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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
(MHA), 1-octadecanethiol (ODT), and the mixtures of MHA and ODT at mole ratios of 1:1, 1:10 and 10:1, respectively. The mechanism of
protein adsorption on the six surfaces is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction properties are easily modified by forming SAMs with high
degree organization and physical robustness. Materials used

Protein adsorption on solid surface is a very important and to prepare SAMs on gold contain two terminated groups. One
active area of research due to its potential applications fromis —SH, which forms Au-S covalent bond on gold 9]. The
fundamental studies in cell biology to the development of var- other terminated group with special property is exposed to
ious “biochip” platforms[1,2]. There are mainly two types the surface for protein adsorption due to the electrostatic in-
of methods to study protein adsorptions. First type is to fabri- teraction, hydrophobic interaction or formation of chemical
cate selective templates for protein adsorption to form micro- bond between protein and the other terminated group.
to nanoscale protein patterns using techniques such as pho- George et al. firstly reported the preparation of mixed
tolithography[3], micromaching[4], microfluidic channel SAMs by immersing gold in the solution containing two
networks[5,6], microcontact printing7,8] and AFM-based  types of thiols[20-24] They further studied the protein
nanotechnology, nanograftif@,10]and dip-pen nanolithog-  adsorption on the mixed SAMs and found the SAMs of
raphy[11-16] The second type for immobilizing protein in  thiol containing oligo(ethylene glycol) have high resist to
micro- or nanoscales is through self-assembled monolayersprotein adsorption. They prepared mixed SAMs containing
(SAMs) [17,18] Both types of methods are based on the oligo(ethylene glycol) moiety to selectively immobilize pro-
modification of substrate surface property to realize selective tein [25-27] Chemically immobilizing protein on mixed
adsorption. carboxylate-terminated-COOH) SAMs through chemical

Gold, mica, glass and Silare most often used as sub- reactors to form SRCO-NH-protein covalent bond was also
strate materials for protein adsorption because their surfacereported28,29].

Serum albumin is one of the most abundant proteins

— _ in blood, and it is capable of affecting blood coagulation
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[34], titanium oxide film[35] and polymer surfacd86] was water to remove weakly adsorbed BSA and blown dry with
extensively studied. pure argon.

In this work, we prepared SAMs and mixed SAMs with
two long chain thiols, Chtterminated 1-octadecanethiol 2.5, Characterization of protein patterns
(ODT) and  carboxylate-terminated  16-mercapto-
hexadecanoic acid (MHA) at various molar ratios. We Th r rotein w haracterized with mmer-
studied the adsorption of a protein, bovine serum albumin, cial AFM (Solver P47H, NT-MDT, Russia) in tapping mode.
on gold film and the prepared SAMs, compared the different The typical force constant, tip curvature radius and resonance
protein patterns on surfaces with different chemical proper- frequency of the silicon cantilever are about 0.30 N/m, 10 nm,
ties, and studied the mechanism for the protein adsorption21 kHz (MicroMasch), respectively. AFM images were ob-
on these surfaces. tained in ambient condition (about 2G and at relative hu-

midity of 50%) and at a scan rate of 2 Hz.

2. Experimental

3. Results and discussions
2.1. Materials
3.1. Gold film and SAMs
1-Octadecanethiol (Aldrich), 16-mercaptohexadecanoic

acid (Aldrich), 2-butanol (International Laboratory), and  The surfaces of gold film and SAMs are showrFig. 1

bovine serum albumin (Sigma) were used as received. All surfaces are very flat and the roughness of all surfaces
is less than 0.5nmFig. la—c are the typical topography
2.2. Preparation of the polycrystalline gold film of gold surface, ODT SAMs and the mixture 1:1 SAMs,

respectively. The MHA and ODT form uniform SAMs on
A 10 nm Ti and then 30 nm gold are coatedre8i(1 00) gold through S-Au covalent bondi19], exposing hydrophilic

wafer by sputtering with ExploréM 14 Denton Vacuum. —COOH group and hydrophobieCHs group on the surface,
respectively. Nearly the same chain length, 3 nm of MHA and
2.3. Preparation of SAMs ODT [37] results in flat surface of mixture SAMs.

Fresh gold surfaces were immersed in one of the five so-3.2. Proteins patterns and the mechanism for protein
lutions: 1 mM ODT in 2-butanol, 1 mM MHA in 2-butanol,  adsorption
the mixture of the above solutions with the mole ratios of
MHA to ODT as 1:10, 1:1, 10:1) for 48 h. Then the sam- 3.2.1. On gold film
ples were taken out and copiously rinsed with 2-butanol and  Fig. 2shows the protein pattern immobilized on gold film.
ethanol followed by distilled deionized water and blown dry Fig. 2a is the topography of the absorbed protein. The pro-
with pure nitrogen to form different SAMs on gold surfaces. tein densely absorbed on gold has the shape of belts, lines
We name the three mixtures of SAMs as the mixture 1:10 and points. The width of the belts and lines is in the range of

SAMs, 1:1 SAMs, and 10:1 SAMs, respectively. 80—700 nm and the diameter of the points is in the range of
30-250 nm. Densely coalesced streptavidin pattern on gold
2.4. Protein adsorption was also obtained by Kim et gl38]. The protein pattern

is probably caused by the solution concentration, adsorp-
SAMs on gold were immersed into aqueous BSA solution tion time, the interaction between protein molecules and be-
(2.5p0/wl) for 1 h, copiously rinsed with distilled deionized tween protein molecules and gold substrgi®2,36] Each

Fig. 1. Topography of gold film and SAMSs: (a) topography of gold film, (b) topography of ODT SAMs, (c) topography of the mixture 1:1 SAMs.
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Fig. 2. Protein immobilization on gold film: (a) topography of gold after  Fig. 3. Protein adsorption on MHA SAMs: (a) topography of protein pattern
absorb BSA, (b) cross section of the line in (a), (c) schematic illustration for on MHA SAMs, (b) cross section of the line in (a), (¢) schematic illustration
the protein immobilization on gold film. for the adsorption MHA SAMs.

BSA molecule contains 582 amino acids. It is a prolate el- ) o ] )
lipsoid. The major and minor axes of the ellipsoid are 14 pulsive electrostatic interaction between CO@nd protein

and 4 nm, respectiveli39]. BSA molecules adsorb on solid  Moleculeg4]. The pH of the used aqueous BSA solution in
surface by “side-on” or “end-on” orientation with minor or the present experimentis about 6, higher than the reported iso-
major axes perpendicular to the surfg68]. The surface  €l€ctric point (p) of BSA (4.6-4.7)42], therefore, the pro-
coverage of the protein is about 2%, estimated by an tein molecules have net negative charge. MHA SAMs surface

image analyzer (Clemex Technologies In€ig. 2b is the is also negatively charged due to ionizatjd8], thus produce
line cross section ifFig. 2a. The height of the patterns in repulsive electrostatic interaction between BSA molecules

Fig. 2a is about 4t 0.5 nm, which is close to the minor axe
of BSA molecule. The result suggests that BSA monolayer is
formed on gold surface by side-on orientation. BSA molecule
contains 17 disulfide valence-8—S—-R’) and one free-SH
[39]. Both disulfide and free-SH have strong affinity with
gold through formation of AuS covalent bond19]. The
Au-S bond is illustrated ifrig. 2c. The covalent A4S bond

is much more stable than intermolecular interaction, result-

s and MHA SAMs. Protein adsorption on MHA SAMs is il-
lustrated inFig. 3c.

height / nm
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3.2.2. On MHA SAMs (b) scanning scale /nm

Fig. 3shows the protein pattern absorbed on MHA SAMs. (a)
Fig. 3a is the topography of the protein absorbed on MHA
SAMs. As shown irFig. 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
individual BSA molecules on the MHA SAMs. The spheri-
cal pattern other than ellipsojd9] is caused by the convolu-
tion effect of the tip. The typical radius of the tip used in the .
present study is about 10 nm, greater than the BSA molecular
scale. Therefore, the BSA molecule is extenf#]. Glob- * Hydophiobie ifecsstion
ular structures of albumin were also obtained with AFM by ©
other_ research grouQQG,_41} The surface coverage of the Fig. 4. Protein adsorption on ODT SAMs: (a) topography of protein pattern
protein on MHA SAMs is very low, about 2 0.4%. The on ODT SAMs, (b) cross section of the line in (a), (c) schematic illustration
absorption of protein on MHA SAMs is probably due to re-  for the protein adsorption on ODT SAMs.

~S(CH;),,CHj3
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3.2.3. On ODT SAMs

Fig. 4shows the protein pattern absorbed on ODT SAMs. S 1
Fig. 4ais the topography of protein adsorbed on ODT SAMs. 2.0 | |
Protein molecules form non-uniform and branched patterns. £ 4 I IR N
The heights are nearly-81.0 nm at the knot of the branches 2 1 \
and about 4= 0.5 nm at the branches, showrFiiy. 4b, indi- uil Y
cating that two protein molecules aggregate at the knots. The & £} LU
surface coverage of protein on ODT SAMs is abott 8%, 1. T T TR T R R TR T
which is greater than that on MHA SAMs. This result con- (b) scanning scale / nm

firms the observations from previous repdB4,36,44] i.e.,

the amount of BSA adsorbed on @ftkrminated 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 IrFig. 4c. Protein aggregation formed Fig. 5. Protein adsorption on the mixture 1:1 SAMs: (a) topography of pro-

at t_he knotis p_r()bab|y caused by the hY_dr_OphObi(? interaction, tein pattern on the mixture 1:1 SAMs, (b) cross section of the line in (a), (c)
which further increases the hydrophobic interaction between schematic illustration for the protein adsorption on the mixture 1:1 SAMs.

protein molecules.

The sum of the coverage of proteins on ODT SAMs and
MHA SAMs is about 11%, which is less than that on the
3.2.4. Onthe mixture 1:1, 1:10 and 10:1 SAMs mixture 1:1 SAMs (28%). This result indicates that the pro-
Fig. 5 shows the protein pattern absorbed on the SAMs tein adsorption on mixed SAMs is not simply mathematical
with the mixture 1:1 SAMsFig. 5a is the topography of the  sum of MHA SAMs and ODT SAMs. The increased adsorp-
SAMs after the adsorption of protein. Protein on the SAMs tion of protein on mixed SAMs is probably due to coordi-
with the mixture also forms branched but much dense pat- nation of hydrophobic group-CHs) and hydrophilic group
terns. The surface coverage of protein is about-285%. (COOH). The K4 of carboxylic acids in mixed SAMs where
As shown inFig. 5, the pattern height is about40.5 nm, the other component is hydrophobic can be shifted to much
indicating a monolayer of protein molecules on the mixture higher value$46]. At pH 6, the carboxylic acid groups in the
1:1 SAMs. mixed SAM are likely to be predominantly protonated and

height / nm
£
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(b) scanning scale / nm

Fig. 6. Protein adsorption on the mixture 1:10: (a) topography of protein pattern on the mixture 1:10, (b) cross section of the line in (a), (¢)ifokeatain
for the protein adsorption on the mixture 1:10 SAMs.
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repulsive interactions between BSA and the SAM should de-
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crease, which leads to the increased protein adsorption. The

adsorption of proteins on the mixture 1:1 SAMs is illustrated
in Fig. &c.

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 rgd&% 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 #91.5%. As shown in
Fig. &b, 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 SAMSs iRig. 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 SANF. 4b). The
amount of protein molecules on the mixture 1:10 SAMs is
greater than that on the mixture 1:1 SAMs. Adsorption of
protein on the mixture 1:10 SAMs is illustrated fiig. €c.
The protein pattern on the mixture 10:1 is similar to that on
MHA SAMs in Fig. 3a, indicating that the high concentra-
tion of MHA has the dominant effect on adsorption patterns of
protein.

4. Conclusions

The various protein patterns with different coverage on
six different surfaces are formed. Dense but non-uniform
protein pattern with single layer is immobilized on gold
film through formation of Aua-S covalent bond. Sparsely
distributed, individual protein molecules are adsorbed on
MHA SAMs surface due to repulsive electrostatic interac-
tion. Branched protein pattern is formed on ODT SAMs
with aggregates at knots via hydrophobic interaction. In the
mixed SAMs of MHA and ODT with large concentration
differences, the adsorption properties of the mixture SAMs
are close to that of the dominant component. In the mixed
SAMs of MHA and ODT with little concentration difference,
the combination properties of the mixture SAMs are signif-
icantly changed. The amount of protein adsorbed on mixed
SAMs is greater than that on the SAMs with single compo-
nent due to coordination. The amount of protein adsorbed
on six different surfaces decrease according to the follow-
ing order: gold film >the mixture 1:10 SAMs >the mixture
1:1 SAMS>0ODT SAMs >MHA SAMs (the mixture 10:1
SAMS).
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References

[1] A.S. Blawas, W.M. Reichert, Biomaterials 19 (1998) 595.

[2] M. Mrksich, G.M. Whitesides, Trends Biotechnol. 13 (1995) 228.

[3] D.V. Nicolau, T. Taguchi, H. Taniguchi, S. Yoshikawa, Langmuir 14
(1998) 1927.

[4] A. Bernard, E. Delamarche, H. Schmid, B. Michel, Langmuir 14
(1998) 2225.

[5] E. Delamarche, A. Bernard, H. Schmid, B. Michel, Science 276
(1997) 779.

[6] N. Patel, G.H.W. Sanders, K.M. Shakesheff, S.M. Cannizzaro, Lang-
muir 15 (1999) 7252.

[7] P.M. St. John, R. Davis, N. Cady, J. Czajka, Anal. Chem. 70 (1998)
1108.

[8] K. Wadu-Mesthrige, S. Xu, N.A. Amro, G.Y. Liu, Langmuir 15
(1999) 8580.

[9] K. Wadu-Mesthrige, N.A. Amro, J. Garno, S. Xu, G.Y. Liu, Biophys.
J. 80 (2001) 1891.

[10] G.Y. Liu, N.A. Amro, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
5165.

[11] R.D. Piner, J. Zhu, F. Xu, S. Hong, C.A. Mirkin, Science 283 (1999)
661.

[12] K.B. Lee, S.J. Park, C.A. Mirkin, J.C. Smith, M. Mrksich, Science
295 (2002) 1702.

[13] J. Hyun, S.J. Ahn, W.K. Lee, Nano Lett. 2 (2002) 1203.

[14] D.L. Wilson, R. Martin, S. Hong, PNAS 98 (2001) 13660.

[15] L.M. Demers, D.S. Ginger, S.J. Park, Science 296 (2002) 1836.

[16] J.H. Lim, D.S. Ginger, K.B. Lee, J. Heo, J.M. Nam, C.A. Mirkin,
Angew. Chem. Int. Ed. 42 (2003) 2309.

[17] J.Y. Fang, C.M. Knobler, Langmuir 12 (1996) 1368.

[18] J.Y. Fang, C.M. Knobler, M. Gingery, F.A. Eiserling, J. Phys. Chem.
B 101 (1997) 8692.

[19] R.G. Nuzzo, D.L. Allara, J. Am. Chem. Soc. 105 (1983) 4481.

[20] C.D. Bain, G.M. Whitesides, Science 240 (1988) 62.

[21] C.D. Bain, G.M. Whitesides, J. Am. Chem. Soc. 110 (1988) 3665.

[22] C.D. Bain, G.M. Whitesides, J. Am. Chem. Soc. 110 (1988) 6560.

[23] C.D. Bain, J. Evall, G.M. Whitesides, J. Am. Chem. Soc. 111 (1989)
7155.

[24] C.D. Bain, G.M. Whitesides, J. Am. Chem. Soc. 111 (1989) 7164.

[25] C. Pale-Grosdemange, E.S. Simon, K.L. Prime, J. Am. Chem. Soc.
113 (1991) 12.

[26] K.L. Prime, G.M. Whitesides, Science 252 (1991) 1164.

[27] C. Roberts, C.S. Chen, M. Mrksich, V. Martichonok, D.E. Ingber,
G.M. Whitesides, J. Am. Chem. Soc. 120 (1998) 6548.

[28] N. Patel, M.C. Davies, M. Hartshorne, R.J. Heaton, C.J. Roberts,
Langmuir 13 (1997) 6485.

[29] A.J. Guiomar, J.T. Guthrie, S.D. Evans, Langmuir 15 (1999) 1198.

[30] T.G. Grasel, J.A. Pierce, S.L. Cooper, J. Biomed. Mater. Res. 21
(1987) 815.

[31] L.Y Li, S.F. Chen, S.Y. Jiang, Langmuir 19 (2003) 2974.

[32] N.B. Sheller, S. Petrash, M.D. Foster, Langmuir 14 (1998) 4535.

[33] O. Mori, T. Imae, Coll. SurfB 9 (1997) 31.

[34] P.Q. Ying, Y. Yu, G. Jin, Z.L. Tao, Coll. Surf. B 32 (2003) 1.

[35] X.H. Wang, L.J. Yu, C.R. Li, F. Zhang, Z.H. Zheng, X.H. Liu, Coll.
Surf. B 30 (2003) 111.

[36] M.M. Browne, G.V. Lubarsky, M.R. Davidson, R.H. Bradley, Surf.
Sci. 553 (2004) 155.

[37] K.A. Peterlinz, R. Georgiadis, Langmuir 12 (1996) 4731.



252 Q. Tang et al. / Synthetic Metals 147 (2004) 247-252

[38] J. Kim, R. Yamasaki, J. Park, H. Jung, H. Lee, T. Kawai, J. Biosci. [43] X. Chen, N. Patel, M.C. Davies, C.J. Roberts, S.J.B. Tendler, P.M.

Bioeng. 97 (2004) 138. Williams, J. Davies, A.C. Dawkes, J.C. Edwards, Appl. Phys. A 66
[39] T. Peters Jr., Advances in Protein Chemistry: Serum Album, Aca- (1998) 631.

demic Press, New York, 1985, p. 161. [44] C.C. Dupont-Gillain, C.M.J. Fauroux, D.C.J. Gardner, G.J. Leggett,
[40] P.G. Braga, D. Ricci, Methods in Molecular Biolog{y, Atomic J. Biomed. Mater. Res. A 67 (2003) 548.

Force Microscopy: Biomedical Methods and Applications, Human [45] J.Y. Yoon, H.Y. Park, J.H. Kim, W.S. Kim, J. Coll. Interf. Sci. 177

Press, 2004, p. 25. (1996) 613.
[41] T. Nonogaki, S.H. Xu, S. Kugimiya, S. Sato, |. Miyata, M. Yonese, [46] S.E. Creager, J. Clarke, Langmuir 10 (1994) 3675.

Langmuir 16 (2000) 4272. [47] C.C. Dupont-Gillain, B. Nysten, P.G. Rouxhet, Polym. Int. 48 (1999)

[42] C. Chaiyasut, T. Tsuda, Chromatography 22 (2001) 91. 271.



	Formation and characterization of protein patterns on the surfaces with different properties
	Introduction
	Experimental
	Materials
	Preparation of the polycrystalline gold film
	Preparation of SAMs
	Protein adsorption
	Characterization of protein patterns

	Results and discussions
	Gold film and SAMs
	Proteins patterns and the mechanism for protein adsorption
	On gold film
	On MHA SAMs
	On ODT SAMs
	On the mixture 1:1, 1:10 and 10:1 SAMs


	Conclusions
	Acknowledgments
	References


