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Abstract

The adsorption and competitive adsorption of collagen and bovine serum albumin (BSA) were directly visualized and
quantified using atomic force microscopy (AFM) and imaging ellipsometry. Chemically modified silicon surfaces were
used as hydrophilic and hydrophobic substrates. The results showed that collagen and BSA in single component
solution adsorbed onto a hydrophobic surface two times more than that onto a hydrophilic surface. The competitive
adsorption between collagen and BSA showed that serum albumin preferentially adsorbed onto a hydrophobic surface,
while collagen on a hydrophilic surface. In the binary solution of BSA (1 mg/ml BSA) and collagen (0.1 mg/ml), nearly
100% of the protein adsorbed onto the hydrophobic surface was BSA, but on the hydrophilic surface only about 6%
was BSA. Surface affinity was the main factor controlling the competitive adsorption.

© 2002 Elsevier B.V. All rights reserved.
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1. Introduction

Competitive protein adsorption is important in
many interfacial phenomena such as hemocompat-
ibility of biomaterials and cellular adhesion and
growth on substrates [1-3]. For example, the
adhesion of human vein endothelial cells onto
polystyrene-based culture surfaces is affected by

* Corresponding author. Tel.: +86-10-62631816; fax: +86-
10-62561284.
E-mail address: gajin@imech.ac.cn (G. Jin).

the competitive adsorption between fibronectin
and vitronectin in serum [4]. As the most abundant
protein of the extracellular matrix, collagen is
often used as a pre-coated protein to support cell
growth in vitro [5—7]. Albumin is one of the most
abundant proteins in serum or plasma and is often
used as a passivating agent to prevent the adhesion
of cells [8]. The competitive adsorption between
collagen and serum albumin is of great importance
in biomaterial design. The competitive adsorption
between the two kinds of proteins on hydrophobic
or moderately hydrophobic surfaces has been
investigated, and collagen adsorption is measured
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with isotope labeling [9-11]. Dewez et al. [9]
studied the effects of human serum albumin
(HSA) on the adsorption of collagen on polystyr-
ene substrates and showed that the presence of
HSA reduced collagen adsorption, especially on
the more hydrophobic substrates. Boissonnade
and co-workers [10,11] investigated the competi-
tive adsorption of albumin against collagen at
solution—air and solution—polyethylene interfaces
and demonstrated that albumin was the only
adsorbing protein on both interfaces within a large
range of collagen concentration. Surface hydro-
phobicity is a key factor that affects competitive
protein adsorption. In order to demonstrate this,
competitive protein adsorption on surfaces with
various hydrophobicity should be studied. In this
paper, silicon wafers chemically modified to be
highly hydrophilic or hydrophobic were chosen as
substrates to study the competitive adsorption
between collagen and BSA on the two surfaces.
Two microscopic techniques, namely atomic force
microscopy (AFM) and imaging ellipsometry,
were used for the visualization and quantification
of competitive protein adsorption.

Imaging ellipsometry is a recently developed
optical technique which can directly visualize the
lateral thickness distribution of protein adsorption
layers on surfaces with no labeling. Its main
advantage is that every point on a surface is
measured at the same time with high sampling
speed, thus avoiding the effect of singularity on
measurement. This method has a high spatial
resolution in the order of micron laterally and
0.1 nm vertically [12]. A linear relationship has
been deduced theoretically between the square
root of the intensity and the surface concentration
or the thickness of the protein adsorption layer
[13]. The difference in gray-scale between the
protein adsorption layer and its substrates shows
the thickness of the layer or the surface concentra-
tion of adsorbed proteins.

AFM is a powerful technique used to investigate
surface topography on a scale of nanometers [14].
Collagen fibrils and subfibrillar structure on mica
have been observed with AFM [15,16]. BSA
adsorbed on organosilane monolayer surface and
on self-assembled monolayers (SAMs) were also
investigated with AFM [17,18].

2. Materials and methods

2.1. Proteins

Bovine serum albumin (BSA) and its antibody
were purchased from Sigma. Calf skin purified
collagen, was purchased from Boehringer Man-
nheim Biochemica (Collagen S).

2.2. Substrates

Silicon wafers (thin film 7 x 20 mm?) with a
natural silicon dioxide layer on an optically
polished plane were used as substrates. The
hydrophilic wafer surface was prepared by wash-
ing it in both TL1 solution (H,0:30% H»0,:25%
NH4OH =5:1:1) and TL2 solution (H»>0:30%
H,0,:37% HCl=6:1:1). The reactions of TLI1
and TL2 with basic and acidic solutions, and the
oxidation of hydrogen peroxide not only removed
contaminants from the silicon surface, but also
improved the number of silanol groups on the
surface, thus making the surface hydrophilic. The
hydrophobic surface was prepared with the silani-
zation of the hydroxylated surface. After being
rinsed in distilled water and ethanol, the hydro-
xylated surfaces were incubated in a mixture of
dichlorodimethylsilane (20%, v/v) and trichlor-
oethylene (80%), after which they were rinsed in
ethanol and trichloroethylene in sequence. All
chemicals used were of analytical grade. The 18.3
MQ cm water was produced by ion exchange
demineralization, then passed through a Milli-Q
plus system from Millipore (Millipore, Bedford,
MA).

2.3. Contact angle measurement

Water contact angles were measured at 25 °C
for dried wafers and glass with the sessile drop
method. Deionized water (4 pl) was gently
dropped on the surfaces and the contact angle
was read directly using a goniometer. The contact
angles for non-modified, hydrophilic and hydro-
phobic silicon wafers were about 40, 5 and 80°,
respectively.
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2.4. Protein and competitive adsorptions

Protein and competitive adsorptions were car-
ried out in a PBS solution (8§ mM Na,PO,4-2H,0,
2.68 mM KCl, 1.14 mM KH,PO,, 137 mM NaCl;
pH 7.2). Single or binary solutions containing
collagen, BSA or a mixture of the two in various
concentrations were used. For non-real-time ad-
sorption, silicon wafers were incubated in a protein
solution for 30 min, then washed with PBS and
deionized water, and dried with nitrogen. The
adsorption was measured with imaging ellipsome-
try and AFM. In competitive adsorption, ad-
sorbed proteins on the surfaces formed a BSA
and collagen co-adsorption layer. The co-adsorp-
tion layer was immersed in an anti-BSA solution.
The anti-BSA in the solution bound with the BSA
in the layer to form a protein complex of BSA/
anti-BSA and resulted in varied of surface con-
centrations (Fig. 1). The more BSA adsorbed in
the co-adsorption layer, the more anti-BSA bound
onto the protein complex layer resulting in a large
increase of the surface concentration. In this way,
the amount of BSA adsorbed in the co-adsorption
layer could be deduced from the surface concen-
tration variation, thus determining the competitive
adsorption between BSA and collagen.

For real-time adsorption, silicon wafers were
incubated in a cell containing a protein solution.
The protein adsorption on substrates and the
protein binding process between proteins were
measured with time.
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2.5. Imaging ellipsometry analysis

A homemade ellipsometric imaging system was
used for the visualization and quantification of the
thickness distribution of protein adsorption layer
[19]. Its capacity for lateral spatial resolution can
distinguish the effects of singularities (local abnor-
mal variations in the image introduced by con-
tamination) appearing on the surfaces, such as a
speck of pollution in an otherwise uniform ad-
sorption layer. The basic experimental setup was a
conventional polarizer-compensator-sample-ana-
lyzer (PCSA) null ellipsometer. It consisted of a
Xenon arc-lamp and a specific collimating system
used as a light source to provide an expanded
parallel probe beam with a diameter of about 40
mm. In order to illuminate a large area of the
sample surface, the expanded probe beam and a
charge-coupled device (CCD) for imaging were
used to replace the narrow beam and the photo-
detector of a conventional ellipsometer. A 633 nm
interference filter was placed in the incident optical
path to increase the ellipsometric contrast of the
image. However, for a sample on which there was
a lateral distribution in layer thickness, null
ellipsometry could not be carried out the entire
surface at the same time due to the fact that
different areas would yield different polarization
changes. One possible solution was to use the off-
null mode in an ordinary null ellipsometer, so the
combined null and off-null ellipsometry was used
at an incident angle close to the pseudo-Brewster

BSA

anti-BSA

Collagen

Fig. 1. Schematic figure showing the detection of protein adsorption and competitive adsorption. A substrate with a BSA adsorption
layer or a BSA—collagen co-adsorption layer was immersed in an anti-BSA solution. Based on the specific interaction between BSA
and anti-BSA, the anti-BSA in the solution bound with BSA in the layer to form a protein complex of BSA/anti-BSA, resulting in a

variation of surface concentration.
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angle of the substrate. An image of 7 x 15 mm? of
the surface was focused onto the CCD video
camera for intensity measurements. The spatial
resolution of the system is in the order of micron
laterally and 0.1 nm vertically. Normally, the
detected protein adsorption layer was rather thin
and transparent at the probe wavelength, with a
thickness was in the range of 0.5—10 nm. In studies
of protein adsorption layers on silicon substrates
with native oxide, the compensator was fixed at an
azimuthal position of 45°, and the analyzer and
polarizer were held constant. The optical compo-
nents in the system were adjusted to fulfill the null
conditions on a silicon substrate without adsorbed
layers and the off-null ellipsometric principle was
used to measure the adsorption layer thickness
[19]. The video signal corresponding to the thick-
ness distribution was captured, digitized and
stored in gray-scale format in a computer. Under
these conditions, the detected intensity / was
related to the thickness of the layer according to
the formula:

I = kd?,

which gives a linear relation between the intensity
and the square of the thickness of the adsorbed
protein layer or the square of the surface concen-
tration of the proteins [13]. This proportionality
showed a deviation of less than +2% up to d ~5
nm. Under the same protein and the same ellipso-
metric conditions, k& is constant and can be
determined by the protein layer with known
gray-scale and thickness. The relationship between
surface concentration and film thickness was:

Surface concentration (ug/cm?)~ K x d (nm),

where K ~0.12 [20].

In this paper, the absolute thickness of the
protein layer was calibrated by conventional
ellipsometry and the results of imaging ellipsome-
try shown in gray-scale were processed to give the
surface concentration of the adsorption layer.

2.6. Atomic force microscopy

An atomic force microscope (AFM AutoProbe
CP Research Scanning Probe Microscope, Park
Scientific Instruments, CA) was used for surface

observation. Images were obtained with an IC-
AFM mode (Ultrolevers20) at 25°C, 30-40%
relative humidity.

3. Results and discussion

3.1. Mono-adsorption of collagen and BSA

Figs. 2 and 3 showed the real-time adsorption of
collagen and BSA on hydrophilic and hydropho-
bic substrates, respectively. The surface concentra-
tion of protein was obtained by real-time imaging
ellipsometry measurements. In Fig. 2, the adsorp-
tion of collagen onto hydrophobic surfaces
showed a gradual increase of the adsorption of
the collagen with time; the time elapsed until 80%
saturation adsorption was about 30 min. The
adsorption of collagen onto hydrophilic surfaces
showed a sharp rise followed by a slow increase;
the time to reach the 80% adsorption saturation
was about 10 min. The surface concentration of
collagen at saturation adsorption was about 0.9
and 0.3 pg/em? on hydrophobic and hydrophilic,
respectively, showing that the adsorption on
hydrophobic surfaces was three times of that on
hydrophilic surfaces.

The BSA adsorption exhibited the same beha-
vior as collagen adsorption (Fig. 3). BSA adsorbed
faster but less on a hydrophilic surface than on
hydrophobic surface. Compared with collagen
adsorption, the surface concentration of BSA at
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Fig. 2. Time courses of the real-time adsorption of collagen (0.1
mg/ml) on hydrophobic (A) and hydrophilic (B) surfaces.
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Fig. 3. Time courses of the real-time adsorption of BSA (1.0 mg/ml) and the interaction of anti-BSA and BSA on hydrophobic (A) and
hydrophilic (B) surfaces. Arrows show the time at which the BSA solution was changed into an anti-BSA solution. The anti-BSA in the
solution interacted with the BSA adsorbed on the substrates resulting in the second increase of surface concentration.

saturation adsorption was as low as about 0.3 and
0.1 pg/em? on hydrophobic and hydrophilic,
respectively, which should be due to the low
molecular weight of BSA. The surface concentra-
tion of BSA on a hydrophobic surface was about
three times of that on a hydrophilic surface. When
the BSA adsorption layers were incubated in an
anti-BSA solution, BSA retained its affinity with
anti-BSA on both surfaces.

Collagen is a triple helix about 300 nm long and
1.5 nm in diameter with a molecular weight of
about 300,000, while BSA is much smaller with a
molecular mass of about 66,200 and a size of
about 14 x 4 nm? [21]. The surface concentration
corresponding to the close-packed layer of mole-
cules in a ‘side-on’ configuration is 0.1 pg/cm? for
collagen and 0.2 pg/em? for BSA. In the experi-
ment, the surface concentration in the saturation
state for collagen adsorption was about 0.9 and 0.3
ug/cmz, that is, nine and three times that of ‘side-
on’ packing, on hydrophobic and hydrophilic

side on owerlap
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surfaces, respectively. The results suggested that
some of the adsorbed collagen molecules exhibited
‘end-on’ configuration or the collagen molecules
partly overlapped. The same phenomenon oc-
curred in BSA adsorbed on hydrophobic surfaces
(Fig. 4).

3.2. Competitive adsorption of collagen and BSA
studied with imaging ellipsometry

Real-time competitive adsorption of collagen
and BSA were investigated with imaging ellipso-
metry as shown in Fig. 5. The variation of surface
concentration for the competitive adsorption of
collagen and BSA on the hydrophilic surface
resembles that of the pure collagen adsorption.
The surface concentration of the co-adsorption
layer on the hydrophilic surface was about 0.3 pg/
cm?, which was close to the surface concentration
resulted from the pure collagen adsorption. The
subsequent incubation of the co-adsorption layer

end on  oyverlap

Collagen

Substrate

Fig. 4. Schematic figure showing BSA and collagen molecules exhibiting ‘side on’, ‘end on’ and ‘overlap’ adsorption on substrates.
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Fig. 5. Time course of the co-adsorption of collagen (0.1 mg/
ml) and BSA (1.0 mg/ml) and the interaction of anti-BSA/BSA
on hydrophobic (A) and hydrophilic (B) surfaces. Arrows show
the time that the collagen/BSA solution was changed into an
anti-BSA solution, causing an interaction between the anti-BSA
in the solution with the BSA adsorbed on the substrates.

in anti-BSA solution resulted in little increase of
the surface concentration, which indicated that less
little BSA adsorbed in the competitive adsorption
layer on the hydrophilic surface; however, much
more BSA adsorbed in the competitive adsorption
layer on the hydrophobic surface.

Real-time adsorption of collagen and the fol-
lowing co-adsorption of collagen and BSA were
also investigated. Fig. 6 showed that the subse-
quent incubation of the collagen-adsorption layer
in the binary solution resulted in the a decrease in
the surface concentration decreasing on the hydro-
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Fig. 6. Time course of the adsorption of collagen (0.1 mg/ml)
and then co-adsorption of collagen (0.1 mg/ml) and BSA (1.0
mg/ml) on hydrophobic (A) and hydrophilic (B) surfaces.
Arrows show the time that the collagen solution was changed
into the binary solution of collagen and BSA (collagen/BSA).

phobic surface, but almost no change on the
hydrophilic surface. The final surface concentra-
tion on the hydrophobic surface approached the
saturation state of the pre BSA adsorption. This
showed that when the hydrophobic surface ad-
sorbed with collagen was incubated in the binary
solution of collagen and BSA, most collagen
molecules on hydrophobic surface desorbed and
were displaced by BSAs; however, collagen on the
hydrophilic surface was not displaced.

The competitive adsorption of different concen-
trations of BSA (1, 10, 50, 100, 1000 pg/ml) was
also studied with non-real-time measurement with
the collagen concentration fixed at 0.1 mg/ml.
After 30 min competitive adsorption, the adsorp-
tion layers were immersed in an anti-BSA solution
for another 30 min. Based on the specific interac-
tion between BSA and anti-BSA, the increase of
surface concentration caused by BSA/anti-BSA
complex indicated the amount of BSA adsorbed
on the co-adsorption layer. The greater the in-
crease in surface concentration, the more BSA
adsorbed. Fig. 7 showed the surface concentration
for competitive protein adsorption on hydropho-
bic and hydrophilic surfaces. On hydrophobic
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Fig. 7. Competitive protein adsorption on hydrophobic (black)
and hydrophilic (slashed) surfaces between collagen (0.1 mg/ml)
and BSA (0-1000 pg/ml). Substrates were incubated in the
binary solution of collagen and BSA for 30 min, washed with
PBS and de-ionized water, and then incubated in anti-BSA
solution for 30 min to form the anti-BSA/BSA complex through
the interaction of anti-BSA with BSA adsorbed on the
substrates. The increases of surface concentrations caused by
the anti-BSA/BSA complex were shown in the figure as white
columns.
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surfaces, the surface concentration of the co-
adsorption layer decreased was obviously reduced
with the introduction of BSA, but the BSA/anti-
BSA complex after incubating in anti-BSA in-
creased with the higher concentrations of BSA.
When the concentration of BSA reached 100 pg/ml
or higher, the complex layers became constant. On
hydrophilic surfaces, the variation in the surface
concentration of the co-adsorption layer was not
so obvious even with an increase in the BSA
concentration; the complex layers were almost
constant, which indicated that collagen adsorption
was the main phenomenon in the studied concen-
tration range. Supposed that the affinity between
the anti-BSA and the BSA from the binary
solution was the same as BSA from single compo-
nent solution, the percentage of BSA in the co-
adsorption layer (collagen 0.1 mg/ml and BSA 1
mg/ml) can be deduced from the variation in
thickness caused by the anti-BSA binding with
the BSA. Nearly 100% of the protein adsorbed on
hydrophobic surface was BSA, but only about 6%
on hydrophilic surface.

Fig. 8 showed the thickness distribution of
competitive protein adsorption on a substrate
surface that was half hydrophilic and half hydro-

2 min

1 min

Fig. 8. Ellipsometric images showed: (A) the substrate surface
with hydrophobic and hydrophilic regions; (B) the layer
thickness distribution of the competitive adsorption after the
substrate was incubated in the binary solution of collagen (0.1
mg/ml) and BSA (1 mg/ml) for 30 min; (C) the layer thickness
variation caused by the anti-BSA and BSA binding after the
layer shown in B was incubated in anti-BSA solution for 30
min.

phobic. Fig. 8A showed the silicon substrate with
hydrophilic (right part) and hydrophobic (left
part) surfaces. The adsorption layer on the hydro-
philic surface was thicker than that on the hydro-
phobic surface (Fig. 8B). After the whole surface
was incubated in anti-BSA (Fig. 8C), the layer
thickness increased obviously on the hydrophobic
surface, but not so obviously on the hydrophilic,
which showed that more of the anti-BSA/BSA
complex formed on the hydrophobic surface, but
almost no complex formed on the hydrophilic
surface, showing that BSA from the mixed solu-
tion preferentially adsorbed onto the hydrophobic
surface.

3.3. AFM investigation of competitive protein
adsorption

Collagen and BSA adsorption as well as their
co-adsorption were also visualized by AFM. Fig.
9A and B represented the AFM images of hydro-
philic and hydrophobic surfaces, respectively.
Collagen homogeneously adsorbed on the two
surfaces, as shown in Fig. 9C and D. The surface
concentration of collagen on the hydrophobic
surface was obviously higher than that on the
hydrophilic surface, which was consistent with the
results of imaging ellipsometry. BSA adsorbed on
both surfaces as a grain shape with an average
width of 14—18 nm (Fig. 9E and F). The difference
of BSA adsorption on the two kinds of surface
visualized with AFM was not as obvious as that of
collagen.

The two kinds of surfaces were incubated in the
mixed BSA and collagen solution (1 and 0.1 mg/ml
in PBS) for 30 min, and then visualized with AFM,
as shown in Fig. 9G and H. Collagen adsorbed on
the hydrophilic surface, similar to the pure col-
lagen solution, but was hardly adsorbed on the
hydrophobic surface. These results were consistent
with the observation with imaging ellipsometry
that collagen adsorbed preferentially onto hydro-
philic surfaces, but BSA onto hydrophobic sur-
faces in competitive adsorption.

Factors that affect competitive protein adsorp-
tion include protein transport rates, binding affi-
nities and protein unfolding rates [22]. The
diffusion coefficients of collagen and BSA are
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Fig. 9. Protein adsorption and competitive adsorption of collagen (0.1 mg/ml) and BSA (1 mg/ml) investigated with AFM. (A)
Hydrophilic substrate; (B) hydrophobic substrate; (C) collagen adsorption on hydrophilic surface; (D) collagen adsorption on a
hydrophobic surface; (E) BSA adsorption on hydrophilic surface; (F) BSA adsorption on a hydrophobic surface; (G) BSA and collagen
competitive adsorption on a hydrophilic surface; (H) BSA and collagen competitive adsorption on a hydrophobic surface. Adsorption

time was 30 min.
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7.8 %1078 [23] and 6.1 x10~7 cm? s~ ' [24],
respectively, and the protein transport rates
mainly affect the initial competitive adsorption.
The binding affinities for collagen and BSA are
hydrophobic interaction on hydrophobic surfaces
and electrostatic interaction and hydrogen bond-
ing interaction on hydrophilic surface. BSA is a
globular and rather flexible protein that is easily
denatured after adsorption [25,26] while collagen
is non-flexible and rather rigid [10]. If the protein
transport rates and protein unfolding rates were
the main factors controlling collagen and BSA
competitive adsorption, BSA would be the main
protein adsorbed on both kinds of surfaces,
contrary to the results of these experiments. The
competitive adsorption of collagen and BSA on
hydrophilic and hydrophobic surfaces showed that
binding affinity must be the key factor. On the
hydrophobic surface, the hydrophobic interaction
between the surface and the flexible BSA mole-
cules was more than that of the rather rigid
collagen molecules. On the hydrophilic surface,
the electrostatic interaction and hydrogen bonding
interaction between the surface and the collagen
molecules was stronger than that of the negatively
charged BSA molecules, which may be due to
electrostatic repulsion between the negatively
charged surface and BSA molecules. The high
affinity between collagen molecules and hydro-
philic surfaces resulted in the preferential adsorp-
tion of collagen on hydrophilic surfaces.

4. Conclusion

The microscopic observation with AFM and the
quantitative visualization of surface concentration
distribution of adsorbed protein with imaging
ellipsometryshowedthatcollagenand BSA adsorbed
on the hydrophobic surfaces two times more than on
hydrophilic surfaces. in the competitive adsorption
between collagen and BSA in the mixed solution of
BSA (1 mg/mlBSA) and collagen (0.1 mg/ml), nearly
100% of the protein adsorbed on the hydrophobic
surface was BSA, but only about 6% on the
hydrophilic surface. Binding affinity was the key
factor affecting competitive adsorption of collagen
and BSA.
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