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a b s t r a c t

In this study, we have used quartz crystal microbalance (QCM) to quantitate the adsorption of a pro-
tein on silicone oil coated surfaces as a function of protein concentration, pH and ionic strength using
a 5 MHz quartz crystal. Protein adsorption isotherms were generated at different solution pH and ionic
strengths. Surface saturation concentrations were selected from adsorption isotherms and used to gen-
erate adsorption profiles from pH 3.0 to 9.0, and at ionic strengths of 10 mM and 150 mM. At low ionic
eywords:
ilicone oil/water interface
nterfacial adsorption
ggregation
uartz crystal microbalance

strength (10 mM) and pH 5.0 (close to the isoelectric point of the protein), maximum adsorption of protein
to the silicone oil surface was observed. At higher ionic strength (150 mM), no significant pH influence
on adsorption was observed. QCM could be used as a reliable technique to study the binding of proteins
to silicone oil coated surfaces.

© 2011 Elsevier B.V. All rights reserved.

ydrophobicity
rotein

. Introduction

Vials comprise about 50–55% of the sterile packaging sys-
ems used for storage/delivery of small volume injectables while
yringes account for approximately 25–30% (Sacha et al., 2010).
ore recently, there has been a surge in the number of injectable

iopharmaceutical products delivered through prefilled syringes
Romacker and Forster, 2008). Prefilled syringes offer various
dvantages such as reduced handling requirements, reduced
roduct contamination and substantial reduction in the cost of
anufacturing due to exact dosing that avoids overfill required

or traditional vials (Harrison and Rios, 2007; Thorpe, 2005). These
dvantages have resulted in annual sales of more than 2 billion
nits worldwide with a growth of 12.8% annually (Harrison and
ios, 2007; Romacker and Forster, 2008).

In both the vials and syringes, lubrication is essential in order to
nable component processability during manufacturing and func-
ionality during delivery, which includes the prevention of the
ubber stopper conglomeration during filling procedures, ease of
lunger movement inside the syringe barrel and reduction of the

njection associated friction induced tissue pain (Smith, 1988).

ilicone oil, a polydimethylsiloxane, has been used for the past
everal decades as the lubricant of choice for this purpose. This
s due to several advantages such as low surface tension to per-

∗ Corresponding author. Tel.: +1 860 486 3655; fax: +1 860 486 4998.
E-mail address: kalonia@uconn.edu (D.S. Kalonia).

378-5173/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.03.062
mit good wetting of most solid surfaces, optimum hydrophobicity
to form a water repellant surface, good physicochemical stability
and proven biocompatibility. Thus, siliconization of pharmaceuti-
cal storage and delivery devices has been a common practice for
many years.

Silicone oil has been implicated as a risk factor for protein solu-
tions to aggregate or form insoluble particulates (Bernstein, 1987;
Jones et al., 2005). The extent to which this risk may be generalized
across protein pharmaceuticals is not clear due to a lack of data that
has been published in this area. As such, a fundamental understand-
ing of the factors that influence protein–silicone oil interactions,
as well as understanding the nature of the state of the protein
at a silicone oil–liquid interface may help better understand this
implied risk to protein formulation development, product stability,
and therefore overall drug product quality.

As an amphiphilic molecule, proteins are surface active and
have a tendency to lose their native structure on adsorption to
hydrophobic surfaces (Andrade, 1985; Norde and Giacomelli, 2000;
Soderquist and Walton, 1980). The silicone oil/water interface
may also affect protein aggregation via interface induced unfold-
ing. In addition to the aggregation problem, the adsorption at the
interface becomes an important issue for highly potent low con-
centration protein solutions (e.g., tuberculin ∼ 0.5 �g/mL), where
a significant amount of the drug may be lost at the interface and

should be compensated for to inject an accurate dose (Mizutani,
1981).

The seriousness of this issue was highlighted by the reports
of gradual cloudiness of insulin in multi-dose storage vials, and

dx.doi.org/10.1016/j.ijpharm.2011.03.062
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kalonia@uconn.edu
dx.doi.org/10.1016/j.ijpharm.2011.03.062
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ubsequent inability to control blood glucose (Baldwin, 1988;
ernstein, 1987; Chantelau et al., 1986; Chantelau and Berger,
985). The cloudiness was attributed to insulin particulate forma-
ion caused by the contamination of the solution by silicone oil.
he silicone oil was used as a lubricant in the disposable syringes
sed for administration and was released in the solution during
ose withdrawal. It was recently reported that the use of siliconized
yringes for reconstitution of the drug product resulted in thread-
ike, gelatinous particles in the solution in less than an hour, which

as attributed to the interaction of the protein with silicone oil
Markovic, 2006). Switching to non-siliconized syringes for recon-
titution resolved the issue.

Recently, the formulation stability of four different model pro-
eins (lysozyme, BSA, abatacept and trastuzumab) was studied
n silicone oil emulsions in the absence and presence of surfac-
ants by measuring soluble protein loss (Ludwig et al., 2010). It
as found that the addition of surfactant decreased the adsorp-

ion of the proteins on the silicone oil droplets. It has also been
eported that agitation has a synergistic effect on the aggregation
nduced by silicone oil when studied for a model IgG1 antibody as a
unction of temperature, pH and ionic strength (Thirumangalathu
t al., 2009). The aggregation of 4 model proteins, viz., ribonu-
lease A (RNase A), lysozyme, BSA and concanavalin A (ConA)
ith silicone oil was studied using changes in the optical den-

ity measurements and any structural changes induced by silicone
il using circular dichroism (CD) and second derivative UV spec-
roscopy (Jones et al., 2005). The aggregation induced in a given
rotein solution was both pH and protein specific, with more
ydrophobic proteins (BSA and ConA) showing more aggrega-
ion compared to relatively hydrophilic proteins (RNase A and
ysozyme).

A mechanistic understanding of the protein adsorption to sili-
one oil/water interfaces is critical to the rational use of silicone
il coatings in prefilled syringes. This may help in the opti-
ization of the formulation conditions to reduce interactions at

he hydrophobic interface and thus improve storage stability. In
rder to study the protein silicone oil incompatibilities, gener-
lly silicone fluids have been introduced into the liquid protein
ormulation (Ludwig et al., 2010; Thirumangalathu et al., 2009),
hich represent a dynamic system, unstable over time unless

urfactants are used and hence, may not be considered to be a
ood model for mechanistic investigation of the protein–silicone
il interactions. An improved approach would be the direct mea-
urement and evaluation of the effect of formulation conditions
n the protein–silicone oil interactions at a solid–liquid interface.
uch an interface may closely mimic the condition of a lubri-
ated syringe device in contact with the liquid formulation phase.
inding data could then be used in conjunction with stability
ata under the same formulation conditions to better under-
tand the role of protein–silicone oil interactions during storage
tability.

The major challenge lies in the lack of quantitative techniques
o determine the amount of protein bound to silicone oil (Ludwig
t al., 2010). This is due to extremely low adsorbed amount per unit
rea and hence, the quantitation of the amount bound requires high
esolution and accuracy (Nakanishi et al., 2001). In this paper, we
ave used quartz crystal microbalance (QCM) to study the binding
f a model protein with silicone oil. QCM provides an extremely
ensitive, high resolution mass sensing method to study the inter-
ctions between the surface and the substrate both in air (Matsuura
t al., 1997) and in liquid (Ebara and Okahata, 1994; Okahata et al.,
993; Tanaka et al., 2001). Thus, the binding of even small amount

f protein with the silicone oil surface can be detected. The pur-
ose of this work was to investigate the effect of pH and ionic
trength on the interaction of a model protein with silicone oil using
CM.
harmaceutics 412 (2011) 20–27 21

2. Theory

QCM employs a probe consisting of a thin quartz disc with metal
electrodes deposited on both faces. Owing to the piezoelectric prop-
erties of quartz and its crystalline orientation, application of an
external alternating electric potential through the metal electrodes
produces an internal mechanical stress in the crystal leading to
its shear deformation which results in the vibrational motion of
the crystal at its resonant frequency (Buttry and Ward, 1992). This
resonant frequency is sensitive to any mass change on the crystal
surface as well as any change in the viscosity–density of the sur-
rounding environment. In 1959, Sauerbrey derived a relationship
between the shifts in the crystal resonant frequency and elastic
mass bound to the crystal surface (Sauerbrey, 1959):

�F = − 2F2
o

A
√

��
�m (1)

where �F is the frequency shift (Hz), Fo is the resonant frequency
of the crystal (Hz), �m is the adsorbed amount (g), A is the active
electrode area (cm2), � is the density of quartz (2.648 g/cm3), and
� is the shear modulus of quartz (2.947 × 1011 g/(cm s2)).

Thus, the constant terms can be combined together to give a
crystal sensitivity constant, C, which is specific to a crystal:

�m = C × �F (2)

where C ≈ 17.7 ng/(cm2 Hz) for a 5 MHz crystal, i.e., when 17.7 ng of
mass is deposited on 1 cm2 of area, it will produce a shift of negative
1 Hz in the resonant frequency of the crystal.

Thus, the Sauerbrey equation relies on a linear sensitivity fac-
tor and is a fundamental property of a quartz crystal. However,
this equation is valid only when the mass attached is uniform and
elastic, i.e., the bound molecules are rigidly attached to the surface
(Lu and Czanderna, 1984; Marx, 2003), and the film formed could
be considered an extension of the thickness of quartz which does
not experience any shear force during vibration (Buttry and Ward,
1992).

In liquid-phase measurements, Kanazawa and Gordon (1985)
showed that there is a viscous coupling of the solution to the crystal
surface which effectively adds a mass component to the oscillating
crystal. Thus assuming no slip conditions, the resulting frequency
change can be related to liquid properties using the following equa-
tion:

�F = −F3/2
o

√
�liq�liq

���
(3)

where �liq and �liq are the density and viscosity of a given liquid,
respectively.

The shear wave that generates due to the shear motion of the
crystal surface also gets dampened by energy dissipation associated
with the liquid. This dissipation of the energy is described by the
change in the resistance of the crystal as (Muramatsu et al., 1988):

�R =
√

2�Fo�liq�liq

(
A

k2

)
(4)

where k is an electromechanical coupling factor.
When applying this method for measurements in aqueous solu-

tions, the Sauerbrey equation may not hold as the bound layer
of analyte may be inelastic (due to the effect of interfacial liquid
properties such as viscosity and density). Viscous coupling of the
bound layer will result in an additional shift in the crystal resonant
frequency and a dampening in the resonant oscillation which is
manifested in an increase in the series resonance resistance (R) of

the quartz crystal (Buttry and Ward, 1992). Thus, besides measuring
shift in frequency (�F), shift in resistance (�R) of the crystal also
needs to be monitored which serves as an independent measure of
the viscous loading by the bound layer on the crystal surface and
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elps differentiating an elastic mass effect from viscosity induced
ffects (Muramatsu et al., 1995). Measuring �R provides informa-
ion about the physical properties of the bound layers, i.e., if it
s rigid or visco-elastic. A layer rigidly coupled to the crystal sur-
ace dissipates no energy and does not result in any change in the
esistance value and hence, the decrease in resonant frequency is
irectly proportional to the mass in accordance with the Sauerbrey
quation. However, if there is a formation of visco-elastic layer on
he surface, there will be a positive shift in the R value and Sauer-
rey equation may not be valid. In order to determine the nature
f the change at the interface responsible for the frequency shift,
hether elastic, viscous or both, a �R versus �F plot has been used

Muramatsu et al., 1995; Su and Li, 2005). Since a purely elastic mass
ound to the quartz surface does not result in any energy dissipa-
ion, the slope of �R versus �F graph should be zero; whereas a
ure viscous coupling will lead to a linear �R versus �F relation-
hip resulting in a finite slope. Thus, a system which is viscoelastic
hould have a slope between the values of slope obtained for a
urely viscous and elastic system. Therefore, the behavior of a given
ystem under investigation can be graphically compared on such
plot. Depending upon the closeness of the measured �F versus
R slope of the system under consideration to the slope obtained

or the purely viscous system or to the purely elastic system, it is
ossible to assess if the attached protein film is viscoelastic.

Besides providing the mass adsorbed on the surface, QCM allows
ne to study the kinetics of protein adsorption and thus, process of
rotein adsorption–desorption could be studied in real time. More-
ver, this technique does not require any kind of fluorescent or
adioisotope labeling of the protein which is not only a time con-
uming process but also has a potential to denature the protein
Tanaka et al., 2001).

. Materials and methods

.1. Materials

Protein used for these studies was an Fc-fusion protein supplied
y Biogen Idec (San Diego, CA) as a 100 mg/mL frozen formula-
ion in 10 mM citrate buffer (pH 6.0, pI range of approximately
.2–6.5). The frozen formulation was thawed, 1 mL aliquots were
emoved and kept at 2–8 ◦C. The remaining material was refrozen
nd stored at −80 ◦C. Two commercially available silicone fluids
linear chain poly(dimethylsiloxane), trimethylsiloxy terminated;
DMS) of different viscosities, viz., Dow Corning® 360 Medical Fluid
350 cSt; Dow Corning, Inc., Midland, MI) and PS049.5 (106 cSt;
CT specialties LLC, Bristol, PA), were obtained. All other chemi-
als including, acetic acid, sodium acetate, monobasic and dibasic
odium phosphate, o-phosphoric acid, tris(hydroxymethyl)amino
ethane, sodium chloride, hydrochloric acid, sodium hydroxide,

exane, hydrogen peroxide and sulfuric acid were obtained from
isher Scientific (Fair Lawn, NJ). l-Histidine was obtained from
igma–Aldrich (St. Louis, MO). All of the chemicals used were of
nalytical grade and were used as received. Deionized water equiv-
lent to Milli-QTM grade was used to prepare all buffer solutions.
illipore (Billerica, MA) Amicon ultra centrifugal filters (Amicon
ltra-15) with a molecular weight cut off of 10 kDa were obtained

rom Fisher Scientific.

.2. Methods

.2.1. Sample preparation

The following buffers were prepared to maintain the solution

H: phosphate (pH 3.0, 7.0 and 8.0), acetate (pH 4.0 and 5.0),
istidine (pH 6.0) and tris(hydroxymethyl) aminomethane (pH
.0). Appropriate concentrations of the buffer species were used
harmaceutics 412 (2011) 20–27

in order to maintain 10 mM ionic strength without the addition of
salt. For higher ionic strength studies, sodium chloride was added
to the buffer to adjust the ionic strength to 150 mM while keeping
the buffer strength same. Hydrochloric acid (1 N) or sodium
hydroxide (1 N) was used to adjust the pH of the buffer solutions.
Prior to analysis, protein was buffer exchanged with the desired
buffer using Amicon ultra-15 centrifugal filters with a molecular
weight cut off of 10 kDa. 1 mL of the stock was diluted to 15 mL
with the desired buffer and concentrated back to 0.5 mL or less.
This process was repeated at least three times to ensure complete
exchange of the buffer. Solution pH of the dialyzed sample was
measured using pH meter (UB-5, Denver Instruments, Bohemia,
NY) connected to an Orion micro pH electrode (Thermo Scientific,
Beverly, MA). The concentration of the protein was determined
with a UV spectrophotometer (Cary 50-Bio, Varian, Inc., Palo Alto,
CA) using an extinction coefficient of 1.25 (mg/mL)−1 cm−1 at
280 nm. The desired concentrations of the samples were prepared
with dilution using the same buffer.

3.2.2. Quartz crystal coating with silicone oil
AT-cut quartz crystals with optically flat polished gold/titanium

electrodes with a fundamental resonant frequency of 5 MHz were
obtained from Stanford Research Systems (SRS, Inc., Sunnyvale,
CA). The crystals were ∼2.54 cm in diameter with the upper elec-
trode area of 1.37 cm2 and lower electrode area of 0.40 cm2. The
lower electrode area is the area of overlap between the upper and
lower electrodes, and represents the part of the crystal which is
piezoelectrically most active.

Crystals were first cleaned with Piranha solution (1 part of 30%
hydrogen peroxide in 3 parts of 95–98% sulfuric acid) and then
rinsed thoroughly with deionized water and ethanol, followed by
drying with high purity nitrogen. The resonant frequency of the
blank crystal was recorded. The PDMS solution was prepared in
hexane. For film deposition, solvent casting method was used. A
controlled volume of polymeric solution consisting of ∼350 ng of
the polymer was applied on the larger gold electrode to cover
the overlapping electrodes portion. The coated crystals were then
dried at 100 ◦C for at least 2 h. After drying, the resonant fre-
quency of the polymer coated crystal was measured. The difference
between the resonant frequencies of the uncoated and coated crys-
tal was determined. The mass of the polymer deposited on the
surface was calculated from the shift in the crystal resonant fre-
quency.

In order to test the stability of the PDMS film in an aqueous
environment, the coating was exposed to deionized water either in
static or in flow mode. In preliminary studies, static mode of water
exposure was used where deionized water in sufficient volume was
placed on the PDMS coating casted on the crystal surface. After
approximately 1–2 h, water was gently lifted from the surface using
a micropipette, remaining water was blown away using nitrogen
and the crystals were dried at 100 ◦C for approximately 15 min to
remove the residual moisture. The resonant frequency of the dried
crystal was measured to determine the net frequency change due
to water exposure. Based on the results from static mode, coated
crystals were exposed to deionized water in flow mode using the
QCM set up described in the following section. Deionized water
was passed over the polymer surface at 50 �L/min for approxi-
mately 2 h, followed by drying at 100 ◦C. Resonant frequency was
measured to calculate the net frequency change. For reuse, the
crystals were treated with hexane to dissolve the polymer coat-
ing followed by 0.1 M sodium dodecyl sulfate (SDS) solution to

remove any traces of polymer as well as any protein that might
have bound to the uncoated portion of the electrode. This was fol-
lowed by rinsing the crystal with copious amount of water and
nitrogen drying.
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.2.3. QCM apparatus
The binding of the protein on silicone oil surface was studied

n flow injection mode using a commercially available QCM appa-
atus (QCM 200; SRS Inc., Sunnyvale, CA). 5 MHz quartz crystals
reviously coated with the selected silicone oil were used in the
tudy. The coated crystal was mounted in a Kynar® flow cell (SRS,
nc.) using O-rings to clamp the crystal so that the coated side of
he crystal faced the liquid while the opposite side made electri-
al contacts via POGO® pins. The flow cell had an approximate
olume of 150 �L for the liquid to make contact with the crystal
urface. The fluid enters axially on the center of the crystal and
oves radially outwards to the outlet port of the flow cell. In order

o drive out any air bubbles that might form during the entrance
f liquid inside the chamber, the flow inside the cell was directed
gainst gravity. The stagnation point of the crystal is located at its
enter, overlapping the area of highest sensitivity. Suitable connec-
ions were made using PEEK® tubing (Upchurch Scientific, Inc., Oak
arbor, WA) between the flow cell and solvent syringe through a 6-
ort injection valve (Upchurch Scientific, Inc., Oak Harbor, WA). The
ssembly was equilibrated at 25 ± 0.1 ◦C in a water bath attached
o a temperature regulated water circulator. Solvent of interest
as flowed through the system using a single syringe pump (NE

010X; New Era Pump Systems, Inc., Farmingdale, NY) at a rate of
0 �L/min in order to minimize the effect of liquid flow on the QCM
ignal. After establishing a stable baseline with respect to change
n F and R values in buffer, 250 �L of protein sample was intro-
uced into the system via a sample port. The changes in F and R
alues for the crystal were recorded as a function of time using
CM 200 system connected to an external computer via RS-232

nterface at an interval of 10 s using LabView Stand alone software
National Instruments Corporation, Austin, TX). The samples were
llowed to remain in contact with the crystal surface until no fur-
her changes in the F and R values were observed for equilibrium to
et established between the protein in solution and that adsorbed
n the polymer surface. These shifts in the F and R signals were used
o calculate the amount of protein bound to the silicone oil/water
nterface at equilibrium. The system was then rinsed with the same
uffer until no changes in F and R values were observed. This rins-

ng of the system with buffer served two purposes. First, it removed
ny contribution to the resonant frequency/resistance shift caused
y protein solution properties such as viscosity and density, and
econd, it removed any protein that was reversibly bound to the
ilicone oil/water interface. Thus, the difference in the F and R val-
es before protein injection and after the system rinse were used
o calculate the amount of protein that was irreversibly adsorbed
n the PDMS surface.

.2.4. Protein adsorption studies
Protein concentrations ranging from 0.001 mg/mL to 1 mg/mL,

amely, 0.001, 0.010, 0.025, 0.10, 0.25 and 1 mg/mL were ana-
yzed using QCM at 25 ± 0.1 ◦C for their adsorption on the silicone
il surface in order to obtain adsorption isotherms. The studies
ere conducted at pH 3.0, 5.0 and 9.0 at 10 mM and 150 mM ionic

trength.
One or more concentrations showing plateau in the mass

dsorbed to the interface, i.e., saturation concentrations were
icked for adsorption studies on the silicone oil/water interface to
enerate an adsorption profile as a function of pH in the range of
.0–9.0 at 10 mM and 150 mM ionic strengths.

. Results and discussion
.1. Silicone oil selection

In pharmaceutical packaging industry, silicone oils are gener-
lly applied on the device surface (syringes and vial stoppers) in
he form of an emulsion, with curing at temperatures as high as
Fig. 1. Shift in the resonant frequency of 5 MHz quartz crystal coated with silicone
oil (PDMS) before and after exposure to deionized water in flow mode after 2 h
(n = 6).

300 ◦C to get a thin layer of silicone oil (Fries, 2009; Mundry et al.,
2000). A similar process was used in these studies to obtain acous-
tically active thin films of silicone oil on the quartz crystal. The
amount used to coat a crystal was calculated based on the sur-
face area of the dimethylsiloxane monomer of 0.42 nm2 (Fadeev,
2006) and the area of crystal surface (slightly more than 0.40 cm2).
Approximately 350 ng of the silicone fluid (PDMS), which was suf-
ficient to give a few monolayer thick and elastic silicone oil coating
on the crystal surface, was deposited. In the preliminary studies,
Dow Corning® 360 Medical Fluid (Dow Corning Inc., Midland, MI),
which is commercially used for the lubrication purposes in pharma-
ceutical delivery devices, was used. However, it was found that the
films formed were not stable as they were washed from the crys-
tal surface when exposed to water (data not shown). Therefore, a
different silicone fluid with higher viscosity (106 cSt, PS049.5, UCT
specialties LLC, Bristol, PA) was used for the film formation. A higher
viscosity fluid is not expected to flow easily and hence, come off the
surface due to decreased mobility and increased durability can be
achieved. Fig. 1 shows the shift obtained in the resonant frequency
of the high viscosity silicone fluid coated crystals before and after
exposure to deionized water for 2 h in flow mode. A 50 Hz shift in
resonant frequency represented, on average, a 30 molecule thick
layer. A similar magnitude of resonant frequencies after exposure
to deionized water suggests an insignificant loss of polymer mass
from the crystal surface, thus demonstrating the stability of the
films obtained with high viscosity PDMS.

4.2. Adsorption isotherms

Adsorption of the protein to the silicone oil/water interface as
a function of its concentration under different solution conditions
of pH and ionic strength, was studied using adsorption isotherms.
The time dependence of the binding process showed that for all the
solutions with protein concentration above 25 �g/mL, the adsorp-
tion of the protein attained a constant value within 1 h. Fig. 2
shows an example of the frequency shift (and hence mass increase)
obtained as a result of protein adsorption as a function of time.

To characterize the nature of the adsorbed protein film (elastic
or viscoelastic), a plot of the resistance shift (�R) versus frequency
shift (�F) was used as given in Fig. 3 (refer to Section 2 for the back-
ground). Line A in Fig. 3 represents an elastic mass effect, where �R
and hence the slope (�R/�F) is zero. Line B represents a purely
viscous effect obtained from sucrose solutions. Sucrose solution

represents a model viscous system. For a purely viscous system,
both �F and �R are expected to be proportional to the square root
of the product of viscosity and density values as given by Eqs. (3) and
(4), respectively (Kanazawa and Gordon, 1985; Muramatsu et al.,
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5/10 mM ionic strength from 1 mg/mL solution to silicone oil/water interface as
ibed in the text. The data points correspond to an interval of 100 s.

Fig. 4 shows the isotherms obtained for the protein at pH 3.0 (net
positive charge on protein based on pI range of 5.2–6.5), 5.0 (close to
zero charge) and 9.0 (net negatively charged protein) with 10 mM
and 150 mM ionic strength. Each isotherm shows an initial steep
rise followed by a plateau. Different parts of the isotherm reflect
different interactions that govern the interfacial adsorption (Norde
and Lyklema, 1978). The initial part of the isotherm (∼10 �g/mL
or lower), corresponding to low surface coverage of the protein
coverage, is essentially indicative of the affinity of the protein to
the silicone layer. In the later portion of the isotherm (∼25 �g/mL
or higher) as surface coverage increases, protein–protein interac-
tions may also play a role in governing the adsorption. The slopes
of the isotherms suggest that under the solution conditions stud-
ied, the model protein has a high tendency to interact with the
interface. Since the silicone surface is non-ionic, our results indi-
cate that the forces existing between the protein molecules and
the silicone surface are primarily hydrophobic in nature. However,
the latter part of the isotherms representing the plateau is a strong

function of pH and ionic strength of the medium. Since solution
conditions govern the net charge on the protein and the magnitude
of charge screening, they affect intermolecular protein interac-
tions and hence, the amount adsorbed to the interface. Under all
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Pure elastic effect (∆R=0)
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(∆R, ∆F (η ρ)1/2)

B

A

(line B) and the viscoelastic region. Line A is theoretical while line B is the best fit
0 to 25% (w/w) sucrose solutions using QCM at 25 ± 0.1 ◦C as described in the text.
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ig. 4. Amount of protein adsorbed to silicone oil/water interface as a function of
trength (n ≥ 2). Both, the amount adsorbed at equilibrium (adsorption isotherms)

he solution conditions, isotherms attained plateau above a con-
entration of 0.1 mg/mL. The only exception being the adsorption
t pH 9.0 (150 mM ionic strength), which continued to increase
ven after 0.1 mg/mL. Such adsorption saturation behavior has been
reviously observed for different proteins on various interfaces
Elgersma et al., 1990; Koutsoukos et al., 1983; Luey et al., 1991).

In many cases of protein adsorption, the equilibrium rela-
ionship between the adsorbed mass of protein and its bulk
oncentration tends to follow the Langmuir type adsorption behav-
or (Lee and Kim, 1974; Luey et al., 1991; Tanaka et al., 2001).
n such cases, plots of adsorbed mass versus protein concentra-
ion showed an initial period of rise with a steep slope followed
y plateau at a critical protein concentration and hence, the
angmuir equation was used to fit the data. However, such treat-
ent of data has been argued on the basis that adsorption of

rotein in most cases is irreversible on the time scale of mea-
urements and hence, a Langmuir-based modeling of the data is
nappropriate (Brynda et al., 1986; Haynes and Norde, 1994). The
eason for such irreversibility was attributed to the fact that with
ime, adsorbed protein molecules undergo structural changes with
he hydrophobic moiety of protein interacting with hydropho-

ic interfaces resulting in multi-contact attachments, and hence
aking the desorption process entropically unfavorable and very

low. On the time scales of our studies, only a slight desorption
<10%) of the interfacially adsorbed protein was observed when
lk concentration at (a) pH 3.0, (b) 5.0 and (c) 9.0 under 10 mM and 150 mM ionic
ter rinsing with buffer are shown.

the system was rinsed with the buffer following protein adsorp-
tion (Figs. 2 and 4), suggesting the irreversibility of adsorption.
Although protein desorption under pure buffer environment was
not observed, adsorption studies with radio labeled proteins have
clearly shown that a dynamic equilibrium exists with protein
molecules arriving and leaving the interface at equal rates (Brash
and Samak, 1978; Brash et al., 1974). Thermodynamically, such an
exchange of protein molecules may be much more likely than a
spontaneous desorption in the absence of other molecules in the
bulk. Thus at equilibrium, fitting the Langmuir equation to the
experimental data for each isotherm is considered to be appropri-
ate. The model fits the experimental data with a high degree of
correlation (R2 > 0.99, data not shown).

Despite the fact that the Langmuir equation shows an excellent
fit to the data, accurate affinity constants may not be obtained. This
is due to the interactions existing between the protein molecules,
which have been assumed to be non-existing for Langmuir type
behavior to be valid and hence, may require separate treatment of
the data. The affinity of the protein to the interface in different solu-
tion conditions, however, can still be compared qualitatively based
on the initial slopes of the isotherms. Thus, the protein seems to

have a high tendency to interact with the interface at pH 5.0 under
10 mM ionic strength, while the affinity is much lower when the
adsorption is studied under pH 9.0/10 mM ionic strength solution
condition.
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mainly govern the adsorption to the silicone oil/water interface.
Since increasing ionic strength has no effect on the entropically
driven hydrophobic interactions these forces should dominate the
overall adsorption in solutions of higher ionic strength.
ig. 5. Mass of protein adsorbed to the silicone oil/water interface as a function of
H at 10 mM ionic strength from 0.1, 0.25 and 1 mg/mL solutions (n ≥ 2).

.3. pH effect on adsorption

Fig. 5 describes the amount of protein adsorbed at the silicone
il/water interface as a function of pH at 10 mM ionic strength
t 0.1 mg/mL protein concentration. The amount adsorbed at the
nterface was maximum at pH 5.0. Adsorption of the protein to the
urface decreased as the pH was increased or decreased. The charge
nd its distribution on a protein surface can influence its surface
ctivity (Brash and Horbett, 1987). In previous studies with IgG
nd albumin adsorption at various interfaces, maximum adsorp-
ion was observed at the pI, which decreased as the solution pH was
hanged away from the pI (Bagchi and Birnbaum, 1981; Shirahama
nd Suzawa, 1985). In our study, the maximum adsorption was
bserved at pH 5.0 which is at close to the lower end of the pI
ange for the molecule (pI range 5.2–6.5, determined by IEF gel elec-
rophoresis, data not shown). At this stage the cause of this anomaly
s not known. One explanation for this phenomenon could be a shift
n the pI caused by anion binding to the protein, or a shift in the
rotein pI at the hydrophobic surface. The apparent shift in the pI
ue to ion binding has been observed previously (Longsworth and

acobsen, 1949). In the isoelectric region, protein molecules carry
east net charge and hence the charge–charge repulsions between
dsorbed protein molecules are minimized, which leads to a higher
mount of protein being adsorbed to the interface. As the pH is
hifted away from the isoelectric region either towards the acidic
r the basic side, protein molecules attain increasing net charge
eading to an enhancement in the protein–protein electrostatic
epulsions. These repulsive interactions between the adsorbed
olecules lead to a reduction in the adsorbed amount.
Fig. 5 further shows the adsorption data for different bulk con-

entrations of the protein at 0.25 and 1 mg/mL (both at 10 mM ionic
trength) at pH 3.0, 5.0 and 9.0. Increasing the protein concentra-
ion in the bulk has no significant effect on the amount adsorbed
t the interface. This implies that at low ionic strength the pro-
ein adsorbed to the interface at these concentrations has achieved
aturation.

.4. Ionic strength effects

Fig. 6 shows the protein adsorption data at 150 mM ionic
trength as a function of solution pH. The data shows that the

aturation of the silicone oil/water interface is not achieved at
.1 mg/mL bulk protein concentration at pH 6.0, 7.0 and 9.0; the
mount of protein adsorbed increased further as the bulk concen-
ration was increased. However, the results at 1.0 mg/mL show that
Fig. 6. Mass of protein adsorbed at the silicone oil/water interface as a function of
pH at 150 mM ionic strength from 0.1, 0.25 and 1 mg/mL solutions (n ≥ 2).

within experimental error the amount adsorbed is constant for all
pH conditions. This implies that the charge effects are neutralized
and the protein adsorption at the interface is not influenced by the
solution pH.

Fig. 7 shows comparative adsorption behavior for the protein to
the silicone oil/water interface at pH 3.0, 5.0 and 9.0 at 10 mM and
150 mM ionic strengths and a constant bulk protein concentration
of 1.0 mg/mL. It is clear from this figure that at low ionic strength
the solution pH greatly affects the protein adsorption whereas the
pH effect is minimum at 150 mM ionic strength. Both the electro-
static and hydrophobic interactions are important factors affecting
the adsorption of the protein to an interface (Haynes and Norde,
1994). At low ionic strength (10 mM), the surface charges on pro-
tein molecules act fully and bring a greater contribution to the
electrostatic forces. On increasing the ionic strength to 150 mM,
the surface charges on the molecules increasingly become shielded,
leading to a decrease in the electrostatic intermolecular repulsions.
Such effects facilitate and drive adsorption at higher ionic strengths
due to decreased lateral repulsions at conditions where the protein
carries most net charge (pH 3.0 and 9.0 in these studies). Thus,
the results indicate that at low ionic strength electrostatic forces
Fig. 7. Comparison of plateau amount of protein adsorbed at silicone oil/water
interface for pH 3.0, 5.0 and 9.0 at 10 mM and 150 mM ionic strength (n ≥ 2).
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. Conclusions

For the first time, QCM was used to monitor and understand
he binding behavior of a model Fc-fusion protein to the silicone
il/water interface as a function of solution conditions of pH and
onic strength. At low ionic strength, maximum adsorption occurs
ear the isoelectric region of the protein while addition of salt to
hield the surface charges of the protein leads to pH-independent
dsorption. As a whole, the data suggest that both electrostatic
nd hydrophobic forces are involved in governing the adsorption
f the protein to the silicone oil/water interface. Future studies will
ocus on finding the correlation between protein adsorption to the
ilicone oil/water interface presented in this manuscript and asso-
iated instabilities in protein formulations on long term exposure
o such an interface.
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