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Formation and characterization of protein patterns on the
surfaces with different properties
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Abstract

The different protein patterns with varied surface coverage are formed by the adsorption of a protein, bovine serum albumin (BSA),
on six types of surfaces and characterized with atomic force microscope (AFM). The surfaces include a gold film and five self-assembled
monolayers (SAMs) on gold films. Five SAMs are prepared by the immersion of gold plates in solutions: 16-mercaptohexadecanoic acid
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MHA), 1-octadecanethiol (ODT), and the mixtures of MHA and ODT at mole ratios of 1:1, 1:10 and 10:1, respectively. The mech
rotein adsorption on the six surfaces is discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Protein adsorption on solid surface is a very important and
ctive area of research due to its potential applications from

undamental studies in cell biology to the development of var-
ous “biochip” platforms[1,2]. There are mainly two types
f methods to study protein adsorptions. First type is to fabri-
ate selective templates for protein adsorption to form micro-
o nanoscale protein patterns using techniques such as pho-
olithography[3], micromaching[4], microfluidic channel
etworks[5,6], microcontact printing[7,8] and AFM-based
anotechnology, nanografting[9,10]and dip-pen nanolithog-
aphy[11–16]. The second type for immobilizing protein in
icro- or nanoscales is through self-assembled monolayers

SAMs) [17,18]. Both types of methods are based on the
odification of substrate surface property to realize selective
dsorption.

Gold, mica, glass and SiO2 are most often used as sub-
trate materials for protein adsorption because their surface

∗ Corresponding author. Tel.: +86 852 2766 7821;

properties are easily modified by forming SAMs with h
degree organization and physical robustness. Materials
to prepare SAMs on gold contain two terminated groups.
is SH, which forms Au S covalent bond on gold[19]. The
other terminated group with special property is expose
the surface for protein adsorption due to the electrostat
teraction, hydrophobic interaction or formation of chem
bond between protein and the other terminated group.

George et al. firstly reported the preparation of mi
SAMs by immersing gold in the solution containing t
types of thiols[20–24]. They further studied the prote
adsorption on the mixed SAMs and found the SAMs
thiol containing oligo(ethylene glycol) have high resis
protein adsorption. They prepared mixed SAMs contai
oligo(ethylene glycol) moiety to selectively immobilize p
tein [25–27]. Chemically immobilizing protein on mixe
carboxylate-terminated (COOH) SAMs through chemic
reactors to form SRCO NH-protein covalent bond was al
reported[28,29].

Serum albumin is one of the most abundant prot
in blood, and it is capable of affecting blood coagula
ax: +86 852 2365 4703.
E-mail address:mmsqshi@polyu.edu.hk (S.-Q. Shi).

[30]. Therefore, serum albumin adsorption on self-assembled
monolayers[31,32], mica[33], chemically modified silicon
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[34], titanium oxide film[35] and polymer surfaces[36] was
extensively studied.

In this work, we prepared SAMs and mixed SAMs with
two long chain thiols, CH3-terminated 1-octadecanethiol
(ODT) and carboxylate-terminated 16-mercapto-
hexadecanoic acid (MHA) at various molar ratios. We
studied the adsorption of a protein, bovine serum albumin,
on gold film and the prepared SAMs, compared the different
protein patterns on surfaces with different chemical proper-
ties, and studied the mechanism for the protein adsorption
on these surfaces.

2. Experimental

2.1. Materials

1-Octadecanethiol (Aldrich), 16-mercaptohexadecanoic
acid (Aldrich), 2-butanol (International Laboratory), and
bovine serum albumin (Sigma) were used as received.

2.2. Preparation of the polycrystalline gold film

A 10 nm Ti and then 30 nm gold are coated onn-Si(1 0 0)
wafer by sputtering with ExplorerTM 14 Denton Vacuum.
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water to remove weakly adsorbed BSA and blown dry with
pure argon.

2.5. Characterization of protein patterns

The adsorbed protein was characterized with a commer-
cial AFM (Solver P47H, NT-MDT, Russia) in tapping mode.
The typical force constant, tip curvature radius and resonance
frequency of the silicon cantilever are about 0.30 N/m, 10 nm,
21 kHz (MicroMasch), respectively. AFM images were ob-
tained in ambient condition (about 20◦C and at relative hu-
midity of 50%) and at a scan rate of 2 Hz.

3. Results and discussions

3.1. Gold film and SAMs

The surfaces of gold film and SAMs are shown inFig. 1.
All surfaces are very flat and the roughness of all surfaces
is less than 0.5 nm.Fig. 1a–c are the typical topography
of gold surface, ODT SAMs and the mixture 1:1 SAMs,
respectively. The MHA and ODT form uniform SAMs on
gold through SAu covalent bond[19], exposing hydrophilic

COOH group and hydrophobicCH3 group on the surface,
r and
O
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.3. Preparation of SAMs

Fresh gold surfaces were immersed in one of the fiv
utions: 1 mM ODT in 2-butanol, 1 mM MHA in 2-butano
he mixture of the above solutions with the mole ratio
HA to ODT as 1:10, 1:1, 10:1) for 48 h. Then the sa
les were taken out and copiously rinsed with 2-butano
thanol followed by distilled deionized water and blown
ith pure nitrogen to form different SAMs on gold surfac
e name the three mixtures of SAMs as the mixture
AMs, 1:1 SAMs, and 10:1 SAMs, respectively.

.4. Protein adsorption

SAMs on gold were immersed into aqueous BSA solu
2.5�g/�l) for 1 h, copiously rinsed with distilled deioniz

Fig. 1. Topography of gold film and SAMs: (a) topography of go
espectively. Nearly the same chain length, 3 nm of MHA
DT [37] results in flat surface of mixture SAMs.

.2. Proteins patterns and the mechanism for protein
dsorption

.2.1. On gold film
Fig. 2shows the protein pattern immobilized on gold fi

ig. 2a is the topography of the absorbed protein. The
ein densely absorbed on gold has the shape of belts,
nd points. The width of the belts and lines is in the rang
0–700 nm and the diameter of the points is in the rang
0–250 nm. Densely coalesced streptavidin pattern on
as also obtained by Kim et al.[38]. The protein patter

s probably caused by the solution concentration, ads
ion time, the interaction between protein molecules and
ween protein molecules and gold substrate[32,36]. Each

(b) topography of ODT SAMs, (c) topography of the mixture 1:1 SAM
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Fig. 2. Protein immobilization on gold film: (a) topography of gold after
absorb BSA, (b) cross section of the line in (a), (c) schematic illustration for
the protein immobilization on gold film.

BSA molecule contains 582 amino acids. It is a prolate el-
lipsoid. The major and minor axes of the ellipsoid are 14
and 4 nm, respectively[39]. BSA molecules adsorb on solid
surface by “side-on” or “end-on” orientation with minor or
major axes perpendicular to the surface[33]. The surface
coverage of the protein is about 81± 2%, estimated by an
image analyzer (Clemex Technologies Inc.).Fig. 2b is the
line cross section inFig. 2a. The height of the patterns in
Fig. 2a is about 4± 0.5 nm, which is close to the minor axes
of BSA molecule. The result suggests that BSA monolayer is
formed on gold surface by side-on orientation. BSA molecule
contains 17 disulfide valence (RS S R′) and one free SH
[39]. Both disulfide and free SH have strong affinity with
gold through formation of AuS covalent bond[19]. The
Au S bond is illustrated inFig. 2c. The covalent AuS bond
is much more stable than intermolecular interaction, result-
ing in protein immobilization on gold surface with single
layer.

3.2.2. On MHA SAMs
Fig. 3shows the protein pattern absorbed on MHA SAMs.

Fig. 3a is the topography of the protein absorbed on MHA
SAMs. As shown inFig. 3b, some spherical patterns with the
height of about 4± 0.5 nm and lateral dimension of about
18± 2 nm sparsely distribute on the surface, demonstrating
i ri-
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Fig. 3. Protein adsorption on MHA SAMs: (a) topography of protein pattern
on MHA SAMs, (b) cross section of the line in (a), (c) schematic illustration
for the adsorption MHA SAMs.

pulsive electrostatic interaction between COO− and protein
molecules[4]. The pH of the used aqueous BSA solution in
the present experiment is about 6, higher than the reported iso-
electric point (pI) of BSA (4.6–4.7)[42], therefore, the pro-
tein molecules have net negative charge. MHA SAMs surface
is also negatively charged due to ionization[43], thus produce
repulsive electrostatic interaction between BSA molecules
and MHA SAMs. Protein adsorption on MHA SAMs is il-
lustrated inFig. 3c.

F ttern
o tion
f

ndividual BSA molecules on the MHA SAMs. The sphe
al pattern other than ellipsoid[39] is caused by the convol
ion effect of the tip. The typical radius of the tip used in
resent study is about 10 nm, greater than the BSA mole
cale. Therefore, the BSA molecule is extended[40]. Glob-
lar structures of albumin were also obtained with AFM
ther research groups[36,41]. The surface coverage of t
rotein on MHA SAMs is very low, about 2± 0.4%. The
bsorption of protein on MHA SAMs is probably due to
ig. 4. Protein adsorption on ODT SAMs: (a) topography of protein pa
n ODT SAMs, (b) cross section of the line in (a), (c) schematic illustra

or the protein adsorption on ODT SAMs.
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3.2.3. On ODT SAMs
Fig. 4shows the protein pattern absorbed on ODT SAMs.

Fig. 4a is the topography of protein adsorbed on ODT SAMs.
Protein molecules form non-uniform and branched patterns.
The heights are nearly 8± 1.0 nm at the knot of the branches
and about 4± 0.5 nm at the branches, shown inFig. 4b, indi-
cating that two protein molecules aggregate at the knots. The
surface coverage of protein on ODT SAMs is about 9± 1%,
which is greater than that on MHA SAMs. This result con-
firms the observations from previous reports[34,36,44], i.e.,
the amount of BSA adsorbed on CH3-terminated surface is
greater than that on COOH-terminated surface. Protein ad-
sorption on ODT SAMs is mainly due to hydrophobic in-
teraction between hydrophobic moiety of protein molecule
and the hydrophobic surface through reverse phase chemistry
[25,45], as illustrated inFig. 4c. Protein aggregation formed
at the knot is probably caused by the hydrophobic interaction,
which further increases the hydrophobic interaction between
protein molecules.

3.2.4. On the mixture 1:1, 1:10 and 10:1 SAMs
Fig. 5 shows the protein pattern absorbed on the SAMs

with the mixture 1:1 SAMs.Fig. 5a is the topography of the
SAMs after the adsorption of protein. Protein on the SAMs
w pat-
t
A
i ture
1

Fig. 5. Protein adsorption on the mixture 1:1 SAMs: (a) topography of pro-
tein pattern on the mixture 1:1 SAMs, (b) cross section of the line in (a), (c)
schematic illustration for the protein adsorption on the mixture 1:1 SAMs.

The sum of the coverage of proteins on ODT SAMs and
MHA SAMs is about 11%, which is less than that on the
mixture 1:1 SAMs (28%). This result indicates that the pro-
tein adsorption on mixed SAMs is not simply mathematical
sum of MHA SAMs and ODT SAMs. The increased adsorp-
tion of protein on mixed SAMs is probably due to coordi-
nation of hydrophobic group (CH3) and hydrophilic group
(COOH). The pKa of carboxylic acids in mixed SAMs where
the other component is hydrophobic can be shifted to much
higher values[46]. At pH 6, the carboxylic acid groups in the
mixed SAM are likely to be predominantly protonated and

F in patte
f

ith the mixture also forms branched but much dense
erns. The surface coverage of protein is about 28± 1.5%.
s shown inFig. 5b, the pattern height is about 4± 0.5 nm,

ndicating a monolayer of protein molecules on the mix
:1 SAMs.

ig. 6. Protein adsorption on the mixture 1:10: (a) topography of prote

or the protein adsorption on the mixture 1:10 SAMs.
rn on the mixture 1:10, (b) cross section of the line in (a), (c) schematic illustration
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repulsive interactions between BSA and the SAM should de-
crease, which leads to the increased protein adsorption. The
adsorption of proteins on the mixture 1:1 SAMs is illustrated
in Fig. 5c.

Fig. 6 shows the protein pattern absorbed on the mix-
ture 1:10 SAMs.Fig. 6a is the topography of the protein
pattern on the mixture 1:10 SAMs. Network pattern of pro-
tein is obtained. Dupont-Gillain et al. obtained net-like struc-
ture of collagen adsorbed on poly(methyl methacrylate) with
slow drying procedure, they thought a chemically heteroge-
neous surfaces are produced at slow drying rates[47]. In
present study, the mixed SAMs surface was blown dry with
argon, which has a faster drying rate. The net-like protein
pattern is mainly caused by the mixed SAMs surface prop-
erties and the interplay between protein–SAMs interaction
and protein–protein interaction. Surface coverage of protein
on the mixture 1:10 SAMs is about 19± 1.5%. As shown in
Fig. 6b, the heights of network are about, 4, 8 and 12 nm,
integer increments of the protein molecule size. The protein
pattern on the mixture 1:10 SAMs inFig. 6a is similar to
that on ODT SAMs inFig. 4a. Nevertheless, the amount of
proteins absorbed on the surface of the mixture 1:10 SAMs is
increased, and proteins coalesce to form networks. The line
width and height of the network on the mixture 1:10 SAMs
(Fig. 6b) are greater than those on ODT SAMs (Fig. 4b). The
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