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The interaction of proteins with solid surfaces

Jeffrey J Gray

The interaction of proteins with solid surfaces is a fundamental
phenomenon with implications for nanotechnology, biomaterials
and biotechnological processes. Kinetic and thermodynamic
studies have long indicated that significant conformational
changes may occur as a protein encounters a surface; new
techniques are measuring and modeling these changes.
Combinatorial and directed evolution techniques have created
new peptide sequences that bind specifically to solid surfaces,
similar to the natural proteins that regulate crystal growth.
Modeling efforts capture kinetics and thermodynamics on the
colloidal scale, but detailed treatments of atomic structure are
still in development and face the usual challenges of protein
modeling. Opportunities abound for fundamental discovery, as
well as breakthroughs in biomaterials, biotechnology and
nanotechnology.
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Abbreviations

MD molecular dynamics

OWLS optical waveguide lightmode spectroscopy
SAM self-assembled monolayer

TIRF total internal reflectance fluorescence
ToF-SIMS time-of-flight secondary ion mass spectroscopy

Introduction

The interaction of proteins with solid surfaces is not only
a fundamental phenomenon but is also key to several
important and novel applications. In the biomaterials
field, protein adsorption is the first step in the integration
of an implanted device or material with tissue [1,2]. For
example, the adsorption of serum proteins, such as fibri-
nogen, fibronectin or vitronectin, can influence the adhe-
sion of leukocytes, macrophages or platelets, and
ultimately lead to fibrous encapsulation [3,4]. In nano-
technology, protein—surface interactions are pivotal for
the assembly of interfacial protein constructs, such as
sensors, activators and other functional components at
the biological/electronic junction. A detailed mechanistic

understanding of the protein—surface interaction would
be of value to these fields, and the ability to tailor specific
protein—surface interactions would benefit nanoscale
materials and bio-nano-assembly technologies [5]. Fun-
damentally, the interaction of proteins and surfaces
involves both protein binding and unfolding; studies
may therefore increase our knowledge of protein biophy-
sics in general.

Because of the great relevance of the protein—surface
interaction phenomenon, much effort has gone into the
development of protein adsorption experiments and
models. The ultimate goals of such studies would be to
measure, predict and understand the protein conforma-
tion, surface coverage, superstructure and kinetic details
of the protein—surface interaction. This review will briefly
summarize experimental knowledge about protein—
surface interactions, survey particular systems with spe-
cific interactions, assess modeling approaches from large
to small length-scale representations, and finally outline
opportunities for future research.

Experimental studies on protein adsorption
and surface morphology

Several reviews are available on physicochemical aspects
of the adsorption of proteins to solid surfaces [6-9].
Proteins are often thought to denature at both solid—
liquid and vapor-liquid interfaces, although they retain
more structure on electrostatically neutral hydrophilic
surfaces than on hydrophobic or charged surfaces. Kinetic
measurements of adsorbed protein as a function of time
and equilibrium adsorption isotherms have been mea-
sured using a variety of informative techniques, including
optical waveguide lightmode spectroscopy (OWLS) [10],
ellipsometry [11,12] and total internal reflectance fluor-
escence (TIRF) [13-15,16°,17,18]. Studies have identi-
fied systematic effects of salt concentration, protein
charge or dipole moment, and surface charge or hydro-
phobicity [12,14,19-21]. Kinetic effects are often com-
plex, in that long-time behavior can differ from short-time
behavior, and final surface coverage can vary based on the
rate at which protein was introduced into the system.
Behavior is highly dependent on the individual nature of
the protein and the surface involved. These complexities
are often interpreted as arising from underlying structural
phenomena (i.e. conformational change in the protein).
For example, the orientation of fibronectin adsorbed on
different polyelectrolytes was inferred from OWLS mea-
surements [10]. Similarly, the orientation and spreading
behavior of fibrinogen and lysozyme on hydrophobic and
hydrophilic surfaces were inferred from Kkinetic measure-
ments using TIRF [13-15,16°].
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Direct observation of atomic-scale surface morphology is
currently impossible, but progress has been made toward
determining protein structure on a surface and useful
structural information can be obtained. Biophysical meth-
ods for determining protein structure in solution (CD, IR
spectroscopy, NMR and crystallography) are confronted
with the challenge of the small heterogencous samples
present in a monolayer on a surface. Still, attenuated total
reflection Fourier transform IR (ATR-FTIR) spectroscopy
has been used to track the loss of secondary structure
during insulin unfolding on a model lipid—water interface
[22],and as albumin or an antibody adsorbs to silica surfaces
[23,24]. Giacomelli and Norde [25] have used CD together
with probes of thermal stability to measure changes in the
secondary structure of BSA before and after thermal dena-
turation. Long ez a/. [26] used solid-state NMR techniques
to determine the structure of the terminal helix of statherin
on hydroxyapatite. This first high-resolution structural and
dynamic characterization of a hydrated biomineralization
protein adsorbed to its substrate is based on accurate
measurements of distances between backbone carbonyl
carbons and backbone nitrogens. Another study used
NMR to isolate secondary structure changes in a model
13-residue peptide before and after adsorption to charged
substrates [27]. Biochemical techniques have also enabled
researchers to infer much about the morphology of proteins
on surfaces. Mutagenesis experiments, radioisotope label-
ing, antibody or epitope binding [28], surfactant elutability
and catalytic activity have all been used to infer knowledge
about the (changing) state of the protein on the surface
[29,30]. Nanoscale imaging techniques have also been
used. Atomic force microscopy (AFM) has been employed
to study lysozyme [31], ferritin [32] and insulin at surfaces,
including the observation of surface denaturation [22].
Scanning force techniques have been explored to study
lysozyme and albumin topology and adhesion force [33],
and scanning tunneling microscopy (STM) has also been
used with lysozyme [34].

Some methods are able to isolate information about
particular regions of the protein. Hydrogen-exchange
mass spectroscopy has been used to identify regions of
lysozyme and a-lactalbumin that are accessible to solvent
(i.e. partially unfolded) during chromatography under a
range of solution conditions [35-37]. A particularly pro-
mising method is time-of-flight secondary ion mass spec-
troscopy (ToF-SIMS). In this technique, an adsorbed
protein layer is bombarded with ions, breaking off short
segments (as much as several peptides) from the upper
nanometer of the adsorbed layer. After identifying these
segments using mass spectroscopy, the orientation of the
protein orits state of unfolding can be inferred [38°°], and
simultaneous contributions from multiple types of pro-
teins at the surface can be distinguished [39°°]. In theory,
this technique can be applied in general to most typical
proteins at different interfaces to provide structural
information.
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Structural information about the surface is also available.
Tarasevich ez al. [24] used classic IR techniques to mea-
sure the number of various types of hydrogen bonds with
the surface and thus infer the loss of secondary structure
in the protein [24]. By employing self-assembled mono-
layers (SAMs), Ostuni ¢ al. [40°°] were able to introduce
varying concentrations of individual hydrophobic end-
groups to an otherwise nonadsorbing hydrophilic surface.
The authors emphasize the “intrinsic effect of local
interactions’’, as they can measure the effect of adding
single aromatic groups sparsely across an otherwise hydro-
philic surface. This study and others [41-43] demonstrate
the versatility of SAMs for creating customized surfaces to
explore protein—surface interactions.

In summary, protein—surface interactions are highly
dependent on the individual properties of the system.
Many methods are being developed to observe structure
and significant information is already available to begin to
decode the phenomenon.

Specific protein-surface binding in natural
and engineered systems

Many specific protein—surface interactions have been
observed in natural systems or created using new nanoen-
gineering techniques. There is a dream of emulating
biology in the fabrication of materials, assembling them
from the bottom-up with a hierarchy of levels of organ-
ization [44]. A challenge in chemical engineering and
materials science today is the design and construction of
self-assembled nanoscale structures. Although microelec-
tronics processing techniques (e.g. lithography) are excel-
lent for creating small features, it is difficult to manipulate
nanoscale objects directly. Self-assembly promises to be a
sound strategy for creating materials and devices cheaply,
using thermal energy, diffusion, recognition, and thermo-
dynamic states and Kkinetic traps as central themes in
the construction. Biological systems, of course, self-
assemble routinely: nanoscopic components control and
execute the creation of new components and their assem-
bly into larger superstructures. A typical bacterium might
contain hundreds to tens of thousands of different proteins
atany given time, yet somehow these proteins interact with
their proper partners to perform their functions correctly.
Clearly, there are engineering principles to discover.

In the natural world, there are several examples of specific
protein—surface interactions that can result in useful
functions or materials. Antifreeze proteins function by
binding to ice crystal nuclei, presumably preventing the
spread of crystallization. The crystal structure of an insect
antifreeze protein shows protein sidechains positioned in
a regular fashion such that threonine groups can make
hydrogen bonds with oxygen molecules in the ice lattice
[45]. A second well-studied example is the proteins
involved in the deposition of calcium carbonate in aba-
lone shells [46]. Proteins associated with the aragonite
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crystals both control mineralization and impart material
strength several orders of magnitude higher than the
inorganic crystal alone [47,48]. Ossification is likely to be
similar; ameloblastin and amelogenin are known to control
the assembly of hydroxyapatite into tooth enamel, and
probably contribute to the mechanical properties [49-51].

Biological examples have inspired the development of
engineered systems that can take advantage of the func-
tional properties of proteins to operate on the nanoscale.
Using directed evolution techniques, Whaley ¢z a/. [52]
found 12-mer peptides that could bind specifically and
with high affinity to the semiconductor surfaces of GaAs,
Si and InP. This is significant as proof of concept that
tailoring new protein—surface interactions is possible. The
paper inspired much follow-up work, including a simula-
tion attempt to create proteins from repeats of similarly
designed gold-binding peptides [53]. Sarikaya ez a/. [54°]
have recently reviewed such molecular biomimetics,
including a summary of 28 short peptide sequences that
have been found to bind to solid surfaces ranging from
platinum to zeolites to gallium arsenide. For materials
synthesis, antibodies have been raised to bind to specific
crystal surfaces to help control crystal growth [28,55], and
the growth of gold crystals has been controlled by peptide
binding [56]. One group has focused on the integration of
nanoparticles with proteins by systematically searching
for surface treatments to adsorb various proteins on their
surfaces [19,20,57]. Brash and co-workers have explored
adsorption onto liposomes [58], and have created lysine-
laden surfaces that can adsorb proteins that might dissolve
clots [59°]. Related ideas are explored in a recent review
of the design of nanostructured biological materials
through self-assembly [60]. In another study, biotinylated
peptide linkers were attached to a surface via streptavidin
to bind fibronectin in an oriented manner [61]. Such a
material is then hoped to solicit a desired biological
response (i.c. tissue integration). Perhaps the most excit-
ing application is optical switching and modulation beha-
vior based on proteins affixed to a substrate [62°]. Clearly,
there is great promise for careful control of the protein—
surface interface to accomplish much, perhaps someday
integrating electronics and nanotechnology with cell biol-
ogy at the molecular level.

Modeling of proteins on surfaces

Many protein adsorption modeling approaches have been
tried and several have been refined to be considerably
successful [6-8,63]. Colloidal-scale models represent the
protein as a particle and can accurately predict adsorption
kinetics and isotherms. These colloidal-scale models
include explicit Brownian dynamics type models [64,65],
random sequential adsorption models [66—69], scaled par-
ticle theory [70,71], slab models [72] and molecular the-
oretic approaches [73-75]. Most of these approaches treat
the electrostatics and van der Waals interactions between
the colloidal ‘particle’ and the surface, and thus can capture

dependencies on surface charge, protein dipole moment,
protein size or solution ionic strength.

Colloidal models often capture complex behavior through
some inclusion of structural information, that is, a repre-
sentation of conformational change. Molecular theoretic,
scaled particle theory and random sequential adsorption
techniques account for conformational change using mul-
tistate representations (e.g. adsorbed folded and adsorbed
denatured) [76]. Asthagiri and Lenhoff [77] represented
the protein colloid by accounting for patches of positive
and negative electrostatic potential on the protein sur-
face, yielding better predictions of interactions between
like-charged proteins and surfaces. Recent work has
captured the unfolding of a model lattice protein, observ-
ing fast unfolding on the surface and slower refolding to a
new, low-energy conformation [78°]. Jiang and co-workers
represented the protein domains of immunoglobulins
(IgGs) as connected spheres; this treatment successfully
predicted the orientation of experimental IgG adsorption
on surfaces of varying charge [42,79]. Latour and co-
workers [80,81,82°°] have used detailed molecular calcu-
lations, including enthalpic and entropic (solvation) con-
tributions, to determine averaged interaction parameters
between residues and surfaces as a function of distance.
These parameterizations promise to be useful in building
residue-scale models of proteins interacting with surfaces.

Finally, several researchers are exploring detailed atomic
representations of proteins. The earliest studies to use
protein crystal structures to simulate the adsorption pro-
cess assumed a completely rigid protein and calculated
screened coulomb and Lennard—Jones interactions over all
protein rotations and distances [83,84]. Ravichandran ez 4/.
[85] have similarly explored rigid atomistic models with
electrostatic treatments, and found that a net positively
charged protein (lysozyme) could adsorb on a positively
charged surface, due to the nonuniformity of the charge
distribution on the protein. Recently, Zhou ¢ a/. [86°]
predicted the orientations of an adsorbed antibody on a
surface using a united residue model, whereby each amino
acid is represented by a group with averaged electrostatic
and van der Waals interactions. Finally, molecular
dynamics (MD) was used to simulate 5 ns of multipeptides
interacting with gold [53]. Also, MD-based simulations
were used to find minimal energy orientations and unfold-
ing trajectories of albumin subunits on graphite [87].

Research opportunities

Despite extensive study and superb descriptions on the
colloidal scale, basic questions concerning the structural
details of a protein in its adsorbed state are still difficult to
answer. Some of these questions include: does the protein
denature; is the protein still active; if the protein has not
unfolded, what is its orientation; what conformation does
the protein assume; what is the effect of crowding on the
surface by other proteins; what are good strategies for
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controlling protein adsorption to create a biocompatible
surface? High-resolution experimental measurements
and detailed structural models are needed to address
these issues.

In particular, techniques that could measure atomic struc-
tures of proteins on surfaces would be immensely reveal-
ing. T'ime-resolved structural data, even of low resolution,
are rare. Many experiments already infer gross knowledge
of structure from isotherms and Kinetic coverage data;
however, the tighter integration of these measurements
with detailed models is needed, although the data may
not be sufficiently informative to distinguish correct
underlying physical principles.

Most current modeling is limited to either large (colloidal)
length scales or very small length and time scales (MD).
Because initial protein adsorption events occur quickly
(microseconds to milliseconds) and unfolding relaxations
can occur over much longer times (hours or even days),
mesoscopic and multiscale models are needed that can
sample details over these relevant scales.

The design of specific interactions for nanotechnological
applications is currently dominated by experimental, evo-
lutionary techniques. However, these techniques often do
not reveal underlying principles for extrapolation. Design
can be limited by technical issues, such as library size
and the availability of an appropriate screen. No rational
design methodology exists, especially one that takes
into account individual protein and surface structures.
Quantitative methods to pursue design objectives could
greatly supplement existing experimental techniques. For
example, the application of quantitative methods to evo-
lutionarily derived proteins could identify cold- and hot-
spot residues for modulating binding affinity.

Recent techniques in protein biophysics should be
extended to the study of proteins on surfaces; denatura-
tion on a surface is, in some ways, the reverse of the
protein folding problem. The application of recent pro-
tein modeling methods to this engineering challenge will
provide a new means to test potential functions and
methods of searching protein conformations. In fact,
the interaction of B-amyloid with Teflon particles has
recently been used to explore the nature of the formation
and conversion of secondary structure in this medically
important protein [88].

Conclusions

Although protein adsorption is well studied, we are only
beginning to understand the phenomenon on the mole-
cular level. As molecular details ultimately determine the
answer to many relevant questions (especially those con-
cerning structure, activity and function), emphasis should
be placed on structural biology and biophysics. There is
now great opportunity to use the latest biophysical and
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structural techniques to reveal fundamental folding and
binding principles, to design or control new structures and
materials, and to develop applications in biomaterials,
biotechnology and nanotechnology.

Acknowledgements
I thank Thomas Horbett of the University of Washington for insightful
comments on the manuscript.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

® of special interest
®¢ of outstanding interest

1. Horbett TA: Biological activity of adsorbed proteins. Surfactant
Science Series 2003, 110:393-413.

2. Ratner BD, Hoffman AS, Schoen FJ, Lemons JE (Eds): Biomaterials
Science: an Introduction to Materials in Medicine. San Diego:
Academic Press; 1996.

3. Jahangir AR, McClung WG, Cornelius RM, McCloskey CB, Brash JL,
Santerre JP: Fluorinated surface-modifying macromolecules:
modulating adhesive protein and platelet interactions on a
polyether-urethane. J Biomed Mater Res 2002, 60:135-147.

4. Shen M, Martinson L, Wagner MS, Castner DG, Ratner BD,
Horbett TA: PEO-like plasma polymerized tetraglyme surface
interactions with leukocytes and proteins: in vitro and in vivo
studies. J Biomater Sci Polym Ed 2002, 13:367-390.

5. Texter J, Tirrell M: Chemical processing by self-assembly.
AIChE J 2001, 47:1706-1710.

6. Hlady VV, Buijs J: Protein adsorption on solid surfaces. Curr Opin
Biotechnol 1996, 7:72-77.

7. Malmsten M: Formation of adsorbed protein layers. J Colloid
Interface Sci 1998, 207:186-199.

8. Morra M: On the molecular basis of fouling resistance.
J Biomater Sci Polym Ed 2000, 11:547-569.

9. Nakanishi K, Sakiyama T, Imamura K: On the adsorption of
proteins on solid surfaces, a common but very complicated
phenomenon. J Biosci Bioeng 2001, 91:233-244.

10. Calonder C, Tie Y, Van Tassel PR: History dependence of protein
adsorption kinetics. Proc Natl Acad Sci USA 2001,
98:10664-10669.

11. Malmsten M: Ellipsometry studies of fibronectin adsorption.
Colloids Surf B Biointerfaces 1995, 3:371-381.

12. Malmsten M: Ellipsometry studies of the effects of surface
hydrophobicity on protein adsorption. Colloids Surf B
Biointerfaces 1995, 3:297-308.

13. Wertz CF, Santore MM: Adsorption and relaxation kinetics of
albumin and fibrinogen on hydrophobic surfaces: single-
species and competitive behavior. Langmuir 1999,
15:8884-8894.

14. Wertz CF, Santore MM: Effect of surface hydrophobicity on
adsorption and relaxation kinetics of albumin and fibrinogen:
single-species and competitive behavior. Langmuir 2001,
17:3006-3016.

15. Wertz CF, Santore MM: Fibrinogen adsorption on hydrophilic
and hydrophobic surfaces: geometrical and energetic aspects
of interfacial relaxations. Langmuir 2002, 18:706-715.

16. Wertz CF, Santore MM: Adsorption and reorientation kinetics

e of lysozyme on hydrophobic surfaces. Langmuir 2002,
18:1190-1199.

The series of recent papers by Wertz and Santore contains careful kinetic

studies on model proteins and surfaces, obtaining not only isotherms and

rate expressions but also qualitative trends and inferences about the

conformational change. By exploring fibrinogen and albumin adsorption

on model surfaces of varying hydrophobicity, they can correlate surface

binding energy with the amount of spreading on the surface.

www.sciencedirect.com

Current Opinion in Structural Biology 2004, 14:110-115



114 Folding and binding

17. Shibata CT, Lenhoff AM: TIRF of salt and surface effects on
protein adsorption. Il. Kinetics. J Colloid Interface Sci 1992,
148:485-507.

18. Shibata CT, Lenhoff AM: TIRF [total internal reflectance
fluorescence] of salt and surface effects on protein adsorption.
I. Equilibrium. J Colloid Interface Sci 1992, 148:469-484.

19. Gessner A, Lieske A, Paulke B, Muller R: Influence of surface
charge density on protein adsorption on polymeric
nanoparticles: analysis by two-dimensional electrophoresis.
Eur J Pharm Biopharm 2002, 54:165-170.

20. Gessner A, Waicz R, Lieske A, Paulke B, Mader K, Muller RH:
Nanoparticles with decreasing surface hydrophobicities:
influence on plasma protein adsorption. Int J Pharm 2000,
196:245-249.

21. Podhipleux N, Krisdhasima V, McGuire J: Molecular charge
effects on protein behavior at hydrophobic and hydrophilic
solid surfaces. Food Hydrocolloids 1996, 10:285-293.

22. Sharp JS, Forrest JA, Jones RA: Surface denaturation and
amyloid fibril formation of insulin at model lipid-water
interfaces. Biochemistry 2002, 41:15810-15819.

23. Giacomelli CE, Bremer MGEG, Norde W: ATR-FTIR study of IgG
adsorbed on different silica surfaces. J Colloid Interface Sci
1999, 220:13-23.

24. Tarasevich YI, Monakhova LI: Interaction between globular
proteins and silica surfaces. Colloid J 2002, 64:482-487.

25. Giacomelli CE, Norde W: The adsorption-desorption cycle.
Reversibility of the BSA-silica system. J Colloid Interface Sci
2001, 233:234-240.

26. Long JR, Shaw WJ, Stayton PS, Drobny GP: Structure and
dynamics of hydrated statherin on hydroxyapatite as
determined by solid-state NMR. Biochemistry 2001,
40:15451-15455.

27. Read MJ, Burkett SL: Asymmetric alpha-helicity loss within
a peptide adsorbed onto charged colloidal substrates.
J Colloid Interface Sci 2003, 261:255-263.

28. Geva M, Frolow F, Eisenstein M, Addadi L: Antibody recognition
of chiral surfaces. Enantiomorphous crystals of leucine-
leucine-tyrosine. J Am Chem Soc 2003, 125:696-704.

29. Horbett TA, Cooper KW, Lew KR, Ratner BD: Rapid
postadsorptive changes in fibrinogen adsorbed from plasma to
segmented polyurethanes. J Biomater Sci Polym Ed 1998,
9:1071-1087.

30. Horbett TA, Lew KR: Residence time effects on monoclonal
antibody binding to adsorbed fibrinogen. J Biomater Sci Polym
Ed 1994, 6:15-33.

31. Kim DT, Blanch HW, Radke CJ: Direct imaging of lysozyme
adsorption onto mica by atomic force microscopy. Langmuir
2002, 18:5841-5850.

32. Johnson CA, Yuan Y, Lenhoff AM: Adsorbed layers of ferritin at
solid and fluid interfaces studied by atomic force microscopy.
J Colloid Interface Sci 2000, 223:261-272.

33. Mondon M, Berger S, Ziegler C: Scanning-force techniques to
monitor time-dependent changes in topography and adhesion
force of proteins on surfaces. Anal Bioanal Chem 2003,
375:849-855.

34. Haggerty L, Lenhoff AM: Analysis of ordered arrays of adsorbed
lysozyme by scanning tunneling microscopy. Biophys J 1993,
64:886-895.

35. Tibbs Jones T, Fernandez EJ: Lactalbumin tertiary structure
changes on hydrophobic interaction chromatography
surfaces. J Colloid Interface Sci 2003, 259:27-35.

36. McNay JLM, O’Connell JP, Fernandez EJ: Protein unfolding
during reversed-phase chromatography: Il. Role of salt type
and ionic strength. Biotechnol Bioeng 2001, 76:233-240.

37. McNay JLM, Fernandez EJ: Protein unfolding during reversed-
phase chromatography: I. Effect of surface properties and
duration of adsorption. Biotechnol Bioeng 2001, 76:224-232.

38. XiaN, May CJ, McArthur SL, Castner DG: Time-of-flight secondary
ee ion mass spectrometry analysis of conformational changes in
adsorbed protein films. Langmuir 2002, 18:4090-4097.

In ToF-SIMS, short peptides are removed from the top nanometer of a
surface-adsorbed protein layer through bombardment with ions. In this
way, the composition of the top of the layer can be determined. In this
paper, researchers used this to reliably measure whether a protein has
denatured upon adsorption to the surface. Key to this measurement is the
preservation of the protein conformation with trehalose before exposure
to ultrahigh vacuum conditions for the measurement.

39. Wagner MS, Horbett TA, Castner DG: Characterization of the

ee structure of binary and ternary adsorbed protein films using
electron spectroscopy for chemical analysis, time-of-flight
secondary ion mass spectrometry, and radiolabeling.
Langmuir 2003, 19:1708-1715.

ToF-SIMS and ESCA (electron spectroscopy for chemical analysis) mea-

surements are used in combination to determine the composition of

binary and ternary protein films, including information about the orienta-

tion of the protein. Fibrinogen, IgG and albumin can be quantitatively

distinguished and, under certain conditions, the fibrinogen, which has a

long-aspect ratio, is proposed to occlude other proteins in the film.

40. Ostuni E, Grzybowski BA, Mrksich M, Roberts CS, Whitesides GM:
ee Adsorption of proteins to hydrophobic sites on mixed self-
assembled monolayers. Langmuir 2003, 19:1861-1872.
A careful study of the effects of controlled, small chemical changes to a
surface. The authors studied the interaction of four proteins with SAMs
with small fractions of terminal aromatic groups of varying sizes. SPR
(surface plasmon resonance) measurements determine surface concen-
trations, from which conformation can be inferred. This study is important
because it introduces a method to control the specific chemical nature of
the solid surface. In addition, it shows that, in the cases studied, the
degree of unfolding depends on the concentration of hydrophobic groups
on the surface and on the concentration of protein in solution.

41. Xia N, Hu Y, Grainger DW, Castner DG: Functionalized
poly(ethylene glycol)-grafted polysiloxane monolayers for
control of protein binding. Langmuir 2002, 18:3255-3262.

42. Chen S, Liu L, Zhou J, Jiang S: Controlling antibody orientation
on charged self-assembled monolayers. Langmuir 2003,
19:2859-2864.

43. LiL, Chen S, Jiang S: Protein adsorption on alkanethiolate self-
assembled monolayers: nanoscale surface structural and
chemical effects. Langmuir 2003, 19:2974-2982.

44. Seeman NC, Belcher AM: Emulating biology: building
nanostructures from the bottom up. Proc Nat/ Acad Sci USA
2002, 99(suppl 2):6451-6455.

45. Liou YC, Tocilj A, Davies PL, Jia Z: Mimicry of ice structure by
surface hydroxyls and water of a beta-helix antifreeze protein.
Nature 2000, 406:322-324.

46. Jackson AP, Vincent JFV, Turner RM: The mechanical design of
nacre. Proc R Soc Lond B Biol Sci 1988, 234:415-440.

47. Smith BL, Schaffer TE, Viani M, Thompson JB, Frederick NA,
Kindt J, Belcher A, Stucky GD, Morse DE, Hansma PK: Molecular
mechanistic origin of the toughness of natural adhesives,
fibres and composites. Nature 1999, 399:761-763.

48. Belcher AM, Wu XH, Christensen RJ, Hansma PK, Stucky GD,
Morse DE: Control of crystal phase switching and orientation by
soluble mollusc-shell proteins. Nature 1996, 381:56-58.

49. Paine ML, Krebsbach PH, Chen LS, Paine CT, Yamada Y,
Deutsch D, Snead ML: Protein-to-protein interactions: criteria
defining the assembly of the enamel organic matrix. J Dent Res
1998, 77:496-502.

50. Paine ML, Luo W, Zhu DH, Bringas P Jr, Snead ML: Functional
domains for amelogenin revealed by compound genetic
defects. J Bone Miner Res 2003, 18:466-472.

51. Hu CC, Fukae M, Uchida T, Qian Q, Zhang CH, Ryu OH,
Tanabe T, Yamakoshi Y, Murakami C, Dohi N et al.: Sheathlin:
cloning, cDNA/polypeptide sequences, and
immunolocalization of porcine enamel sheath proteins.

J Dent Res 1997, 76:648-657.

52. Whaley SR, English DS, Hu EL, Barbara PF, Belcher AM: Selection
of peptides with semiconductor binding specificity for directed
nanocrystal assembly. Nature 2000, 405:665-668.

Current Opinion in Structural Biology 2004, 14:110-115

www.sciencedirect.com



53. Braun R, Sarikaya M, Schulten K: Genetically engineered gold-
binding polypeptides: structure prediction and molecular
dynamics. J Biomater Sci Polym Ed 2002, 13:747-757.

54. Sarikaya M, Tamerler C, Jen AK, Schulten K, Baneyx F:
e  Molecular biomimetics: nanotechnology through biology.

Nat Mater 20083, 2:577-585.
A review of biomimetic nanotechnology, that is, the engineering of
proteins that bind to inorganic material, specifically those created through
combinatorial protocols. This article covers the techniques used to create
solid-binding peptides, and includes a summary of peptides discovered
to date and their uses in the assembly of nanoparticles.

55. Addadi L, Weiner S, Geva M: On how proteins interact with
crystals and their effect on crystal formation. Z Kardiol 2001,
90(suppl 3):92-98.

56. Brown S, Sarikaya M, Johnson E: A genetic analysis of crystal
growth. J Mol Biol 2000, 299:725-735.

57. Gessner A, Lieske A, Paulke BR, Muller RH: Functional groups on
polystyrene model nanoparticles: influence on protein
adsorption. J Biomed Mater Res 2003, 65A:319-326.

58. Price ME, Cornelius RM, Brash JL: Protein adsorption to
polyethylene glycol modified liposomes from fibrinogen solution
and from plasma. Biochim Biophys Acta 2001, 1512:191-205.

59. McClung WG, Clapper DL, Anderson AB, Babcock DE, Brash JL:
e Interactions of fibrinolytic system proteins with lysine-

containing surfaces. J Biomed Mater Res 2003, 66A:795-801.
Polyurethane surfaces containing -lysine moieties were used to capture
tissue plasminogen activator and plasminogen, proteins that can reduce
clotting.

60. Zhang S, Marini DM, Hwang W, Santoso S: Design of
nanostructured biological materials through self-assembly of
peptides and proteins. Curr Opin Chem Biol 2002, 6:865-871.

61. Klueh U, Seery T, Castner DG, Bryers JD, Kreutzer DL: Binding and
orientation of fibronectin to silanated glass surfaces using
immobilized bacterial adhesin-related peptides. Biomaterials
20083, 24:3877-3884.

62. Ormos P, Fabian L, Oroszi L, Wolff EK, Ramsden JJ, Der A:

e Protein-based integrated optical switching and modulation.
Appl Phys Lett 2002, 80:4060-4062.

An inspiring example of nanotechnology dependent on protein-surface

interactions: the researchers explored the behavior of a film of bacter-

jorhodopsin and found that it maintains optical properties even when

immobilized at an interface.

63. Roth CM, Lenhoff AM: Quantitative modeling of protein
adsorption. Surfactant Science Series 1998, 75:89-118.

64. Oberholzer MR, Lenhoff AM: Protein adsorption isotherms
through colloidal energetics. Langmuir 1999, 15:3905-3914.

65. Oberholzer MR, Wagner NJ, Lenhoff AM: Grand canonical
Brownian dynamics simulation of colloidal adsorption. J Chem
Phys 1997, 107:9157-9167.

66. Adamczyk Z, Weronski P, Musial E: Particle adsorption under
irreversible conditions: kinetics and jamming coverage.
Colloids and Surfaces a-Physicochemical and Engineering Aspects
2002, 208:29-40.

67. Adamczyk Z, Zembala M, Siwek B, Warszynski P: Structure
and ordering in localized adsorption of particles. J Colloid
Interface Sci 1990, 140:123-137.

68. Adamczyk Z, Siwek B, Zembala M, Belouschek P: Kinetics of
localized adsorption of colloid particles. Adv Colloid Interface
Sci 1994, 48:151-280.

69. Adamczyk Z, Weronski P: Unoriented adsorption of interacting
spheroidal particles. J Colloid Interface Sci 1997, 189:348-360.

70. Van Tassel PR, Guemouri L, Ramsden JJ, Tarjus G, Viot P, Talbot J:
A particle-level model of irreversible protein adsorption with
a postadsorption transition. J Colloid Interface Sci 1998,
207:317-323.

71. Brusatori MA, Van Tassel PR: A kinetic model of protein
adsorption/surface-induced transition kinetics evaluated by
the scaled particle theory. J Colloid Interface Sci 1999,
219:333-338.

Protein-surface interactions Gray 115

72. Stahlberg J, Jonsson B: Influence of charge regulation in
electrostatic interaction chromatography of proteins.
Anal Chem 1996, 68:1536-1544.

73. Szleifer I: Protein adsorption on surfaces with grafted polymers:
a theoretical approach. Biophys J 1997, 72:595-612.

74. Satulovsky J, Carignano MA, Szleifer |: Kinetic and
thermodynamic control of protein adsorption. Proc Natl Acad
Sci USA 2000, 97:9037-9041.

75. Fang F, Szleifer I: Kinetics and thermodynamics of protein
adsorption: a generalized molecular theoretical approach.
Biophys J 2001, 80:2568-2589.

76. Van Tassel PR, Guemouri L, Ramsden JJ, Tarjus G, Viot P, Talbot J:
A particle-level model of irreversible protein adsorption with
a postadsorption transition. J Colloid Interface Sci 1998,
207:317-3283.

77. Asthagiri D, Lenhoff AM: Influence of structural details in
modeling electrostatically driven protein adsorption. Langmuir
1997, 13:6761-6768.

78. Castells V, Yang S, Van Tassel PR: Surface-induced

¢ conformational changes in lattice model proteins by Monte
Carlo simulation. Phys Rev E Stat Nonlin Soft Matter Phys 2002,
65:031912.

Using a simple lattice polymer model, the authors follow the structural

evolution of a solvated, native ‘protein’ as it unfolds on the surface and

then, over a longer timescale, partially refolds into a new low-energy

adsorbed state. This study captures the complexity of the protein-surface

interaction and the need to explore behavior on a range of timescales.

79. Sheng Y-J, Tsao H-K, Zhou J, Jiang S: Orientation of a Y-shaped
biomolecule adsorbed on a charged surface. Phys Rev E Stat
Nonlin Soft Matter Phys 2002, 66:011911.

80. Latour RA Jr, Hench LL: A theoretical analysis of the
thermodynamic contributions for the adsorption of individual
protein residues on functionalized surfaces. Biomaterials 2002,
23:4633-4648.

81. Latour RA Jr, Rini CJ: Theoretical analysis of adsorption
thermodynamics for hydrophobic peptide residues on SAM
surfaces of varying functionality. J Biomed Mater Res 2002,
60:564-577.

82. Basalyga DM, Latour RA Jr: Theoretical analysis of adsorption

ee thermodynamics for charged peptide residues on SAM
surfaces of varying functionality. J Biomed Mater Res 2003,
64A:120-130.

Latour and colleagues determined the free energy of individual peptides

(in the context of a protein) interacting with a SAM surface as a function of

distance. These parameterizations could be used in protein-surface

energy calculations.

83. Lu DR, Park K: Protein adsorption on polymer surfaces:
calculation of adsorption energies. J Biomater Sci Polym Ed
1990, 1:243-260.

84. Noinville V, Vidalmadjar C, Sebille B: Modeling of protein
adsorption on polymer surfaces - computation of adsorption
potential. J Phys Chem 1995, 99:1516-1522.

85. Ravichandran S, Madura JD, Talbot J: A Brownian dynamics
study of the initial stages of hen egg-white lysozyme
adsorption at a solid interface. J Phys Chem B 2001,
105:3610-3613.

86. Zhou J, Chen S, Jiang S: Orientation of adsorbed antibodies

e on charged surfaces by computer simulation based on a
United-Residue Model. Langmuir 2003, 19:3472-3478.

A low-resolution (residue-scale) model of a protein is used to predict

adsorbed conformations. Parameters are determined from short MD runs

with individual peptides close to the surface. An energy function with van

der Waals interactions and electrostatics can predict the orientation of a

rigid IgG molecule on surfaces of varying charge in a manner consistent

with experiments.

87. Raffaini G, Ganazzoli F: Simulation study of the interaction of
some albumin subdomains with a flat graphite surface.
Langmuir 2003, 19:3403-3412.

88. Giacomelli CE, Norde W: Influence of hydrophobic Teflon
particles on the structure of amyloid beta-peptide.
Biomacromolecules 2003, 4:1719-1726.

www.sciencedirect.com

Current Opinion in Structural Biology 2004, 14:110-115



	The interaction of proteins with solid surfaces
	Introduction
	Experimental studies on protein adsorption and surface morphology
	Specific protein-surface binding in natural and engineered systems
	Modeling of proteins on surfaces
	Research opportunities
	Conclusions
	Acknowledgements
	References and recommended reading


