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Adsorption of human serum albumin onto gold:
a combined electrochemical and ellipsometric study
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Abstract

Human serum albumin adsorptiononto gold surfaces was investigatedby electrochemical and ellipsometric methods. Albumin adsorptio
onto gold was confirmed by the change of the open circuit potential of gold and by the ellipsometric parameter variation during alb
mobilization. In both experiments the parameters reached stable values within 10–15 min. The albumin adsorption layer thickness
with the ellipsometer was about 1.5 nm. The adsorption of albumin under applied potential was also investigated and it was found that bot
positive and negative applied potential promote albumin adsorption. Changes in the optical parameters of bare gold and albumi
onto gold surface under applied potential were investigated with in situ ellipsometry. The similarity and reversibility ofthe optical change
showed that adsorbed albumin was stable on the gold surface under the applied potential range (−200–600 mV). The cyclic voltammogram
of K3Fe(CN)6 on the modified gold surface showed that albumin could partly block the oxidation and reduction reaction.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Protein adsorption or immobilization on solid surface
is important in many areas including immunoassays
biosensors where protein–protein interaction is establis
Adsorption of serum proteinsonto surfaces also plays a ke
role in biomaterial design because of the change of mat
properties of the adsorbed proteins[1–5]. In either case, the
properties of the protein–substrate system will critically
pend on the surface concentration (or the adsorption l
thickness), the conformation, and the surface coverag
the protein. Many investigations have been carried out
garding protein–metal interaction[6–10]. Protein adsorption
onto metal surfaces is the initial important event that occ
on implanted metal; the nature of protein adsorption will
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fluence the subsequent tissue response on the metal[9]. Pro-
tein adsorption on metal surfaces is also important in f
processing and in environmental inspecting where met
in contact with protein solutions.

Many kinds of methods are used to study protein
sorption on surfaces, such as ellipsometry[11–14], variable
angle reflectometry[15,16], fluorescence spectroscopy[17],
and atomic force microscopy[18]. Among these, ellipsome
try is a nondestructive, optical-surface-sensitive method
the investigation of protein adsorption mainly at metal s
faces[12]. Ivarsson et al. studied the adsorption of lysozy
and ovalbumin on metal surfaces by ellipsometric and ca
itance measurements[6]. With these two techniques it wa
possible to get information on the protein–metal interac
as well as on the conformation of adsorbed protein. It w
seen that lysozyme adsorbs in a two-layer structure, whe
a monolayer structure was found for ovalbumin; evide
was given on the contribution of the electrostatic interac
between the proteins and the metal to the protein adsorp
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Protein adsorption on gold surfaces under applied
tential is a promising way to control the amount and o
entation of the immobilized molecules. Proteins in solut
with pH different from the isoelectric point (pI) will be po
itively or negatively net charged. Due to the electrost
interaction, protein adsorption on charged surfaces wil
different. Until now there have been only a few reports
protein adsorption onto solid surfaces under applied po
tial. Bernabeu and Caprani[19] studied the adsorption o
fibrinogen and albumin onto the surface of a carbon e
trode when both proteins were negatively charged. It
found that the amount of protein adsorbed onto the elect
surface increased with increasing negative charge of the
face. It was proposed that cations from the solvent adso
onto the electrode surface created a positively charged
with which the proteins could interact. Brusatori[20] investi-
gated the adsorption of several proteins on indium tin ox
coated electrodes under an electric field (0–2.0 V). The
sults showed that the adsorption amount was improve
applied potential for the three proteins tested (albumin, a
transferrin, cytochrome c). Investigation of human seru
albumin and immunoglobulin G on gold electrodes with
diolabeling and electrochemistry showed that the amou
adsorbed protein increased under positive applied pote
and decreased under negative[21].

The purpose of this work is to investigate human se
albumin adsorption on gold surfaces using the comb
techniques of ellipsometry and electrochemistry.

2. Experimental

2.1. Substrates

Gold substrates were prepared by the vapor depos
of 100 nm of gold onto chrome (1 nm) predeposited silic
substrates. The gold was shown to be polycrystal-like on
silicon surface and the gold aggregates have a size of a
50 nm (observed by AFM). Gold slides were cut to be 1.3×
1.3 cm2, washed with piranha solution (H2SO4:H2O2 = 3:1,
v/v) for 1 min, and then washed with water and ethanol
measured with ellipsometry to ensure that the surface is
oughly cleaned.

2.2. Proteins and chemicals

Human serum albumin (A3782, purity 99%) was p
chased from Sigma and used as received. The proteins
diluted with PBS buffer (8 mM Na2PO4·2H2O, 2.68 mM
KCl, 1.14 mM KH2PO4, 137 mM NaCl; pH 7.4) to give a
concentration of 0.1 mg/ml. In experiments where gold su
strate was incubated in PBS for some time and then th
bumin was added to the PBS, the stock albumin (10 mg/ml)
was used in order to give a final concentration of 0.1 mg/ml.
Other chemicals used are all products of analytical grad
-
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2.3. Ellipsometry

Ellipsometry is based on measuring the change of
state polarization of elliptically polarized light when it is r
flected at a surface. From the changes in the ellipsom
angles (�,Ψ ), the refractive index and the thickness of t
film can be deduced[11].

The optical characterization of the gold substrates befo
and after protein adsorption was done with an ellipsom
(SENTECH Instruments GmbH, Berlin) fitted with a He–N
laser (632.8 nm). The data were processed and fitted u
the software provided by SENTECH (SE 400). This ell
someter was also employed to measure the in situ adsor
of protein, with or without applied potential, an especia
designed electrochemical cell fitted with optical glass w
dows being used.

Compared with other methods, ellipsometry has the
vantage of not involving any labeling and it can also
used combined with electrochemistry to characterize elec
trode surfaces[22].

2.4. Electrochemistry

A three-electrode Teflon cell was employed to perfo
the electrochemical experiments with the gold working elec
trode fixed to the bottom of the cell by an O-ring. T
geometric area of the working electrode was defined to
0.60 cm2. A saturated calomel electrode (SCE) and a p
inum foil served as the reference electrode and the cou
electrode, respectively.

The experiments to record the optical parameters u
controlled potential were carried out with the abovem
tioned electrochemical cell fitted with optical glass windows
A platinum gauze counterelectrode, a saturated calome
erence electrode, and an EG&G Bi-potentiostat (Model 3
were used for the electrochemical characterization. The go
substrates were clamped against a Teflon O-ring, which
fined the geometric area of the working electrode (0.2 cm2).

3. Results and discussion

3.1. Albumin adsorption on gold

Fig. 1 shows the open-circuit potential of the gold s
face in PBS buffer. As soon as the gold surface conta
the PBS solution an electrical double layer formed on
surface and the open circuit potential (OCP) of the gold
creased quickly until the potential reached a stable valu
about 100 mV after about 1200 s. This decrease of O
before reaching a plateau has been observed for all o
electrodes tested (>10), with a sample-to-sample variabili
of ±30 mV. The variability was attributed to subtle diffe
ences in the gold surfaces (e.g.,defects and contaminants
When albumin was added to the PBS solution, its adsorp
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Fig. 1. Open-circuit potential of gold surface in PBS and albumin solut
Albumin concentration: 0.1 mg/ml.

Fig. 2. Changes in the ellipsometric parameters of gold surface durin
adsorption of albumin (0.1 mg/ml in PBS).

also caused a decrease of the potential. After approxim
900 s a potential plateau was reached at about 40–60 m

Ex situ ellipsometry (in air) was used to measure
changes in optical parameters of the gold surface with
sorbed albumin. The results showed that there is a s
increase inΨ and a significant decrease in�, which agrees
with the presence of a thin nearly transparent layer, as
pected for the formation of aprotein layer. According to
the optical parameters of the gold surface before and
ter protein adsorption (δΨ = 0.009 andδ� = −1.642), the
albumin layer thickness was estimated to be about 1.5
(with an error of 0.1 nm). The thickness values were c
culated using the SE 400 software for a three-layer mo
taking the real part of the refractive index as 1.48[23] and
the extinction coefficient (k) was estimated to be nearly zer

Changes of the ellipsometric parameters of the gold
face during the adsorption of albumin were measured and a
shown inFig. 2A and 2B. With the adsorption of protein o
the gold surface, the value of� decreased until a plateau w
reached in about 10 min. Since protein adsorption layer
transparent or nearly transparent, the adsorption of albu
caused little change ofΨ (Fig. 2A). The protein thickness
measured in air after the adsorption was again 1.5 nm.

The accepted size of the humanserum albumin molecul
is 3× 8 × 8 nm3 [24]. Thus, for the side-on position, on
molecule occupies 8× 8 nm2, while the end-on position re
quires 3× 8 nm2. Without considering any conformation
arrangement, the surface concentration corresponding t
protein close-packed adsorption layer can be calculated a
cordingly and gives 0.17 and 0.48 µg/cm2 for side-on and
end-on positions, respectively. In this work, the surface c
centration of albumin corresponding to the adsorption la
thickness was estimated using the relationship

(1)
surface concentration (µg/cm2) ≈ density× thickness (nm),

where the density of the protein was taken as 1.36 g/ml [12].
The thus evaluated surface concentration of albumin on
surface is 0.2 µg/cm2, which is slightly higher than the valu
expected for a close-packed side-on position. This re
suggests that the protein molecules do not all adsorb in
side-on position, it being plausible that some are adsorbe
end-on or overlap positions. It is also worth while to str
that proteins conformational changes may also occur t
ing difficult to ascertain from the molecular dimensions
exact adsorption position at the electrode surface.

3.2. Albumin adsorption under applied potential

The effect of potential on the albumin adsorption on g
surface was investigated by ellipsometry. The cell was fi
with PBS solution, a constant potential was applied to
gold surface, and then albumin was added.Figs. 3A and 3B
show the changes of the ellipsometric parameters of the
surface during the adsorption of albumin under 200 mV.
previously observed, upon protein addition the value o�

decreased until a plateau was reached. The adsorption of a
bumin under applied potential also caused little change ofΨ ,
which is consistent with the formation of a thin nearly tra
parent layer. The protein layer thicknesses measured i
after adsorption under different applied potentials are sh
in Table 1. An increase of thickness from 1.5 to 2 (at 100 m
and−100 mV) and to 2.4 nm (at 200 mV) can be observ
The results strongly indicate that albumin adsorption can
promoted under both positive and negative applied po
tials.

It is widely accepted that the protein adsorption proc
involves protein transport (diffusion) from the bulk soluti
to the surface, its adsorption onto the surface, protein
formational changes or orientation to a more stable pos
on the surface, and protein desorption to the bulk solution
(Fig. 4A). When protein is in a solution with a pH high
than its isoelectric point (pI), such as albumin (pI 4.7)
PBS buffer (pH 7.4), the protein will present a net nega
charge. When the surface is subjected to positive poten
more binding sites are supplied, resulting in an increas
protein adsorption (Fig. 4B). On the other hand, due to th
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gathering of the counterions, a negatively polarized sur
can also attract proteins; if the protein conformation is
stable, it can be modified so that positively charged dom

Fig. 3. Changes in the ellipsometric parameters of gold surface durin
adsorption of albumin under applied potential (200 mV). The arrows s
albumin addition to the cell (after stable optical parameters of gold su
in PBS are observed under the applied potential).

Table 1
Albumin adsorption layer thicknesses at different applied potentials

Potential applied (mV) −100 0 100 200
Protein adsorption layer thickness (±0.2 nm) 2.0 1.5 2.0 2.4
come into contact with the surface, allowing steady ads
tion (Fig. 4C). However, for rigid protein structures, i.e
when the conformation cannot be changed easily, appl
negative potential cannot promote protein adsorption. A
min being a flexible protein displaying an easily changeab
conformation upon adsorption[25,26], the expected effec
of negative surface polarization is the promotion of prot
adsorption, as observed.

3.3. Stability of adsorbed albumin under applied potential

In order to investigate the stability of the modified go
surface with albumin (30 min incubation) under applied
tential, optical parameters were measured in situ while
external electric signal was applied to the gold surface
the potential was swept from−200 to 600 mV, bothΨ and
� showed reversible changes (Figs. 5A and 5B) during sev-
eral potential cycles, revealing that the protein layer pres
good stability in this potential range.

The observed effect of applied potential on the opt
properties of gold with adsorbed albumin was seen to
similar to that displayed by the bare gold surface. Th
the modifications of the ellipsometric parameters should b
attributed mainly to changes on the background subs
rather than on the adsorption layer. The role of the g
substrate can also be retrieved from the current respo
presented inFig. 5C. The similarity of the cyclic voltammo
grams recorded for modified gold with albumin and the b
gold supports that gold oxidation can proceed undern
the adsorption layer; the data reproducibility under repet
tive potential cycling reinforces the stability of the album
layer even in the potential region where gold oxide start
be formed.
g

Fig. 4. Models for protein adsorption onto (A) uncharged surface; (B) positively charged surface; (C) negatively charged surface.

Fig. 5. Optical parameter variation with potential (A, B) and cyclic voltammograms (C) of gold with and without albumin adsorption layer in PBS (bareold
surface) and PBS containing 0.1 mg/ml albumin (gold surface with adsorbed albumin. Potential scan rate: 50 mV/s.
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Fig. 6. Cyclic voltammograms at bare gold surface (A) and gold sur
modified with albumin (B) in K3Fe(CN)6 10 mM+ KNO3 1 M. Potential
scan rate: 10 mV/s.

The electrochemical behavior of the gold surface mo
fied with albumin was further tested toward the redox
havior of K3Fe(CN)6 solutions. As depicted inFig. 6, the
reduction and oxidation processes of K3Fe(CN)6 are well
detectable on both bare and modified gold surfaces, but i
the latter case the peak currents are considerably sm
(about 40%) than on the bare gold, as a result of the expe
blocking properties of the albumin adsorption layer.

4. Conclusions

The incubation of a gold surface in albumin soluti
causes a decrease in the substrate open-circuit potentia
eventually a potential plateau is reached. The concomita
variation of the ellipsometric parameters (small increas
Ψ and significant decrease of�) has confirmed gold mod
ification with the albumin layer, with a thickness of a
proximately 1.5 nm. The application of both positive (10
200 mV) and negative (−100 mV) potentials promotes th
albumin adsorption on gold surfaces, indicating the fle
bility and ability of the protein to change its conformati
on the surface. In spite of presenting no effect on the g
response in PBS, as revealed by cyclic voltammetry, the
mobilized albumin has remarkable stability on the surf
within the potential range from−200 to 600 mV, as con
firmed by the reversible changes of the optical and elec
chemical parameters upon repetitive potential cycling. Ev-
idence is given for the blocking properties of the album
adsorption layer on gold through the marked decrease in
peak current (40%) observed when the current respons
bare and modified surfaces toward the redox conversio
K3Fe(CN)6 are contrasted.
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