.
29 Ω (Tween® 20). The same resistance shift for the protein
adsorption under the studied condition was 0.77±0.29 Ω.
Fig. 4 shows the plot of ΔR/ΔF for Tween® 80 (0.02%;
152 μM), Pluronic® F68 (0.035%; 41 μM) and Tween® 20
(0.02%; 163 μM). The data are shown for the concentra-
tions achieving saturation of the silicone oil/water interface.
For the reference, a completely viscous system can be

Table I Comparison of Adsorption Parameters for Tween® 80, Pluronic®
F68, and Tween® 20 Obtained at the Silicone Oil/Water Interface
(Using Langmuir Model) and the Air/Water Interface (Using Gibbs Adsorption
Isotherm) (SO/W: Silicone Oil/Water Interface; A/W: Air/Water Interface)

Surfactant (HLB; MW) Mass adsorbed
(ng/cm2)

Area occupied/molecule
(Å2)

SO/W A/W Theoretical SO/W A/W

Tween® 80 (15;1310) 254 227 56 86 96

Pluronic® F68 (24;8400) 380 642 331 367 217

Tween® 20 (16.7;1228) 223 314 40 91 65

Fig. 2 Equilibrium surface
tension data obtained for
Tween® 80, Pluronic® F68 and
Tween® 20 using platinum-
iridium du-Noüy ring at 24.0±
0.5°C (n=2). The line connects
the points to guide the eye.
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represented by deionized water where the average slope
ΔR/ΔF was determined to be 0.405±0.002 Ω/Hz, and
the same slope would be zero for a completely elastic system
(13,27). Irrespective of the surfactant type, at saturating bulk
concentrations, the interfacially bound surfactant layers
were found to have similar magnitude of viscoelastic char-
acter (ΔR/ΔF, 0.121±0.003 Ω/Hz). In comparison, the Fc-
fusion protein studied here forms a relatively more rigid
layer at the silicone oil/water interface (ΔR/ΔF, 0.017±0.
007 Ω/Hz). This rigidity of the bound species at the inter-
face is also associated, qualitatively, to the reversibility upon
rinsing associated with each layer at the silicone oil/water
interface. Surfactants, irrespective of their type, showed on
an average 20–25% reversibly bound portion (Fig. 5) where-
as, this reversibility was less than 10% for the relatively
rigidly bound Fc-fusion protein (Fig. 9).

Protein Adsorption at the Silicone Oil/Water
Interface in the Presence of Surfactants

Previously, the maximum adsorption of this protein at the
silicone oil/water interface was observed at pH 5.0 and
10 mM solution ionic strength (27), and therefore this con-
dition was chosen for the protein adsorption studies in the
presence of surfactant. Protein bulk concentration of 0.
1 mg/mL, sufficient to provide silicone oil/water interface
saturation, was used (27). For surfactants, the concentration
achieving the saturation of the silicone oil/water interface
was used. The kinetics of Fc-fusion protein adsorption at the
silicone oil/water interface in the presence of Pluronic® F68
has been shown as a representative.

Protein Adsorption Following Surfactant Adsorption. The se-
quential mode adsorption kinetics of Pluronic® F68 and

protein at the silicone oil/water interface as monitored by
F and R signal shifts in QCM is shown in Fig. 5. Interfacial
adsorption of the surfactant resulted in a decrease in the
frequency and an increase in the resistance signal. The
observed frequency decrease was significantly lower, while
the rise in resonant resistance was significantly higher in
magnitude compared to the adsorption of this protein to
the silicone oil/water interface alone (Fig. 9, 0–6000 sec-
onds). Upon attaining the stability in the measured F and R
signals, the buffer rinsing of the system was performed to
remove both the bulk as well as any reversibly adsorbed
surfactant molecules. This is indicated by an increase in the
frequency and a decrease in the resistance signals upon
rinsing. However, not all surfactant could be rinsed away,
and on the time scale of these studies a significant portion of
the adsorbed molecules stayed at the interface post-solvent
rinsing. Such adsorption irreversibility of different surfac-
tants on hydrophobic interfaces has been observed previ-
ously, including silicone oil/water (12,13,35,36). A further
decrease in the resonant frequency was observed upon pro-
tein introduction, indicating the adsorption of protein at the
interface. The extent of this frequency reduction, however,
was significantly smaller in magnitude in comparison to that
observed for the protein adsorption to the silicone oil/water
interface in the absence of any surfactant (~40 Hz (40.04±
2.71 Hz); Fig. 9, 0–6000 seconds). The data suggest that the
presence of pre-adsorbed surfactant at the silicone oil/water
interface results in a decrease in the amount of adsorbed
protein. Upon rinsing with the solvent, a small frequency
increase along with a negligible resistance decrease was
observed which is indicative of the desorption of reversibly
adsorbed protein molecules (upon rinsing, the resistance
drop for the adsorbed protein layer is negligible (Fig. 9, 0–
6000 seconds) while, it is significant for the surfactant (Fig. 5,
0–5000 seconds)). At the end of this experiment, the

Fig. 3 Plot of equilibrium surface
tension versus the bulk
concentration for the aqueous
solution of Tween® 80,
Pluronic® F68 and Tween® 20.
As per Gibbs adsorption
isotherm, surface excess is the
slope of the falling portion of the
curve.
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measured resistance value (1.85 Ω; 2.33±0.50 Ω) is still
significantly larger than that observed for the protein ad-
sorption to the interface alone (0.77±0.29 Ω) and hence,
suggesting that protein did not cause a significant displace-
ment of the surfactant molecules from the silicone oil/water
interface. The value of ΔR/ΔF at equilibrium was calculat-
ed to be 0.067±0.020 Ω/Hz, suggesting the contribution of
both viscous and elastic components to the adsorbed layer.

Figure 6 compares the equilibrium adsorption of the Fc-
fusion protein at the silicone oil/water interface in the
absence and presence of the pre-adsorbed surfactant. In
the presence of surfactant, the data are also distinguished
on the basis whether the adsorbed surfactant layer was
rinsed or not prior to protein introduction. Each surfactant,
when already present at the silicone oil/water interface,
showed a significant reduction in protein adsorption to the
interface, as compared to the adsorption in the absence of
the surfactant. All the surfactants, at saturation concentra-
tion, were found to be approximately equally effective in
preventing protein adsorption to the silicone oil/water in-
terface. It can be seen that for Tween® 80 and Tween® 20,
there were no significant differences in the amount of

adsorbed protein whether the pre-adsorbed surfactant was
rinsed with buffer or not. However, for Pluronic® F68,
there was a higher mass of protein adsorbed when the
surfactant was rinsed prior to protein introduction.
Desorption of Pluronic® F68, upon rinsing, would create
a larger interfacial vacancy compared to desorption of
Tween® 80 or Tween® 20 (Pluronic® F68 being a signif-
icantly bigger molecule, ~8400 Da vs ~1200–1300 Da for
Tween®), allowing more protein to adsorb.

Protein-Surfactant Co-adsorption. In the co-adsorption mode,
where the adsorption was studied from a mixture of protein
and surfactant, the aim was to investigate if surfactants have
any role in preventing protein adsorption to the silicone
oil/water interface by binding to the nonpolar groups on
the protein surface. The kinetics of adsorption at the silicone
oil/water interface from a mixture of protein (0.1 mg/mL)
and Pluronic® F68 (0.035%) is shown in Fig. 7. The mag-
nitude of this observed frequency shift is similar to the
frequency shift because of protein adsorption to the inter-
face alone (40.04±2.71 Hz), and is also similar to the total
frequency shift caused by Pluronic® F68 adsorption

Fig. 4 Viscoelastic properties of
the adsorbed layer of the Fc-
fusion protein (0.1 mg/mL),
Tween® 80 (0.02%), Pluronic®
F68 (0.035%) and Tween® 20
(0.02%) in comparison to a
completely viscous and an elastic
system as measured using QCM
with 5 MHz silicone oil coated
quartz crystal at 25.0°C.

Fig. 5 Kinetics of Pluronic® F68
and Fc-fusion protein adsorption
to the silicone oil/water interface
in the sequential mode at pH 5.0
and 10 mM solution ionic
strength as monitored by
frequency and resistance shifts
with QCM at 25.0°C.
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followed by protein adsorption to the interface (Fig. 5).
The increase in the resonant resistance (2.54±0.11 Ω)
accompanying this adsorption, however, is a characteristic
of Pluronic® F68 adsorption (3.03±0.52 Ω). Nevertheless,
the magnitude of equilibrium frequency decrease is signif-
icantly greater than that observed with Pluronic® F68
adsorption alone to the interface (Fig. 5; 0–2000 seconds).
This suggests that when a mixture is used, both Pluronic®
F68 and the protein are adsorbed to the silicone oil/water
interface. Similar adsorption behavior was seen previously
with a mixture of poloxamer 188 (Pluronic® F68) and
protein (abatacept) to the silicone oil (12). The ΔR/ΔF
value obtained at equilibrium (0.057±0.004 Ω/Hz) also
suggested the layer to be a mix of protein and surfactant
with viscoelasticity intermediate to that obtained with the
two species separately at the interface.

Figure 8 shows the amount of surface active species
adsorbed at equilibrium to the silicone oil/water interface,
when studied from a mixture of fusion protein (0.1 mg/mL)
and Tween® 80 (0.02%), Pluronic® F68 (0.035%), or
Tween® 20 (0.02%). The figure shows the total mass of
the species adsorbed to the interface and does not differen-
tiate between the amount of protein and the surfactant.
Though the total adsorbed mass is equal in the absence
and presence of surfactant, the adsorbing species are differ-
ent: protein alone in the absence of surfactant, while both
protein and surfactant in case of adsorption studied from a
mixture as described next. At interfacial saturating concen-
trations, the protein adsorption to the silicone oil/water
interface produced an average frequency and resistance shift
of 40 Hz and 0.77 Ω, respectively, while average values of
18–26 Hz and 2.5–3.0 Ω were obtained with the surfac-
tants. In all the cases of coadsorption studies, when a mix-
ture of protein and surfactant was introduced in to the
system, a frequency decrease (> 40 Hz), characteristic of
protein adsorption, along with a resistance increase (> 2.5 Ω),
characteristic of the surfactant adsorption, was observed,
suggesting that both protein and the surfactant adsorbed to
the interface.

Surfactant Adsorption Following Protein Adsorption. The effect
of nonionic surfactants on the pre-adsorbed protein layer at
the silicone oil/water interface was also studied (Fig. 9). In
comparison to Pluronic® F68 (Fig. 5; 0–2000 seconds), the
adsorption of the protein to silicone oil results in a much
larger resonant frequency decrease and a much smaller
crystal resonant resistance increase. Rinsing step involving
the solvent removed a fraction of the otherwise irreversibly
adsorbed protein molecules. Introduction of Pluronic® F68
(0.035%) resulted in a further decrease of resonant frequen-
cy, suggesting Pluronic® F68 adsorption. The adsorption of
Pluronic® F68 to the interface in the presence of adsorbed
protein, however, is significantly less than compared to in
the absence of any adsorbed protein. Some desorption of
the reversibly adsorbed Pluronic® F68 molecules was seen
upon rinsing, as characterized by the changes in the fre-
quency and resistance signals. The final frequency shift
measured is much larger than observed with Pluronic®
F68 adsorption to the interface alone indicating the inability
of Pluronic® F68 to displace the interfacially adsorbed
protein molecules on these time scales. Similar behavior
was seen in the presence of Tween® 20 (13) and Tween®
80 (data not shown). The value of ΔR/ΔF (0.035±
0.003 Ω/Hz), obtained at equilibrium, suggested the elastic
nature of the adsorbed layer because of the presence of
protein as the predominant species.

The adsorption of protein molecules onto the hydropho-
bic interfaces is governed by two major factors: (i) the
removal of structured water around the nonpolar groups
on the protein (also, on the sorbent surface) upon adsorp-
tion, and (ii) the structural rearrangements that are possible
in the protein molecules at the interface (37). Both the
factors result in a large gain in the system entropy. In the
bulk solution, the collapse of polypeptide chain into a com-
pact native state is accompanied by a considerable loss of the
conformational entropy. The dehydration of the nonpolar
surface groups and the resulting entropy gain outweighs this
entropy loss resulting in a compact structure which is only
marginally stable. However, once the protein is bound to

Fig. 6 Amount of the Fc-fusion
protein adsorbed at equilibrium
to the silicone oil/water interface,
as calculated from the parameters
measured using QCM, in the
presence of nonionic surfactants
as a pre-adsorbed species (rinsed
and unrinsed) at pH 5.0 and
10 mM solution ionic strength
and 25.0°C (n≥2).
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the hydrophobic interface through the nonpolar residues
present on its surface, it not only removes those nonpolar
groups from water exposure, but now can also change its
structure to the large volume denatured state, gaining the
lost conformational entropy. This further leads to a stronger
and irreversible binding at the interface. This protein has
shown to bind rigidly and irreversibly to the silicone
oil/water interface (low ΔR/ΔF value; Fig. 4, and small
recovery of the frequency shift upon buffer rinse; Fig. 9)
resulting in the inability of the surfactant to displace the
interfacially adsorbed protein molecules.

Further reduction in the crystal resonant frequency upon
introduction of the surfactant following protein adsorption
was observed with each surfactant used. This reduction in
the frequency could be attributed primarily to the surfactant
adsorption at the empty sites between the interfacially
adsorbed protein molecules. This is supported by the mea-
sured frequency shifts upon the introduction of surfactants
post-protein adsorption. Frequency decrease caused by the
adsorption of either Tween® 80 (12.34±2.35 Hz) or

Tween® 20 (11.52±1.95 Hz) was significantly larger as
compared to Pluronic® F68 (5.17±1.97 Hz). This is con-
sistent with the significantly larger size of Pluronic® F68
which would not allow it to permeate all the available
vacancies in the adsorbed protein layer, though still accessi-
ble to the smaller sized Tween®.

Protein-Surfactant Binding Studies

A surfactant may reduce the interfacial protein adsorption
either by competing with protein for the interface, or by
binding to the protein surface, or both. In the protein-
surfactant co-adsorption mode studies, it was observed that
both protein and surfactant adsorbed to the interface (Fig. 7)
however, it is not possible to separate the mass contribution
from the individual species and hence directly determine if
protein-surfactant binding has any role in affecting the
protein adsorption to the silicone oil. Thus, to determine if
protein-surfactant binding is playing any role, we measured
the binding between the Fc-fusion protein and surfactants

Fig. 7 Kinetics of Pluronic® F68
and Fc-fusion protein co-
adsorption to the silicone oil/
water interface at pH 5.0 and
10 mM solution ionic strength as
monitored by frequency and
resistance shifts with QCM at
25.0°C.

Fig. 8 Total mass of the surface
active species adsorbed at
equilibrium to the silicone oil/
water interface from a mixture of
Fc-fusion protein and surfactant
(co-adsorption mode), as
calculated from the parameters
measured using QCM at pH 5.0
and 10 mM solution ionic
strength and 25.0°C (n≥2).
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with the dynamic surface tension studies using maximum
bubble pressure technique. A pre-optimized bubble rate of
0.2 bubbles/second (surface age - 5 seconds) was chosen
where only the surfactant contributed to a reduction in the
surface tension and not the protein (preliminary data, not
shown). Figure 10 shows the dynamic surface tension curves
(below the CMC of each surfactant) generated for Tween®
80 and Pluronic® F68 in the absence and presence of
5.0 μM Fc-fusion protein, as a function of surfactant con-
centration at 25.0±0.1°C. In pure buffer, as the concentra-
tion of the surfactant in the solution increases, the surface
tension decreases with two slopes, an initial steep and a
latter shallow. When the same titrations are made in a
solution containing Fc-fusion protein, no significant changes
in the surface tension values are observed (similar pattern
was observed with Tween® 20). This suggests the absence of
binding between the protein and surfactants as measured
using the bubble pressure technique. The binding of a
surfactant to the protein would result in a less number of
free surfactant molecules in the bulk and hence a higher
surface tension value would be measured. Since no binding

is observed between protein and the surfactants in the bulk,
the mechanism of protein-surfactant binding may be ruled
out in affecting the adsorption of the protein to the silicone
oil/water interface. As described before, both protein and
surfactant adsorbed to the interface in co-adsorption mode,
and the adsorbed layer may be expected to consist of a
significant amount of both protein and surfactant. A signif-
icant amount of surfactant at the interface could be
expected because of the higher diffusion associated with
the smaller sized surfactant molecules which would try to
preoccupy the interface in the presence of protein. Protein
adsorption may then follow in a manner similar to the
adsorption of this protein occurring at the pre-adsorbed
surfactant layer (Fig. 5). Such an adsorption process will
result in a reduction in the interfacially adsorbed protein
by the competition mechanism.

The binding of surfactant to a protein depends on the
surface hydrophobicity of the protein. Surface hydrophobicity
measurements were made by monitoring the fluorescence
emission of ANS (8-anilino-1-naphthalenesulfonic acid) or
PRODAN (6-propionyl-2-dimethylaminonaphthalene) dyes

Fig. 9 Kinetics of Pluronic® F68
and Fc-fusion protein adsorption
to the silicone oil/water interface
in the sequential mode at pH 5.0
and 10 mM solution ionic
strength as monitored by
frequency and resistance shifts
with QCM at 25.0°C.

Fig. 10 Dynamic surface tension
measurements using maximum
bubble pressure method for
Tween® 80 and Pluronic® F68
in the absence and presence of
Fc-fusion protein (5.0 μM) at
25.0±0.1°C (n=2). The errors
bars, if not visible, are smaller
than the symbols used.
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in the presence of increasing protein concentrations. The
concentration of the dye was kept fixed at 40 μM (ANS) and
4 μM (PRODAN) and the protein concentration was varied
from 0.02mg/mL to 0.1 mg/mL. Excitation wavelength used
was 375 nm (ANS) and 365 nm (PRODAN) with emission
monitored in a range of 400 nm to 650 nm. With increasing
Fc-fusion protein concentration, both dyes showed slight blue
shifts, and small and gradual increase in the fluorescence
intensities (data not shown). In contrast to Fc-fusion protein,
a significantly greater blue shift in ANS emission (516 nm in
pure buffer to 474 nm with protein) and a much higher
increase in the fluorescence intensity with increasing protein
concentration were seen with bovine serum albumin, which is
consistent with the presence of a large hydrophobic patch on
the surface of this fatty acid binding protein (data not shown).
Our earlier work studying the binding between human serum
albumin and polysorbate 80 (Tween® 80) using maximum
bubble pressure technique has shown a significant binding
between the two molecules (29) and is consistent with the
significant surface hydrophobicity of the albumin as measured
here. These results suggest the absence of any large/significant
hydrophobic area on the surface of Fc-fusion protein so that a
quantifiable signal could be obtained in the presence of either,
the surfactant molecules (dynamic surface tension) or the dye
molecules (fluorescence). This raises an interesting point that
how does the adsorption of such a relatively hydrophilic fusion
protein molecule proceeds at the hydrophobic silicone
oil/water interface. Interfacial pressure studies for different
proteins at the air/water interface using Langmuir trough
have shown that irrespective of the protein size, only a small
portion of the protein needs to enter the interface for the
adsorption to proceed spontaneously (38,39). The cross sec-
tional area of the proteins studied ranged from ~1000 to
10,000 Å2, however, the area required for each protein to
enter the interface was within the narrow range of 100 to
175 Å2. This suggests that proteins can just get hold of the
interface with a foot of size equivalent to few nonpolar side
chains located on its surface. This will be followed by the time
dependent changes in protein orientation and its conforma-
tion, which are energetically responsible for driving the overall
adsorption process (1) .

CONCLUSIONS

The adsorption of commonly used nonionic surfactants at
static silicone oil/water interface, mimicking the siliconized
surface of a lubricated syringe, was observed to be governed
by similar hydrophobic forces responsible for their adsorp-
tion at air/water interface. All the adsorbed surfactant
layers showed similar viscoelastic properties at the silicone
oil/water interface, but had a significantly greater viscous
character than the adsorbed protein layer. The order in

which the surfactant and protein were exposed to the inter-
face affected the adsorption characteristic of each species
and gives an insight into the competitive interactions of the
fusion protein with the silicone oil in the presence of surfac-
tants. Dynamic surface tension studies suggested absence of
any significant binding between the protein and surfactants.
The binding of surfactant to protein, hence, should not be a
mechanism to reduce protein adsorption at the silicone
oil/water interface.
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