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We investigated the adsorption of bovine serum albumin (BSA) on colloidal Al2O3 particles in an aqueous
environment. Changes in the zeta potential of the Al2O3 particles upon the adsorption of BSA were measured
using an electro-acoustic technique. The mass of protein adsorbed was determined by using UV-vis
spectroscopy. The change of the isoelectric point of the Al2O3 powder-protein suspension was found to be
a function of adsorbed protein mass. It was shown that approximately one monolayer of BSA was needed
to fully mask the surface and to compromise the charge of Al2O3. From titration experiments it follows
that about 30-36% of the negatively charged groups of the protein form bonds with the protonated and
charged Al2O3 surface. On the basis of our observations we introduced a new adsorption model for BSA
on Al2O3 particles.

Introduction

Protein adsorption on surfaces of biomaterials and
medical implants is an essential aspect of the cascade of
biological reactions taking place at the interface between
a synthetic material and the biological environment. Type,
amount, and conformation of adsorbed proteins mediate
subsequent adhesion, proliferation, and differentiation
of cells and are believed to steer foreign body response
and inflammatory processes.1-3

Interfaces of proteins and metal oxides are not only
relevant to the field of biomedical implants but are also
crucial for the design of biosensors. Enzymes, for example,
are immobilized on hydrophilic materials, where they act
as bioselective catalysts for specific cracking of biomole-
cules.4-7 A high enzyme activity is desired to achieve a
high turnover. We showed in an earlier feasibility study
the possibility of using metal oxide particles with a high
specific surface area for biosensor applications with a high
turnover.8

Many different experimental techniques are available
for the in situ monitoring of protein adsorption and
desorption onto planar metal oxide surfaces such as
ellipsometry, optical waveguide light mode spectroscopy,
and quartz crystal microbalance.1,9-12 The drawback of

these methods is the lack of direct information about
surface charges, which are known to strongly affect protein
adhesion and conformation at interfaces.13-19 Streaming
potential measurements on flat surfaces has been reported
in the literature20 but was rarely used to characterize
protein-interface interactions.

By using colloidal oxide particles, we can quantify
parameters such as the surface charge, the zeta potential,
and the size while at the same time taking advantage of
the high surface area for enzyme activity measurements.

Colloidal oxide particles are in most cases polycrystal-
line, and, thus, no crystal orientation dependent inves-
tigations can be carried out. But as far as bioimplants are
concerned, the ceramic or metal interfaces always consist
of polycrystalline materials as well. Thus, powder particles
appropriately represent implant materials with an aver-
age over many crystallographic surfaces.

The electrostatic interactions between ceramic particles
and proteins are fragmentarily investigated and poorly
understood.21-33 Furthermore, the role of conformational
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changes induced by electrostatic interaction during the
adsorption process is not clear yet.34 Preferred orientation
modes after adsorption for bovine serum albumin (BSA),
such as side-on and end-on, have been proposed.15,35,36 The
adsorption mechanism is believed to be a multistep
process, where the proteins can be found in many different
conformational states. This change of conformation upon
adsorption is thought to be dependent on the initial protein
concentration.37-41

In this study we used colloidal Al2O3 particles which
were characterized in terms of the particle size distribution
(X-ray disk centrifuge) and purity [differential thermal
analysis (DTA), thermogravimetric analysis (TGA), and
isoelectric point (IEP)]. The protein that we used was BSA,
which is the most abundant protein in bovine blood with
a typical concentration of about 50 mg/mL. The molecular
weight of BSA is 66 462 g/mol according to literature.42,43

BSA is a single polypeptide chain consisting of 583 amino
acid residues and three domains. High percentages of
sequence identities have been noted between BSA and
human serum albumin (HSA; 76%) and have been found
to be homologous. BSA can also form dimers, especially
at high concentrations or in crystallized form.43 The
structure of HSA is illustrated in Figure 1. The structural
data for HSA was taken from the online Research
Collaboratory for Structural Bioinformatics (RCSB) pro-

tein database.44 Structural data for BSA is not available
but is assumed to be very similar because of the high
percentage of sequence identities. The IEP of BSA is
around 4.7-5, depending on the literature source.31,45 BSA
is negatively charged at pH 7 and undergoes hardly any
conformational changes in the pH range from 4 to 8.43

In this study we investigated the change of zeta potential
as a function of the amount of protein adsorbed on the
surface of colloidal alumina particles. We determined the
number of charges involved in the adsorption using
titration experiments and proposed a new adsorption
modelbasedontheresultsderived fromtheseexperiments.

Experimental Section
Materials. Al2O3 was purchased from Taimei (TM-DAR, lot.

no. 3973, high purity R-alumina >99.99%, density 3.98 g/cm3)
and calcined for 4 h at 400 °C to eliminate any organic residues.
Additional data from the supplier can be found in Table 1.

BSA was obtained from Sigma Aldrich in powder form (A 7906,
lot no. 12K1608) and was used as received.

Double deionized water with an electrical resistance of >18
MΩ cm from a Nanopure water system (Barnstead) was used for
all experiments.

Methods. Powder Characterization. DTA and TGA measure-
ments were conducted to determine the amount of organics in
the purchased powder (dust, organic residues) and the temper-
ature at which to calcine the powder to eliminate these impurities.
The specific surface area was measured by the BET method using
a NOVA 1000 device by Quantachrome. A more-or-less spherical
particle morphology was verified by scanning electron microscopy
(SEM; LEO 1530). The particle size distribution was measured
with an X-ray disk centrifuge (Brookhaven Instruments).

For conductivity measurements, two 40-mL samples of an
aqueous 2 vol % suspension of the calcined Al2O3 were prepared
and stirred for 1 and 16 h, respectively. After stirring, each was
centrifuged and the conductivity of the supernatant was mea-
sured to determine the ionic strength due to salt impurities.

Protein Characterization: Gel Electrophoresis. To check the
purity of the purchased protein lot, the molecular weight distri-
bution was determined by sodium dodecyl sulfate polyacrylamide
gel electrophoresis according to the method of Laemmli.46

Preparation of the Al2O3 Suspension and Protein Addition. A
170-mL suspension of 2 vol % Al2O3 including a specified
concentration of protein was prepared in a 250-mL Schott glass
bottle for each set of four zeta potential experiments, consisting
of a basic and an acidic titration after 1 and 16 h of adsorption
at room temperature (25 ( 2 °C).

For the stock suspension, 13.53 g of Al2O3 powder were added
to 151.6 mL of water and shaken vigorously by hand with a
Teflon magnetic stirrer inside the bottle for approximately 1
min. Afterward, the suspension was de-agglomerated for 8 min
with an ultrasound horn (UP 200 s, Dr. Hielscher, GmbH) at a
pulse rate of 0.8 s and with 100% amplitude, which is at the full
power of 200 W. During ultrasonication the suspension was being
stirred at 300 rpm and ice-cooled to prevent the suspension from
heating.

The required amount of protein (see Table 2) was pre-dissolved
in 15 mL of water in a 20-mL pills glass using a test tube shaker.
The protein was predissolved to favor homogeneous mixing of
the added protein with the stock suspension. In each case, the
addition of the 15 mL of water from the dissolved protein solution
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Figure 1. Two space filling models from the protein data bank44

showing a side view (left) and a bottom view of the dimer of the
protein. The two chains are distinguished by their shading.
The single-headed arrow indicates the viewing direction of the
bottom view on the right-hand side. The size of the protein
monomer is about 9 × 5.5 × 5.5 nm.

Table 1. Impurities of the Used Al2O3 Powder, Supplied
by the Company (Taimei)

impurity
(ppm)

impurity
(ppm)

impurity
(ppm)

Si 3 Na 1 Ca 1
Fe 6 K 1 Mg 1
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reduced the volume fraction of the stock solution to exactly 2 vol.
A protein-free reference sample was prepared by simply adding
15 mL of water to a stock solution. For test samples containing
protein, the predissolved protein solution was added to the stock
suspension under stirring conditions. The amount of added
protein, normalized by the surface of the Al2O3, is also given in
Table 2. The suspensions were left stirring for 1 and 16 h in the
Schott bottles with fastened lids.

Zeta Potential. After 1 and 16 h of stirring the Al2O3-protein
suspension, 30 mL of the samples were withdrawn for measure-
ments. The samples were titrated, and the corresponding zeta
potential and electrical conductivity were measured simulta-
neously as a function of pH. After each addition of the titrant
(base respectively acid) an equilibration time of at least 30 s was
allowed. The zeta potential of the suspension was measured using
the electroacoustic colloidal vibration current technique47 in a
DT 1200 from Dispersion Technology. This method characterizes
the zeta potential by means of a probe that uses ultrasound as
a driving force for generating an electroacoustic effect. The probe
is a stainless steel cylinder with a diameter of 3 cm and a length
of 10 cm with a piezo-electric transducer inside. This transducer
converts an electrical tone burst into an acoustic pulse that is
then emitted into the suspension. The default frequency is 3
MHz. The ultrasonic pulse generates in the suspension a
polarization of the colloid particles and their cloud of counterions
which can be detected by two electrodes immersed in the
suspension. This polarization signal can be used to compute the
zeta potential of the particles using electroacoustic theory.47

To elucidate the kinetics, the zeta potential was also monitored
as a function of time in a different set of experiments. The pH
and ionic strength were kept constant at pH 7.2 with a 10 mM
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid buffer. The
measurements were conducted in a thermostated glass jacket at
a temperature of 25 ( 0.1 °C under stirring conditions (500 rpm).
For these time measurements, protein concentrations of 0, 50,
and 500 ng/cm2 were chosen and run for 3000 s (50 min).

Titration. A total of 70 mL of an Al2O3 suspension without and
with 100 ng/cm2 BSA was prepared in the same manner as the
other suspensions mentioned above. In addition to these titra-
tions, nitrogen-purged H2O was titrated to measure the back-
groundmedium, including the intrinsicacidicandbasic constants.
Also a BSA solution without particles was prepared at the same
100 ng/cm2 concentration.

After 1 and after 16 h of equilibration time exactly 35 mL of
each sample was titrated with 0.1 N KOH base respectively 0.1
N HNO3 using the titration unit of the DT 1200. The volume of
added base was recorded as a function of pH.

UV-Vis Absorption. To determine how much protein was
adsorbed on the powder surface, several 30-mL suspensions of
2 vol % Al2O3 were prepared and the corresponding protein
amounts were added as described above, including predissolving
of the protein. Four samples of 1.5 mL were withdrawn from
each suspension after 1 and 16 h of stirring and filled into plastic
centrifuge cuvettes. Subsequently, the cuvettes were centrifuged
for 10 min at 3800g in an Eppendorf 5417R table centrifuge,
thermostated at 25 °C. After the first run, the supernatants were
removed and transferred to fresh cuvettes. Then a second run
was started with the same centrifugation settings. After the
second run, the supernatant was removed again and filled into
fresh cuvettes. The protein concentrations of these cuvettes with
the supernatants were measured by using the Bradford method.48

For this purpose, prior to the protein concentration measure-
ments, a calibration curve with the used BSA was measured to
determine the specific extinction coefficient of the protein. An
aqueous dilution series was prepared starting with the start
concentration and then diluted to one-half of the original
concentration and so forth. The chosen protein detection range
was from 0.007 to 0.9 mg/mL. From the protein concentration
left in the supernatant and the total amount of protein added in
the beginning, the protein amount adsorbed was calculated. The
vis absorption values of protein concentration samples were
measured at 595 nm, using an UV-vis spectrometer (Lambda
2, Perkin-Elmer).

Results

Powder Characterization. The SEM micrograph in
Figure 2 shows the particle morphology of the Al2O3
powder used for the experiments. The particles are more
or less spherical. The X-ray disk centrifuge measurement
verified the particle size distribution to be monomodal
and narrow, with a d50 value of 116 nm, d10 ) 82.6 nm,
and d90 ) 189 nm. The specific surface area of Al2O3 was
measured to be 13.37 m2/g by BET. The DTA/TGA analysis
revealed that all organic impurities were burned out below
a temperature of 400 °C. On the basis of this analysis a
calcination temperature of 400 °C with a dwell time of 4
h was chosen as a preparation step for the Al2O3 powder
for all experiments.

The conductivity of the supernatant of the 2 vol % was
3 µS/cm after 1 h and 10 µS/cm after 16 h. These values
correspond to KCl solutions below 0.5 mM.49

Protein Characterization: Gel Electrophoresis.
The molecular weight of the protein lot was found to be
66.2 kDa. Hardly any impurities were detected.

Zeta Potential. In Figures 3 and 4 the zeta potential
measurements after the addition of different protein
amounts are plotted as a function of pH. The IEP of the
protein-free Al2O3 was found to be at pH 9.3 after 1 h and
at pH 9.0 after 16 h. The IEP decreases with increasing
protein amount and levels off at pH 4.9 for 1 h of adsorption
time and at pH 5.2 for 16 h of adsorption time. The zeta
potential at pH 7 decreases from 70 mV (Al2O3 reference,
1 h) to a minimum of about -15 mV after 1 h of protein
adsorption time. The same behavior was observed after
16 h, where the zeta potential decreases from 60 mV to
a minimum of about -15 mV.

Protein Amount Adsorbed: UV-Vis. In Figure 5
the amount of BSA adsorbed is plotted as a function of the
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Table 2. Protein Amounts Added Including
Corresponding Protein Concentrations and Surface

Normalizations

mass added
[g]

protein concentration
(relative to water

volume) [mg mL-1]

normalized
(over powder surface

area) [ng cm-2]

0.0181 0.1086 10
0.0905 0.5430 50
0.1809 1.0860 100
0.3618 2.1719 200
0.7237 4.3439 400
1.0855 6.5158 600
1.4474 8.6878 800
1.8092 10.8597 1000

Figure 2. SEM micrograph showing the Al2O3 powder which
was used for the experiments. The particle morphology is more
or less spherical.
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amount of BSA added for 1 and 16 h of adsorption time.
The values are normalized by the surface area. The dotted
curves plotted on the secondary axes show the relative
amounts of protein adsorbed. Up to a concentration of 100
ng/cm2 all of the added BSA is adsorbed after 1 and 16 h.

The dotted horizontal lines symbolize the concentration
of protein calculated to form a side-on and an end-on
monolayer, assuming a tight packing. Details of these
calculations are discussed in Data Analysis and Discus-
sion. In Figure 6 the change of the IEP is plotted as a
function of the adsorbed BSA. The curves of this figure
were obtained by combining the data of Figures 3-5.
Saturation of the IEP (at pH 4.9 and 5.2) was reached at
a protein surface coverage of 200 ng/cm2. The vertical
dotted lines again symbolize the calculated protein
concentration needed to form a monolayer.

Titration. In Figure 7 the titration curves after 1 and
16 h for a simple BSA solution, a protein-free Al2O3
suspension, and an Al2O3 suspension with added BSA
protein at 100 ng/cm2 are plotted. This protein concentra-
tion of 100 ng/cm2 was chosen, after consulting Figure 5,
to ensure that 100% of the added BSA was adsorbed on
the Al2O3 surface and that no protein was found anymore
in solution at the start of titration. The titrations were
started at around pH 7.25.

The amount of titrated charge was calculated from the
volume of 0.1 N acid or base that was added and multiplied
by Faraday’s constant. The added charge was corrected
for dilution and background and normalized to a 1-mL
suspension volume. The vertical dotted lines in Figure 7
indicate the pH values, where the corresponding IEPs for
a BSA addition of 100 ng/cm2 were measured after 1 and

Figure 3. Zeta potentials of 2 vol % Al2O3 suspensions after
1 h of adsorption time for different amounts of added BSA from
pH 3.5 to pH 11.5. Each curve consists of two separate sets of
five measurements. Titration directions are indicated by the
arrows. 0 ng/cm2 refers to the Al2O3 reference suspension
without addition of protein.

Figure 4. Zeta potentials of 2 vol % Al2O3 suspensions after
16 h of adsorption time for different amounts of BSA added
from pH 3.5 to pH 11.5. The 0 ng/cm2 refers to the Al2O3 reference
suspension without addition of protein.

Figure 5. BSA adsorption isotherms plotted as a function of
BSA added, detected by UV-vis spectroscopy after 1 and 16 h
of adsorption time at pH 7. The dotted curves show the relative
amount of adsorbed protein. The dotted horizontal lines indicate
the calculated amount of BSA needed for end-on and side-on
adsorption modes to cover the surface area with one monolayer.

Figure 6. IEP of alumina with adsorbed BSA as a function of
the effectively adsorbed amount of BSA. The dotted lines
indicate the amount which is theoretically needed to form a
monolayer for different adsorption modes.

Figure 7. Titration curves after 1 and 16 h for BSA, pure
Al2O3, and 100 ng/cm2 BSA adsorbed on Al2O3 (100% adsorbed).
The charge added by titration is dilution- and background-
corrected and normalized to 1 mL of volume. The vertical dotted
lines indicate the pH values where the corresponding IEPs for
the Al2O3 suspension with an addition of 100 ng/cm2 BSA were
measured. The other IEPs were not indicated for clarity.
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16 h, derived from Figures 3 and 4. The other IEPs are
not shown for clarity.

Data Analysis and Discussion
Zeta Potential and Protein Surface Coverage. The

zeta potential measurements conducted at the ionic
strength of 10 mM as a function of time at pH 7 reached
constant values within 100 s under stirred conditions.
Similar time constants were found by others using
streaming potential measurements.20

The IEP shift for the Al2O3 particles as a function of the
added protein reaches saturation at pH 4.9 after 1 h and
at pH 5.2 after 16 h of adsorption time (Figures 3 and 4).
All adsorption equilibration procedures were conducted
at ionic strengths of 1 mM at most as measured by
electrical conductivity. The pH values for IEP saturation
agree with the IEPs of BSA found in the literature which
are between pH 4.7 and pH 5.31,45 The alumina particles
get masked by the protein, and the surface chemistry
continuously changes with increasing protein surface
coverage from that characteristic of a pure Al2O3 surface
to that of the protein. This behavior has also been observed
for a small molecule such as citric acid, in which the IEP
of Al2O3 shifted continuously from pH 9 to the pK value
of citric acid at pH 3 upon specific adsorption of the citric
acid.50

The IEP of BSA can be calculated by considering the pK
values of the side chains of all chargeable amino acids51

and calculating their dissociation ratios as a function of
pH using the buffer equation. The net charge of each amino
acid can be obtained by multiplying the dissociation ratios
by the number of the corresponding amino acids of the
protein (which were obtained from the BSA sequence).42,43

Summing up the net charge for each amino acid delivers
the overall charge of the complete protein as a function
of pH, as plotted in Figure 8. A simplification was made
in this straightforward calculation by presuming that all
amino acids are equally accessible by water, which is not
true for the real case. A theoretical pI at pH 5.56 was
calculated, which agrees reasonably with the measured
IEP at pH 4.9 (1 h) and pH 5.2 (16 h) as well as data from
literature ranging from 4.7 to 5.31,45 For a better under-
standing, the spatial charge distribution of the protein is
visualized in Figure 9 for pH 7. The charged amino acids
are uniformly distributed over the whole molecule. The

three-dimensional structure data file taken for the
calculations was the structure of HSA, which is almost
identical with that of BSA.43

By consulting Figure 5, we find that adding 100 ng/cm2

BSA results in a complete adsorption for 1 and 16 h of
adsorption time. Starting with 200 ng/cm2, the amount of
adsorbed protein differs significantly for 1 and 16 h of
adsorption time. The dotted horizontal lines symbolize
the calculated amount of protein needed for the two
adsorption modes. The BSA monomer structure is heart
shaped (Figure 1); hence, two different adsorption areas
were calculated for the same protein. One protein area
was calculated for the “side-on” mode (9 × 5.5 nm2) and
one area was calculated for the “end-on” mode (5.5 × 5.5
nm2). Both areas were calculated from the three-
dimensional structure file of HSA obtained from X-ray
diffraction in the protein database.44 Two different ad-
sorption modes were also suggested by others.35,52 On the
basis of this assumption and taking into account the
molecular weight of 66 430.3 g/mol,43 the amount of BSA
needed to cover 1 cm2 in the side-on mode was calculated
to be 223 and 365 ng for the end-on adsorption mode.
These two calculated maximum surface coverages are
indicated by the straight, dotted lines in Figures 5 and 6.
From Figure 5 it can be seen that for protein additions of
up to 400 ng/cm2 the amount of proteins adsorbed on the
surface stays below the calculated monolayer concentra-
tion that theoretically would be required to form a
monolayer in side-on mode. This was found to be true
after 1 and 16 h of adsorption time. The protein amount
adsorbed after 1 h of adsorption time stays below the side-
on monolayer line up to a protein addition of 800 ng/cm2.
For a protein addition of 1000 ng/cm2 we find the protein
amount adsorbed to be beyond the monolayer limit for
side-on adsorption. For the 16-h adsorption curve, the
exceeding amount is already found to be at 600 ng/cm2.

From Figure 6 it can be seen that at pH 5 the IEP was
saturated and no further shift of the IEP was obtained by
more protein adsorption. The adsorbed amount of protein
where IEP saturation is found is for both 1 and 16 h of(50) Hidber Pirmin, C.; Graule Thomas, J.; Gauckler Ludwig, J. J.

Am. Ceram. Soc. 1996, 79, 1857.
(51) Stryer, L. Biochemistry, 4th ed.; Freeman & Co.: New York,

1997.
(52) Lassen, B.; Malmsten, M. J. Colloid Interface Sci. 1996, 180,

339.

Figure 8. Net charge accounting for all charges from BSA.
The theoretical IEP was calculated to be at pH 5.56. The IEP
of BSA according to data from literature is in the pH range of
4.8-5 in the literature.31,45

Figure 9. Visualization of the calculated charge distribution
for a HSA dimer at pH 7. The white spheres are amino acids,
which are neutral at pH 7. The gray spheres are apolar or
hydrophobic amino groups, which are not charged at any pH.
The dotted line indicates where the dimer is assembled.
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adsorption time between 175 and 200 ng/cm2. This protein
amount lies reasonably close to the calculated amount for
a side-on monolayer (223 ng/cm2). From this observation
it can be concluded that roughly one side-on monolayer
of BSA is necessary to completely change the surface
charge of Al2O3 to the surface charge of BSA.

Two questions arise from these observations: (1) which
adsorption mode is dominating and (2) why does BSA still
adsorb to the Al2O3 particles after masking surface charge
completely?

Consulting Figure 9 no obvious reasons can be given to
answer the question why BSA should adsorb in a preferred
mode at pH 7 because the spatial charges seem to be
uniformly distributed. But summing up the net charges
for each of the three domains reveals an asymmetric charge
distribution for the BSA monomer as illustrated by Figure
10 (note: The protein structure data file of HSA was used
for the illustration but the domain charge amounts were
calculated by using the BSA sequence from Carter and
Ho).43 It can be seen that domains I and II result together
in a net charge of -16.8 whereas domain III holds a net
charge of only -1.3 at pH 7. A similar asymmetric charge
distribution was also reported by others for HSA.53 This
imbalanced charge distribution strongly suggests a side-
on adsorption on the positively charged Al2O3 surface as
indicated by the broad single-headed arrow in Figure 10
and not an end-on adsorption in the direction of the thin
single-headed arrow. After formation of the side-on
monolayer at a surface coverage of around 200 ng/cm2,
the side-on adsorption would theoretically need to switch
to the end-on adsorption mode (Figure 5) because of lack
of space. But end-on mode adsorption is not favored
because of the asymmetric charge distribution of the
protein (Figure 6). Therefore, we can conclude that, with
increasing protein concentration, BSA starts forming
dimers at the surface as it “naturally” would do at high
concentrations or during crystallization. This conclusion
is supported by the fact that after side-on adsorption of
BSA into the direction of the broad single-headed arrow
(Figure 10) the dimer docking sites for a second BSA would
still be accessible to form a dimer. We think that at a
protein concentration adsorbed on the surface larger than

200 ng/cm2 (as shown in Figure 6, where the IEP of Al2O3
is masked by the IEP of BSA) further protein adsorption
occurs only through protein/protein interactions and no
BSA/Al2O3 surface interactions occur anymore. Protein/
protein interactions are manifold and can consist of
hydrogen bridges, disulfide bonds, and hydrophobic ef-
fects.54

The suggested two-step adsorption model at pH 7 is
illustrated by Figure 11. During the first adsorption phase
(left) the side-on monolayer is being formed. At the ionic
strengths below 1 mM at which the adsorption equilibra-
tion was carried out, the Debye length is about 10 nm.
Thus, the initial BSA molecules can orientate during the
adsorption process. The more protein molecules adsorb,
the more the IEP moves from the IEP of the powder (pH
9) toward the IEP of the protein (pH 5). After the first
layer of BSA adsorption, the surface charge of the alumina
is completely masked and the IEP cannot be shifted any
further than the IEP of the protein (see Figure 6). In the
second adsorption phase (right) the subsequently adsorb-
ing BSA molecules form dimers with protein molecules
that are already adsorbed. This dimer formation is based
on protein/protein interaction and cannot be due to
electrostatic interaction with the Al2O3 particle surface.
According to this model, a complete dimer layer would be
reached if about 450 ng/cm2 (corresponding to two side-on
layers) adsorbed on the particle surface.

Because during the adsorption process also relaxation
of the BSA molecules occurs besides their orientation, the
protein layers can also exhibit stacking faults. This
becomes more and more important at higher protein
concentrations.

Titration. The titration curves after 1 and 16 h for
dissolved BSA in Figure 7 show no significant differences.
This indicates a high reproducibility of the conducted
titration experiments. Calculation of the charge needed
to reach pH 4.8, which is known to be the IEP of the
protein,31 yields -16.50 e- after 1 h and -16.53 e- after
16 h of dissolving time. These results agree very well with
the calculated number of charged units presented at pH
7 which was found to be -18.01 e- (see Figure 8). It is

(53) Peters, T., Jr. Adv. Protein Chem. 1985, 37, 161.
(54) Thornton, S. J. J. M. Proc. National Acad. Sci. U.S.A. 1996, 93,

13.

Figure 10. The three domains of BSA including the calculated
net charges present at pH 7. The double-headed arrow indicates
where a second BSA molecule docks for dimer formation. The
broad single-headed arrow symbolizes the hypothesized side-
on adsorption mode with an adsorption area of 9 × 5.5 nm2. The
thin single-headed arrow indicates the end-on adsorption mode
with an adsorption area of 5.5 × 5.5 nm2.

Figure 11. Proposed adsorption model for BSA on Al2O3
particles at pH 7. The protein-particle size ratios are to scale.
In the first adsorption phase (left) the side-on monolayer is
formed. The more protein molecules adsorb, the closer the IEP
of alumina (initially at pH 9) moves toward pH 5 (IEP of BSA).
After the first adsorption layer, the surface charge of the Al2O3
particle is masked; that is, the IEP cannot be shifted any further
with further addition of BSA (see also Figure 6). In the second
adsorption phase (right) the additional BSA molecules form
dimers with proteins that are already adsorbed.
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known from literature43 that BSA does not undergo any
significant conformational changes in the pH range from
4 to 8. Thus, it can be assumed that the number of
titratable groups did not change during titration.

From the titration data in Figure 7 for Al2O3 with and
without a protein addition of 100 ng/cm2 BSA, the charges
needed to reach the corresponding IEPs (at pH 8.1
respectively 8.3) were also derived. Table 3 shows the
results found after 1 and 16 h.

For the following discussion we assumed that the
titrated charges are additive because we take only a small
titration range around pH 7 into account, which is linear
for the calculations, and that charge regulation is neg-
ligible. We also assumed that very low amounts of BSA
desorb from the alumina surface during the relatively
fast titration for these pH ranges and small protein
concentrations as found by others for BSA and alumina.15

From Table 3 it can be seen that BSA is approximately
as highly charged (CB) as Al2O3 but with an opposite sign.
However, looking at the charge obtained for Al2O3 with
a protein addition of 100 ng/cm2 BSA (C100), we find only
a small amount of charge being compromised (C100 - C0).
This fact suggests that not all positively charged groups
of the Al2O3 particle are neutralized after adsorption. We
can conclude that not all negatively charged groups of
BSA form bonds with positively charged Al2O3 groups and,
thus, many Al2O3 groups can be titrated. This explanation
is reasonable, considering the fact that the protein has a
three-dimensional extension and that it cannot be treated

as a point of charge. Hence, some of the groups are pointing
away from the particle surface and some are hampered
by steric hindrance from approaching the particle surface.

Knowing how much charge was compromised because
of adsorption (C100 - C0) and knowing how much charge
one BSA molecule carries as calculated earlier, we can
derive the percentage of negatively charged groups of the
protein forming bonds with the Al2O3 particle. After 1 h,
we find 36% of the negatively charged groups of one BSA
molecule being neutralized as a result of adsorption and
30% after 16 h.

Conclusions
In this study we investigated the adsorption of BSA

onto colloidal Al2O3 particles.
BSA adsorption on alumina surfaces is a fast process

(<100 s) under well-stirred conditions. As a result of the
proteins adsorbed on alumina, a shift of the IEP of the
Al2O3/protein suspension was found. This shift is a function
of the adsorbed protein mass and reached saturation at
pH 5 corresponding to the pI of the protein. IEP saturation
was obtained after a monolayer of BSA adsorbed on Al2O3.
Additional proteins form dimers with those from the first
monolayer. A two-step adsorption model is proposed for
this further protein adsorption based on the observation
that, even after the positive surface charge of the Al2O3
particles was fully compromised by the BSA molecules,
further protein adsorption can occur.

In titration experiments we found that only 30-36% of
the total negative charge of the protein formed bonds with
the positively charged Al-hydroxyl surface groups, which
was attributed to the three-dimensional form of the
protein.
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Table 3. Charge Measured Per Milliliter of Sample from
Titration Data

charge after 1 h/mL
[C/mL]

charge after 16 h/mL
[C/mL]

BSA only (CB) -0.0260 -0.0260
0 ng/cm2 (C0) 0.0267 0.0328
100 ng/cm2 (C100) 0.0172 0.0248
C100 - C0 -0.0094 -0.0079
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