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Abstract

Human serum albumin adsorptionto gold surfaces was investigateglelectrochemical and ellipsomietmethods. Albumin adsorption
onto gold was confirmed by the change of the open circuit potential of gold and by the ellipsometric parameter variation during albumin im-
mobilization. In both experiments the parameters reached stable values within 10-15 min. The albumin adsorption layer thickness measurec
with the ellipsometer was about 1.5 nm. The adsorption of albuminruaqmgied potential was also inviggated and it was found that both
positive and negative applied potential promote albumin adsorption. Changes in the optical parameters of bare gold and albumin adsorbec
onto gold surface under applied potehtigere investigated with in situllgppsometry. The similaty and reversibility ofthe optical changes
showed that adsorbed albumin was stable on the gold surface under the applied potential 280600 mV). The cyclic voltammograms
of KgFe(CN) on the modified gold surface showed that albumin could partly block the oxidation and reduction reaction.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction fluence the subsequent tissue response on the [AgtRIro-
tein adsorption on metal surfaces is also important in food

Protein adsorption or imabilization on solid surfaces processing gnd in epvironnjental inspecting where metal is
is important in many areas including immunoassays and I" contact with protein solutions. _
biosensors where protein—protein interaction is established. Many kinds of methods are used to study protein ad-
Adsorption of serum proteiranto surfaces also plays a key S°rPtion on surfaces, such as ellipsométrd~14] variable
role in biomaterial design because of the change of material2"9l€ reflectometrjl5,16} fluorescence spectroscofy],
properties of the adsorbed prote[s5]. In either case, the ~ and atomic force microscofi8]. Among these, ellipsome-
properties of the protein—substrate system will critically de- Y IS @ nondestructive, optical-surface-sensitive method for
pend on the surface concentration (or the adsorption layerth€ investigation of protein adsorption mainly at metal sur-
thickness), the conformation, and the surface coverage of 2c€S[12]. lvarsson etal. studied the adsorption of lysozyme
the protein. Many investigations have been carried out re- and ovalbumin on metal surfaces by ellipsometric and capac-

garding protein—metal interacti¢®@—10]. Protein adsorption itance measuremenfs]. With these two techniques it was

onto metal surfaces is the initial important event that occurs possml:e to gettrllnform?tlon 2.” thefprgtemb— rgetal tln_terelltctmn
on implanted metal; the nature of protein adsorption will in- as wel as on the conformation of agsorbed protein. it was
seen that lysozyme adsorbs in a two-layer structure, whereas

a monolayer structure was found for ovalbumin; evidence
* Corresponding author. Fax: +86-10-62561284. was given on the contribution of the electrostatic interaction
E-mail address: gajin@imech.ac.cG. Jin). between the proteins and the metal to the protein adsorption.
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Protein adsorption on gold surfaces under applied po- 2.3. Ellipsometry
tential is a promising way to control the amount and ori-
entation of the immobilized molecules. Proteins in solution  Ellipsometry is based on measuring the change of the
with pH different from the isoelectric point (pl) will be pos-  state polarization of elliptically polarized light when it is re-
itively or negatively net charged. Due to the electrostatic flected at a surface. From the changes in the ellipsometric
interaction, protein adsorption on charged surfaces will be angles A, ¥), the refractive index and the thickness of the
different. Until now there have been only a few reports on film can be deducefl.1].
protein adsorption onto solid surfaces under applied poten-  The optical characterizatioof the gold substrates before
tial. Bernabeu and Caprafil9] studied the adsorption of  and after protein adsorption was done with an ellipsometer
fibrinogen and albumin onto the surface of a carbon elec- (SENTECH Instruments GmbH, Berlin) fitted with a He—Ne
trode when both proteins were negatively charged. It was |aser (632.8 nm). The data were processed and fitted using
found that the amount of protein adsorbed onto the electrodethe software provided by SENTECH (SE 400). This ellip-
surface increased with increasing negative charge of the sursometer was also employed to measure the in situ adsorption
face. It was proposed that cations from the solvent adsorbedof protein, with or without applied potential, an especially
onto the electrode surface created a positively charged layerdesigned electrochemical cell fitted with optical glass win-
with which the proteins could interact. Brusatf#0] investi- dows being used.
gated the adsorption of several proteins on indium tin oxide- ~ Compared with other methods, ellipsometry has the ad-
coated electrodes under an electric field (0-2.0 V). The re- vantage of not involving any labeling and it can also be
sults showed that the adsorption amount was improved byused combined with electrochéstry to characterize elec-
applied potential for the three proteins tested (albumin, apo- trode surfacef22].
transferrin, cytochrome c).nVestigation of human serum
albumin and immunoglobulin G on gold electrodes with ra- 2 4. Electrochemistry
diolabeling and electrochemistry showed that the amount of

adsorbed protein increased under positive applied potential A three-electrode Teflon cell was employed to perform

and decreased under negaf2e]. _ the electrochemical experimts with the gold working elec-
The purpose of this work is to investigate human Serum oqe fixed to the bottom of the cell by an O-ring. The
albumin adsorption on gold surfaces using the combined geometric area of the working electrode was defined to be
techniques of ellipsometry and electrochemistry. 0.60 cn?. A saturated calomel electrode (SCE) and a plat-
inum foil served as the reference electrode and the counter-
electrode, respectively.

2. Experimental The experiments to record the optical parameters under
controlled potential were carried out with the abovemen-
2.1. Substrates tioned electrochemical cell fittewith optical glass windows.

A platinum gauze counterelectrode, a saturated calomel ref-

Gold substrates were prepared by the vapor depositionerence electrode, and an EG&G Bi-potentiostat (Model 366)
of 100 nm of gold onto chrome (1 nm) predeposited silicon were used for the electrocheral characterization. The gold
substrates. The gold was shown to be polycrystal-like on the substrates were clamped against a Teflon O-ring, which de-
silicon surface and the gold aggregates have a size of aboufined the geometric area ofetworking electrode (0.2 cf
50 nm (observed by AFM). Gold slides were cut to bg =
1.3 cn?, washed with piranha solution §804:H,0, = 3:1,
v/v) for 1 min, and then washed with water and ethanol and 3. Results and discussion
measured with ellipsometry to ensure that the surface is thor-

oughly cleaned. 3.1. Albumin adsorption on gold

2.2. Proteinsand chemicals Fig. 1 shows the open-circuit potential of the gold sur-
face in PBS buffer. As soon as the gold surface contacted
Human serum albumin (A3782, purity 99%) was pur- the PBS solution an electrical double layer formed on the
chased from Sigma and used as received. The proteins wereurface and the open circuit potential (OCP) of the gold de-
diluted with PBS buffer (8 mM NgPOy-2H,0, 2.68 mM creased quickly until the potential reached a stable value of
KCI, 1.14 mM KHPOy, 137 mM NaCl; pH 7.4) to give a  about 100 mV after about 1200 s. This decrease of OCP
concentration of 0.1 myanl. In experiments where gold sub-  before reaching a plateau has been observed for all of the
strate was incubated in PBS for some time and then the al-electrodes tested~(10), with a sample-to-sample variability
bumin was added to the PBS, the stock albumin (1@nmiYy of £30 mV. The variability was attributed to subtle differ-
was used in order to give a final concentration of 0.1/ my ences in the gold surfaces (e.defects and contaminants).
Other chemicals used are all products of analytical grade. When albumin was added to the PBS solution, its adsorption
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300 -

E PBS caused little change of (Fig. 2A). The protein thickness
5 250 Albumin measured in air after the agtption was again 1.5 nm.
"E 200 The accepted size of the humserum albumin molecule
s 150 L l is 3 x 8 x 8 nn? [24]. Thus, for the side-on position, one
= 100 | molecule occupies & 8 nn?, while the end-on position re-
% \“—’_‘ quires 3x 8 nn?. Without considering any conformational
< 50 - arrangement, the surface concentration corresponding to the
& o s . s s | protein close-packed adsaign layer can be calculated ac-
0 1000 2000 3000 4000 5000 cordingly and gives 0.17 and 0484@“2 for side-on and
Time /s end-on positions, respectively. In this work, the surface con-

centration of albumin corresponding to the adsorption layer

Fig. 1. Open-circuit potential of gold surface in PBS and albumin solution. thickness was estimated using the relationship
Albumin concentration: 0.1 myanl.
surface concentration (Jgn?) ~ densityx thickness (nm)

A 1)
where the density of the protein was taken as 1,361¢12].

The thus evaluated surface concentration of albumin on gold
surface is 0.2 pem?, which is slightly higher than the value
expected for a close-packed side-on position. This result
suggests that the protein molecules do not all adsorb in the
side-on position, it being plausible that some are adsorbed in
end-on or overlap positions. It is also worth while to stress
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Time /min that proteins conformational changes may also occur turn-
9 B ing difficult to ascertain from the molecular dimensions the
8 exact adsorption position at the electrode surface.
& 9 i . : : :
Q \ 3.2. Albumin adsorption under applied potential
8 94
3 93 . . . . . The effect of potential on the albumin adsorption on gold

surface was investigated by ellipsometry. The cell was filled
0 10 20 30 40 50 with PBS solution, a constant potential was applied to the
Time /min gold surface, and then albumin was addgids. 3A and 3B
Fig. 2. Changes in the ellipsometric parameters of gold surface during the Show the changes of the ellipsometric parameters of the gold
adsorption of albumin (0.1 mignl in PBS). surface during the adsorption of albumin under 200 mV. As
previously observed, upon protein addition the valueAof
also caused a decrease of the potential. After approximatelydecreased until a plateau wasached. The adsorption of al-
900 s a potential plateau was reached at about 40-60 mV. bumin under applied potentialso caused little change @f,

Ex situ ellipsometry (in air) was used to measure the which is consistent with the formation of a thin nearly trans-
changes in optical parameters of the gold surface with ad- parent layer. The protein layer thicknesses measured in air
sorbed albumin. The results showed that there is a smallafter adsorption under different applied potentials are shown
increase in¥ and a significant decrease i1 which agrees  in Table 1 An increase of thickness from 1.5 to 2 (at 100 mV
with the presence of a thin nearly transparent layer, as ex-and—100 mV) and to 2.4 nm (at 200 mV) can be observed.
pected for the formation of @rotein layer. According to  The results strongly indicate that albumin adsorption can be
the optical parameters of the gold surface before and af-promoted under both positive and negative applied poten-
ter protein adsorptions¢Z = 0.009 andSA = —1.642), the tials.
albumin layer thickness was estimated to be about 1.5 nm It is widely accepted that the protein adsorption process
(with an error of 0.1 nm). The thickness values were cal- involves protein transport (diffusion) from the bulk solution
culated using the SE 400 software for a three-layer model to the surface, its adsorption onto the surface, protein con-
taking the real part of the refractive index as 1[28] and formational changes or orientation to a more stable position
the extinction coefficient() was estimated to be nearly zero. on the surface, and protein stption to the bulk solution

Changes of the ellipsometric parameters of the gold sur- (Fig. 4A). When protein is in a solution with a pH higher
face during the adsorption oflumin were measured and are  than its isoelectric point (pl), such as albumin (pl 4.7) in
shown inFig. 2A and 2B With the adsorption of protein on  PBS buffer (pH 7.4), the protein will present a net negative
the gold surface, the value af decreased until a plateau was charge. When the surface is subjected to positive potentials,
reached in about 10 min. Since protein adsorption layer wasmore binding sites are supplied, resulting in an increase of
transparent or nearly transparent, the adsorption of albuminprotein adsorptionKig. 4B). On the other hand, due to the
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gathering of the counterions, a negatively polarized surface come into contact with the surface, allowing steady adsorp-
can also attract proteins; if the protein conformation is not tion (Fig. 4C). However, for rigid protein structures, i.e.,
stable, it can be modified so that positively charged domainswhen the conformation cannot be changed easily, applying
negative potential cannot promote protein adsorption. Albu-
A min being a flexible protein d@aying an easily changeable

l Albumin conformation upon adsorptid25,26], the expected effect
o 442 of negative surface polarization is the promotion of protein
§’ 438 FF— adsorption, as observed.
g 434 3.3. Sability of adsorbed albumin under applied potential
43 . . : J
0 10 20 30 40 In order to investigate the stability of the modified gold
Time / min surface with albumin (30 min incubation) under applied po-
tential, optical parameters were measured in situ while an
93 l Albumin B external electric signal was applied to the gold surface. As
" . the potential was swept from200 to 600 mV, both” and
£ 925 {4 A showed reversible changdddgs. 5A and 5B during sev-
A g | eral potential cycles, revealing that the protein layer presents
P good stability in this potential range.
g 91.5 The observed effect of applied potential on the optical
91 ! s l | properties of gold with adsorbed albumin was seen to be
0 10 20 30 40 similar to that displayed by the bare gold surface. Thus,
Time /min the modifications of the ellipsoetric parameters should be

attributed mainly to changes on the background substrate
Fig. 3. Changes in the ellipsometric parameters of gold surface during the rather than on the adsorption Iayer. The role of the gold
adsorption of albumin under applied potential (200 mV). The arrows show g phstrate can also be retrieved from the current responses
albumin addition to the cell (after stable optical parameters of gold surface resented ifFig. 5C. The similarity of the cvclic voltammo-
in PBS are observed under the applied potential). P g ) - y . y )

grams recorded for modified gold with albumin and the bare

gold supports that gold oxidation can proceed underneath

Table 1 ; . il ;
Albumin adsorption layer thicknesses at different applied potentials t.he adsorptlon Ia.yer' the ttarePrOdUCIbl.“.ty under repeti .
tive potential cycling reinforces the stability of the albumin
Potential applied (mV) —-100 O 100 200 | r even in th tential region wher [ Xi tarts t
Protein adsorption layer thickness@2 nm) 2.0 15 20 24 tfg?or%gd € potential regio ere gold oxide starts to
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Fig. 4. Models for protein adsorption onto (A) uncharged surface; (B) positively charged surface; (C) negatively charged surface.
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Fig. 5. Optical parameter variation with potential, 8) and cyclic voltammograms (C) of gold with and without albumin adsorption layer in PBS (bate g
surface) and PBS containing 0.1 yimgl albumin (gold surface with adsorbed albumin. Potential scan rate: 56mV
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Fig. 6. Cyclic voltammograms at bare gold surface (A) and gold surface
modified with albumin (B) in KKFe(CN)y 10 mM+ KNO3 1 M. Potential
scan rate: 10 mys.

The electrochemical behavior of the gold surface modi-
fied with albumin was further tested toward the redox be-
havior of KsFe(CN) solutions. As depicted ifrig. 6, the
reduction and oxidation processes ofH€(CN) are well
detectable on both bare anddified gold surfaces, but in

the latter case the peak currents are considerably smaller
(about 40%) than on the bare gold, as a result of the expected g) g A varsson, P-0. Hegg,

blocking properties of the albumin adsorption layer.

4. Conclusions

The incubation of a gold surface in albumin solution

causes a decrease in the substrate open-circuit potential an
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