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Abstract

The competitive adsorption of blood proteins is of great importance for the treatment of thrombosis using a colloidal drug
delivery system. The aim of this study is to investigate competitive adsorption of albumin (BSA) and human immunoglobulin G
(HIgG) against fibrinogen (Fb). The competitive adsorption of blood proteins was investigated using interfacial rheology at
physiological pH. The influence of bulk concentration, temperature and pH on the interfacial adsorption of protein molecules was
determined at the air/aqueous interface. As expected, the results indicated that increase in bulk concentration enhanced the
interfacial adsorption. Structure and molecular weight of the protein molecules under investigation had influence on interfacial
adsorption leading to a competition at the interface. HIgG is more flexible and surface active molecule than BSA. Thus, HIgG
replaced BSA and Fb at the air/aqueous interface. In the presence of Fb, BSA adsorbed rapidly initially and then, was replaced by
Fb at the interface. The kinetics of displacement of albumin at the interface was rather slow. In conclusion, the investigation of
competitive adsorption of blood proteins may be useful biotechnologically, as it will provide useful information for the production

of an antithrombogenic material, which will adsorb albumin rather than Fb.
© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

There are significant evidences in epidemiological,
clinical and experimental studies indicating a strong
association between fibrinogen (Fb) level in plasma and
pathogenesis of post-operative or post-traumatic throm-
bosis in human. Thus, competitive adsorption of blood
proteins (bovine serum albumin (BSA), human immu-
noglobulin G (HIgG) and Fb) is of great importance
regarding the treatment of such pathological complica-
tion (e.g. thrombogenesis) using a colloidal drug deliv-
ery system.

A major obstacle to the effective use of colloidal drug
delivery devices developed for thrombogenesis may be
opsonization as other colloidal drugs administered
parenterally. After the administration of the drug, the
first stage in the recognition process, which leads to
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opsonization, is the adsorption of blood proteins onto
the interfaces of administered colloidal particles [1,2].
These processes depend on interfacial properties of the
blood proteins. Therefore, this study was designed to
investigate interfacial properties of blood proteins.

Interfacial adsorption of proteins can be investigated
using microscopic interfacial analysis techniques such as
FTIR spectroscopy and by physical techniques such as
interfacial tension and pressure. The authors proposed a
novel and better way of determining interfacial proper-
ties of protein layers in their previous studies [3]. In this
study, interfacial properties of blood proteins were
investigated using interfacial rheological measurements.
Interfacial rheology measurements were conducted by
means of a surface oscillatory technique. The data
obtained with this technique provide information on
molecular segmental kinetics of interfacial film forma-
tion, molecular conformational changes and intermole-
cular interactions [4—6].

Air/aqueous interface was used to simulate biological
interface. The data obtained for interfacial adsorption
of proteins follow the same trend of an initial rapid
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increase in interfacial elasticity followed by a slower
increase phase as in the data of previous studies [7,8].
Also, Damodaran and Song [9] and Graham and Philips
[10] have reported same trend in data for albumin
adsorption. The interfacial rheological properties of
adsorbed protein films were at a minimum at pH values
close to their isoelectric pH (p/) [7,8]. At pl values,
interfacial interactions are minimized due to the com-
pact coiled conformation of the molecules. Damodaran
and Song [9] showed that the decrease in surface
pressure causes the extent of folding of albumin.
Interfacial rheological data show the same affect on
folding of the protein molecules. Increase in bulk
concentration enhances interfacial adsorption.

BSA, HIgG and Fb have significantly different
molecular weights, physicochemical properties and in-
tramolecular folding. Molecular weight of BSA is 66,338
[11] and possesses a globular, flexible structure with 17
disulfide bonds which create 9 double loops and
approximately 50% o-helix in the native state [12,13].
HIgG with the molecular weight of 150,000 [14] is a Y-
shaped molecule. It consists of two heavy and two light
chains which are cross-linked by disulfide bonds. Its
structural motif is composed of two stacked B-pleated
sheets surrounding an interior packed with hydrophobic
residues. Fb has a double function yielding monomers
that polymerize into fibrin and acting as a cofactor in
platelet aggregation [15]. It is structurally a hexamer
composed of two sets of three nonidentical chains
(alpha, beta and gamma) linked to each other by
disulfide bonds [15,16]. The molecular weight of Fb is
400,000 and carries zero net charge at pH 5.5 [17,18].

The interfacial rheology data indicated that adsorp-
tion of blood proteins takes place in a competitive
process. Fb adsorption showed rapid or slow exchange
or no exchange with other proteins at the interface.
HIgG replaced Fb rapidly at the interface, whereas BSA
was replaced by Fb rapidly initially and then slowly.
These data may be useful for the design of an
antithrombogenic drug.

2. Experimental

2.1. Materials

Bovine serum albumin (purified and essentially fatty
acid-free), human immunoglobulin G (purified and
lyophilized) and fibrinogen (from bovine plasma, pur-
ified and lyophilized) were purchased from Sigma
Chemical Co. (St. Louis, MO) and ICN Biochemicals,
Inc., USA, respectively. All other chemicals were
analytical grades. All aqueous solutions were prepared
with double distilled water.

2.2. Methods

Interfacial rheology of the adsorbed protein layers
can be studied by different techniques: interfacial
dilational measurements or interfacial shear experiments
[8,19]. As no interfacial expansion or compression takes
place causing disturbance to the interfacial layer and
hence, escape of some of the molecules into the bulk
phase during the shear experiments, the interface under
investigation was sheared to a first-order approximation
without altering the interfacial area. Thus, the interfacial
pressure remained almost constant throughout the
experiment preventing diffusion of protein molecules
in or out of the interface. Interfacial shear measurements
were performed by an MK2 Surface Oscillatory Rhe-
ometer (Surface Science Enterprises, UK) in this study.
The rheometer consists of four connecting parts: a
moving coil galvanometer; a platinum DuNouy ring,
which sits parallel at the interface; a rheometer control
unit which varies the driving frequency and monitors the
amplitude and motion of the ring; and an IBM PC
which processes the data from the interfacial rheometer.

Interfacial shear rheology measures both interfacial
elasticity and viscosity. Sherriff and Warburton defined
interfacial elasticity (G;) (mN/m) and interfacial viscos-
ity (7;) (mNs/m)

G =g 1.4n(f* — ) (1)
and

, 1

;75=gfl><NC<X—XO> (2)

where G is interfacial elasticity; gr is geometry factor; /
is the moment of inertia; /> is the sample interfacial
resonance frequency; f7 is the reference interfacial
resonance frequency; #; is the interfacial viscosity; NC
is the number of cycles of integration; X is the mean
amplitude at the sample interface; and X, is the mean
amplitude at the reference interface. g is defined as a
function of the radius of the ring:

g =4n(R, — R,) (3)

where R is the radius of the platinum ring and R, is the
radius of the sample cell [7,19]. Calibration is carried out
prior to each measurement. The rheometer is calibrated
when the ring is set to oscillate in air using a series of
standard inertia bars of known weight. Measurements
are taken with respect to a reference interface, the air/
double-distilled water interface. All measurements were
repeated three times and the values plotted are the mean
of these readings.

Sample solutions were freshly prepared in phosphate
buffer solution of pH 7.4 and filled into a water-jacketed
dish (internal diameter: 3.893 cm). Platinum ring was
lowered to sit at the interface and the experiments were
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performed at constant temperature maintained by a
water bath (25 or 37+0.1 °C). Sample solutions used
were freshly prepared. In all experiments, the interface
was broken prior to each measurement by sweeping the
interface with a clean glass rod. This allows the
formation of a new film. The experiments were per-
formed on a vibration-free platform. For each measure-
ment, the instrument was run for 1 h. At the end of each
measurement, the sample solutions were analyzed chro-
matographically for the presence of any degradation
products. None were detected. Proteins are stable with
respect to chemical degradation under the conditions
studied.

3. Results and discussion

In order to obtain comparable data for competitive
adsorption with Fb, the effects of bulk concentration
and temperature on the interfacial properties of BSA
and HIgG were investigated as conducted in our
previous work. The effect of bulk concentration on
interfacial rheology was measured for BSA at pH 7.4.
The interfacial elasticity of BSA increases rapidly
initially and then more gradually (Fig. 1). The initial
rapid phase can be as a result of the migration of protein
molecules to subsurface and then, adsorption into
interface. The slower phase (rearrangement phase) may
be due to conformational changes within individual
molecules and to entanglement and interactions between
adjacent molecules. The interfacial elasticity values
increased with increasing bulk concentration (0.1-4%,
w/v, pH 7.4). At pH 7.4, which is away from the
isoelectric pH of BSA (p/ 5.3) [7,8], the protein
molecules are more hydrated and have an open,
extended conformation due to charge repulsion. Inter-
molecular entanglement may be considerable and, there-
fore, interfacial elasticity is maximized. The effect of
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Fig. 1. The effect of bulk concentration on the interfacial elasticity of
BSA at room temperature (pH 7.4; 100 mM).
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Fig. 2. The effect of temperature on the interfacial elasticity of BSA at
air/aqueous interface (pH 7.4; 100 mM; 1.0%, w/v).

temperature on the interfacial elasticity of BSA was
investigated at 25 and 37 °C. The protein molecules have
much greater kinetic energy at 37 °C (Fig. 2). These data
are in good agreement with those obtained in our
previous studies [7,8].

The interfacial properties of HIgG adsorbed layers
were investigated at the air/aqueous interface. Fig. 3is a
plot of interfacial elasticity of HIgG solutions with
varying concentrations (0.5-1.5, w/v) at pH 7.4. Elas-
ticity was not measurable at concentrations below 1.5%,
w/v of HIgG at pH 7.4. As for BSA solutions, the
interfacial elasticity of HIgG solutions was higher at
25 °C (Fig. 4). These data follow the same trend as in
our previous studies for HlgG [7,8].

The investigation of interfacial rheology of adsorbed
Fb was a bit problem as it formed a viscous solution in
aqueous media. Therefore, the experiments were carried
out using low concentration solutions without adding
NaCl, which causes precipitation, at pH 7.4. Fb forms a
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Fig. 3. The effect of bulk concentration on the interfacial elasticity of
HIgG at the air/aqueous interface (25 °C; 100 mM; pH 7.4).
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Fig. 4. The effect of temperature on the interfacial elasticity of HIgG
(1.5%, wiv; 100 mM; pH 7.4).

viscoelastic film at the interface. Similarly, the elasticity
values increased as concentration increased from 0.2 to
0.5%, wiv (Fig. 5). The effect of temperature on the
interfacial elasticity values of Fb was studied at 25 and
37 °C. The interfacial elasticity values decreased as
temperature increased (pH 7.4, 0.5%, w/v) (Fig. 6).
This may be due to greater kinetic energy at 37 °C.
There is considerable amount of work done on
investigation of adsorbed individual protein films.
However, the use of a single purified proteins takes no
account of likely competitive effects in real systems such
as blood. Thus, interfacial adsorption of mixture of
blood proteins was investigated. Fb (0.5%, w/v) was
added to BSA solution (1%, w/v). In the presence of Fb,
BSA adsorbs rapidly initially and then, replaced par-
tially by Fb at the interface leading to a decrease in
interfacial elasticity (Fig. 7). This may be due to faster
migration of Fb to the interface than that of BSA. The
kinetics of displacement of BSA at the interface is rather
slow. In contrast, HIgG was not replaced by Fb or BSA
when these proteins were added to HIgG solution and
maintained its interfacial elasticity under the circum-
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Fig. 5. The effect of bulk concentration on the interfacial elasticity of
Fb at the air/aqueous interface (25 °C; 100 mM; pH 7.4).
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Fig. 6. The effect of temperature on the interfacial elasticity of Fb at
the air/aqueous interface (100 mM; pH 7.4; 0.5%, w/v).
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Fig. 7. The effect of Fb on the interfacial elasticity of BSA (1:1
mixture of BSA (1%) and Fb (1%, w/v) pH 7.4) at air/aqueous
interface.

stances. This may be due to more flexible structure of
HlIgG and its greater interfacial activity.

In short, the data obtained in this study indicate that
interfacial properties of films adsorbed from mixed
protein systems are significantly more different than
those adsorbed from single-protein solutions. Competi-
tion between blood protein molecular space can be
investigated using this methodology and hence, the
prevention of interfacial adsorption of Fb molecules
by the addition of BSA or HIgG can be determined.
Bulk concentration and temperature had significant
effects on the interfacial elasticity of blood proteins
and therefore, on the rate of denaturation of these
proteins. At high bulk concentrations, proteins form
more elastic films. At physiological pH, HIgG replaces
Fb and BSA at the interface. Albumin is replaced by Fb
following an initial rapid adsorption phase.
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In conclusion, rheological measurement can be useful
in the study of conformational changes of blood
proteins. Also, this technique is potentially useful in
preformulation of an antithrombogenic drug [20—23].
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