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Quantitative Biological Surface Science:
Challenges and Recent Advances
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Biological surface science is a broad, interdisciplinary subfield of surface science,
where properties and processes at biological and synthetic surfaces and interfaces are
investigated, and where biofunctional surfaces are fabricated. The need to study and to
understand biological surfaces and interfaces in liquid environments provides sizable challenges
as well as fascinating opportunities. Here, we report on recent progress in biological surface
science that was described within the program assembled by the Biomaterial Interface Division
of the Science and Technology of Materials, Interfaces and Processes (www.avs.org) during their
55th International Symposium and Exhibition held in Boston, October 19—24, 2008. The selected
examples show that the rapid progress in nanoscience and nanotechnology, hand-in-hand with
theory and simulation, provides increasingly sophisticated methods and tools to unravel the
mechanisms and details of complex processes at biological surfaces and in-depth understanding

of biomolecular surface interactions.
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he area of biological surface science

has experienced rapid and substantial

growth over the past several decades
and has been established as a complex and
rich area. Research in this area has implica-
tions in fundamental questions of surface sci-
ence, ranging from the function and mecha-
nism of cell membranes to the structure of
water, as well as in numerous applications,
ranging from catalysis to biosensors. Here, we
present a brief history of surface science lead-
ing up to the development of biological sur-
face science and comment on some of the
most recent results in this area, presented at
the Science and Technology of Materials, In-
terfaces and Processes 55th International
Symposium and Exhibition in October 2008.

A Historical Perspective on the Development of

Biological Surface Science. Modern surface sci-
ence emerged in the 1960s with a main fo-
cus on solid state and electronic materials; it
matured during the 1970s and 1980s and has
diversified and developed in subsequent de-
cades and today encompasses a broad range
of technological and scientific areas. Al-
though surfaces and surface processes have
long been studied (e.g., by Langmuir and
other scientists), it was only when ultrahigh
vacuum (UHV) systems became readily avail-
able, and with them a plethora of surface ana-
lytical tools (e.g., low-energy electron diffrac-
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tion, X-ray photoelectron spectroscopy,
Auger electron spectroscopy, high-resolution
electron energy loss spectroscopy, second-
ary ion mass spectrometry), that the field de-
veloped rapidly and began to provide quanti-
tative surface characterization down to the
atomic level. In essence, the initial driving
forces of surface science were a combination
of advances in solid state physics, molecular
physics, physical chemistry, and the emer-
gence of analytical instrumentation, as sche-
matically depicted in Figure 1. Early on, chal-
lenges in understanding what the
experimental tools were measuring were
tackled by both new theoretical develop-
ments and experimentation. As the field ad-
vanced, understanding surface atomic and
electronic structure and the nature of the
chemisorption bond were extremely impor-
tant for the continued development of basic
surface science. The growth of surface sci-
ence, sketched in Figure 1 and described in
the caption, can be visualized as a generic
S-curve of development and progress versus
time.

As the understanding of surfaces deep-
ened and more sophisticated surface ana-
lytical tools became available (e.g., Fourier
transform infrared spectroscopy, scanning
probe microscopes, synchrotron-based
spectroscopies, and so forth), the “simpler”
questions of surface science could be an-
swered and questions relating to more
complex surfaces, including oxide, poly-
mer, and eventually liquid surfaces, could
be addressed quantitatively. In particular,
the notoriously complex processes at inter-
faces between (bio)materials in contact
with biomolecules and biological sub-
stances could be tackled. This latter area de-
veloped into the distinct field of biological
surface science, a broad interdisciplinary
area where properties and processes at in-
terfaces between synthetic materials and
biological environments are investigated
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Figure 1. Development of the field of surface science can be represented qualitatively by
an S-curve, with progress as a function of time. Initially, the field was characterized by
method development, problem formulation, and overall slow maturity, followed by a pe-
riod of vigorous growth spurred by the emergence of increasingly advanced experimen-
tal and theoretical methods, eventually to reach a high degree of maturity in the basic sub-
areas of surface science. As the arsenal of tools and the associated knowledge base
developed, new surface science subareas also developed, each giving rise to a new S-curve,
with the emergence of method development and problem formulation.

and biofunctional surfaces are
fabricated.>® At one end of the com-
plexity spectrum, the scientific chal-
lenge lies in mapping out the struc-
tures, bonding, dynamics, and kinetics
of biomolecules at surfaces in a manner
similar to what has been done for
simple molecules on solid surfaces dur-
ing the past three decades in surface sci-
ence. At the other end of the spectrum,
studies address how biofunctional sur-
faces can be designed to enable sensors
used for disease diagnostics and to me-
diate cell-surface interactions related to
implants and tissue engineering.
Nanoscience and nanotechnology
only appear as their own surface sci-
ence field relatively late on the S-curve
in Figure 1. However, these fields were
already present implicitly relatively early
in many areas of surface science, such
as catalysis and thin film technology. For
some time, progress in catalysis has
been impeded by the inability to trans-
late results obtained from single crystals
and macroscopic surfaces studied in ul-
trahigh vacuum (UHV) to the conditions
occurring in practical catalysis with sup-
ported nanoparticles in high-pressure
reactors as the active substances; this
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problem has been coined in the cataly-
sis field as the “pressure gap” or “struc-
ture/material gap.” The pressure gap
challenge has been solved by the inven-
tion of scanning probe microscopes
(such as the scanning tunneling micro-
scope, STM, and the atomic force mis-
crocope, AFM) that enable the system-
atic and direct study and comparison of
nanostructured and single-crystal sur-
faces. The later “take-off” of nanoscience
and nanotechnology as its own field
(depicted in Figure 1) essentially coin-
cides with the invention of scanning
probe microscopes.*

Biological surface science today
faces a similar challenge as catalysis did
two decades ago. Here the pressure gap
from catalysis is replaced by the “gap”
between surface studies in UHV and
studies in aqueous environments, both
in vitro and in vivo. This difficult issue,
however, also provides fascinating op-
portunities. For instance, the rapid
progress in nanoscience and nanotech-
nology provides increasingly sophisti-
cated methods and tools for biologists
to unravel difficult problems and pro-
vides sophisticated new means to reach
in-depth understanding of biomolecu-
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lar surface interactions. The recent
progress in this interdisciplinary area of
biosurface science was at the heart of
the program assembled by the Biomate-
rial Interface Division of the AVS for
their annual technical meeting held in
Boston this year. In the following pages,
we provide some selected highlights
from the presentations.

DNA Nucleobase-Pairing Studied Using STM.
One illustration of an innovative ap-
proach to close the existing gap be-
tween UHV and liquid studies was pre-
sented by Flemming Besenbacher from
the Interdisciplinary Nanoscience Cen-
ter (INANO) at Aarhus University in Den-
mark.” Together with his co-workers,
Besenbacher uses the capability of the
STM to explore the atomic-scale proper-
ties of materials on the molecular level
and to observe directly individual DNA
nucleobase-pairing.®” This work pro-
vides new and deep insights into how
nucleobases interact with each other.
The study was done at the solid—liquid
interface by co-adsorption of the cDNA
bases guanine (G) and cytosine (C) on a
highly oriented pyrolytic graphite
(HOPG) surface from 1-octanol solvent.
The high-resolution STM observations
showed a well-ordered co-adsorption

The rapid progress in
nanoscience and
nanotechnology provides
increasingly sophisticated
methods and tools for
biologists to unravel
difficult problems and
provides sophisticated new
means to reach in-depth
understanding of
biomolecular surface

interactions.
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Figure 2. High-resolution STM images of guanine—uracil (G—U) base pairs at the 1-octanol/

graphite interface. (A) Large-scale STM image, (B) zoom-in image of the yellow area indicated
in A. (C) Molecular structure proposed by ab initio DFT calculations. The cyclic G—U structures
are indicated by yellow ovals, their size by blue arrows, and the unit cell lattice vectors are in-
dicated. Green arrows indicate the hydrogen bonds between the cyclic G—U structures along
unit cell vector a. Reproduced from ref 7. Copyright 2008 American Chemical Society.

structure, attributed to rows formed
from Watson—Crick G—C pairs, which
was distinctly different from the struc-
tures observed for the individual G and
C components.® An even more biologi-
cally relevant case is the nucleobase-
pairing between G and uracil (U) since
in nature this nucleobase-pairing is re-
sponsible for the Wobble configuration,
which is fundamental to the ability of
RNA to translate the genetic code and
also contains suitable sites for recogni-
tion by proteins and other RNAs.2 The
G—U conformation also provides recog-
nition signals for autoregulation of pro-
tein synthesis and has the ability to bind
divalent metal ions, which is important
for RNA catalysis. In experiments similar
to those described by Xu et al.,® and
supported by ab initio density functional
theory (DFT) calculations, Besenbacher
and co-workers have been able to show
that, upon mixing of G and U mol-
ecules, a self-assembled nanoscale pat-
terned supramolecular structure con-
sisting of cyclic G—U elementary blocks
is formed.” The primary structure
formed, which was resolved with atomic
resolution as shown in Figure 2, is stabi-
lized by strong hydrogen bonding
along the chains and relatively weaker
bonding between the chains.
Besenbacher stressed the possibility
of utilizing these types of structures in
catalysis, particularly in connection with
targeting metal ions; he even specu-
lated about the possible role of these
nanoscale supramolecular structures
during the first self-catalyzing steps in
the origin of life. In order to address this
exciting question and also for these

structures to be fully utilized as nanos-
cale building blocks for applications in
catalysis and biotechnology, a key chal-
lenge remains: understanding of the
role of water in these self-assembly pro-
cesses. Improvements that make it pos-
sible to perform these studies in the
presence of water are needed.

Structure of Water at Interfaces: Myth or
Reality? Indeed, the nature of water at in-
terfaces is critically important for many
surface and interfacial properties and
represents one of the knowledge gaps
that needs extensive attention in the fu-
ture, irrespective of whether nanoscale
materials are the focus. For example, the
role of water molecules at biomolecule-
resistant (inert) surfaces remains un-
clear, despite evidence that they are re-
quired in essentially all biointerface-
related applications. Michael Grunze
from Heidelberg University in Germany
addressed this issue by providing con-
vincing, quantitative evidence that the
recurring interpretation of experimental
data as ordered structures of interfacial
water at room temperature on soft or-
ganic surfaces is likely not correct. Ori-
ented binding of water molecules to a
hydrogen bond donor or acceptor
group, as observed (for example) in vi-
brational spectroscopies, does not nec-
essarily imply translational symmetry or
“structure” as (for example) in bulk ice.
Furthermore, most computer simula-
tions employing state-of-the-art mod-
els for water reveal that the orienta-
tional order parameter decays with the
second hydration shell. To revisit the
question of “Structure of Water at Inter-
faces: Myth or Reality?” (the title of
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Grunze's presentation) has signifi-
cant merit. A brief survey of the lit-
erature reveals that there is little
experimental or modeling evi-
dence for a sharp boundary that
can be described as a 2D interface
between an organic phase (e.g.,
lipid membrane, self-assembled
monolayer, polymer surface) and
water. Even in the absence of wa-
ter penetration into the film, as is
the case for hydrophobic surfaces,
the interphase is characterized by a
water density gradient extending
into the bulk liquid.°~"" Although
the density of water at this inter-
face is less than bulk water, it cannot
be associated with a crystalline ice
phase because of the lack of transla-
tional and orientational order. Preferen-
tial orientation, that is, the constraints
on rotational motion in the interphase,
does give rise to a dichroism in the wa-
ter vibrational bands and strong signals
in sum-frequency generation (SFG)
spectra.'? So what then is the rationale
for the extraordinary ability of some hy-
drated organic surfaces to resist pro-
tein, cell, and bacterial adhesion?? If it
is not orientationally structured or “ice-
like” water, what is it? At least for oligo-
(ethylene oxide)-terminated SAMs, it be-
comes clear that the ordering is based
on the strong hydration energy of the
oligomers. Depending on the molecu-
lar conformation of the oligo(ethylene
oxide) terminal groups—which is a
function of film density—water can
form double hydrogen bridge bonds

The role of water
molecules at biomolecule-
resistant (inert) surfaces
remains unclear, despite
evidence that they are
required in essentially all
biointerface-related

applications.
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Figure 3. (A) Schematic representation of a combined reflectometry and QCM-D setup: light source (L), polar-
izer (PZ), prism (P), sensor surface (SS), polarizing beamsplitter (PB), and beam splitters (PDs). Compared to the
conventional reflectometric setup (solid lines), the four-detector design also measures the reflection of an addi-
tional beam (dashed lines). (B) Changes in frequency (blue) and energy dissipation (red) upon addition of lipid
vesicles to a silicon dioxide coated QCM-D sensor. Also shown is reflectometry data (black) measured on the
QCM-D sensor as described in ref 19. Reproduced with permission from ref 19. Copyright 2008 American Insti-

tute of Physics.

with two neighboring oxygen atoms in
the oligomer, which exceed the bond-
ing energy of bulk water by about 75%
(ca. 35 versus 21 kJ/mol, respectively).'*
This strongly bound hydration water
cannot be displaced by proteins (or
even glycoprotein adhesives excreted
by marine organisms'®), thus prevent-
ing irreversible binding to the surface.
Therefore, it is thermodynamics and not
structurethat matters in “inert” surfaces.
The Quartz Crystal Microbalance with
Dissipation Monitoring Technique for Studies of
Supported Lipid Bilayers and Coupled Water.
Responsible for a multitude of functions,
the cell membrane is an excellent ex-
ample of a surface that is inert to nonspe-
cific biomolecular interactions. For sur-
vival, a living cell is critically dependent
on molecules, ions, and signals being
continuously transported across its mem-
brane, mediated, and controlled by spe-
cialized membrane-spanning proteins
embedded in an environment composed
of different types of lipids. Indeed, the
majority of these specific tasks rely on
molecular recognition events, but
through evolution, the lipids that make
up the membrane in which the mem-
brane proteins reside have evolved to ex-
hibit very low nonspecific affinity for un-
related biomolecules. To explore and to
make practical use of this important
property, as well as for in-depth studies
of the biophysical properties of the cell
membrane and its specific functions,
much work has focused on various cell
membrane mimics. In this reductionist
approach, cell membrane mimics sup-
ported on solid surfaces have played a
very important role, in particular, because
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w

provided from com-
bined fand D mea-
surements at mul-
tiple harmonics
(which is critical in
order to translate
the measured re-
sponse into physi-

S

"

»

TR e o o

o

(%) Spwonagay (o1 av

=)

" L

O] B
PDs i

p - light &=

3 2

S -30

PDs -40

s - light -50

60

these model systems have enabled stud-
ies of the biophysical properties of the
cell membrane using a large arsenal of
analytical tools, many of which originated
from surface science, such as scanning
probe techniques, surface plasmon reso-
nance (SPR), time-of-flight secondary ion
mass spectrometry (TOF-SIMS), and so
forth. A recently developed technique
that has proven valuable for studies of
supported lipid bilayers is the quartz crys-
tal microbalance with dissipation
(QCM-D) monitoring, which was devel-
oped by Bengt Kasemo and his team at
Chalmers University of Technology in the
mid-90s."® Besides measurements of
bound mass, which is provided from
changes in the resonance frequency, f, of
the piezoelectric sensor resonator, the
QCM-D technique also provides struc-
tural information of biomolecular films
via changes in the damping, D, of the
crystal. In this way, adsorbed lipid
vesicles, which induce high damping,
can be easily distinguished from planar
supported membranes, which induce
little or no detectable damping,'” as illus-
trated in Figure 3.

This ability to distinguish different
structural phases of adsorbed lipids on
surfaces is the primary reason the tech-
nique has been so extensively used in
studies of both supported lipid mem-
branes and tethered lipid vesicles. In
Kasemo's presentation at the AVS meet-
ing, which was part of an honorary ses-
sion for his contribution to the field of
surface science in biotechnology, cataly-
sis, and energy, the latest develop-
ments of the QCM-D technique were
presented. The depth of information
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cally meaningful pa-
rameters such as
film viscosity and
elasticity) was illus-
trated by several ex-
amples, mainly from
the area of ad-
sorbed lipids.
Kasemo also showed how the tech-
nique can be combined with simulta-
neous measurements using both SPR,®
reflectometry,'® and
nanoplasmonics.?®?" All of these tech-
niques provide information about the
molecular mass of the adsorbed enti-
ties, and since QCM-D measures
coupled water in addition to the molec-
ular mass, these types of combinations
of different techniques provide informa-
tion about changes in the amount of
water bound to the analyzed film (see
Figure 4). As stressed above, this is key
information in the design of biofunc-
tional interfaces. In combination with
nanoplasmonic sensors, it also provides
an improved means to quantify the
plasmonic response in terms of coupled
mass.2%?" Kasemo also presented how
the technique is now combined with
electrochemistry and impedance spec-
troscopy. This, in turn, points toward the
use of QCM-D for studies not only of
the formation of supported lipid bilay-
ers but also for membrane—protein me-
diated translocation of ions across the
membrane, which is, as mentioned
above, the principal biological function
of the cell membrane.

Tethered Lipid Membranes Formed on
Ultra-Flat Gold Substrates. Although lipid
vesicles bind and spontaneously reorga-
nize into continuous supported lipid
membranes when exposed to silicon di-
oxide and mica surfaces, the insulating
properties of these substrates make
them less suitable for studies of charge
translocation events. In addition, the
close contact between the substrate
and the lower leaflet of the supported
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Although many supported

or tethered bilayer

architectures look

acceptable when studied

by structural techniques

(eg, SPR, AFM, QCM-D),

they often contain a

significant level of

structural defects

generating nonspecific

channels for the

translocation of ions across

the bilayer, thus screening

any specific effect of

particular

membrane—protein

mediated ion

translocation.
membrane complicates functional inte-
gration of membrane-spanning pro-
teins. In recent years, significant efforts
have thus been focused on the design
of various types of model membrane ar-
chitectures on electrically conductive
surfaces better suited for charge translo-
cation measurements.??> Wolfgang Knoll
(Max Planck Institute for Polymer Re-
search in Mainz, Germany) stressed the
importance not only of appropriately
designed tethers, but also of the
smoothness of the substrate in order to
produce supported lipid bilayers with
sufficiently high electrical resistance for
single-ion channel recording. The basic
architecture of the model membrane

system developed by his team is based
on lipids covalently attached to the gold

substrate via flexible spacers, giving
this system high mechanical and chemi-
cal stability.?® Knoll emphasized that, al-
though many supported or tethered bi-
layer architectures look acceptable
when studied by structural techniques
(e.g., SPR, AFM, QCM-D), they often con-
tain a significant level of structural de-
fects generating nonspecific channels
for the translocation of ions across the
bilayer, thus screening any specific ef-
fect of particular membrane—protein
mediated ion translocation. In summary,
Knoll claimed that besides the ultraflat
gold substrate, the reason for his
group'’s success relies on an optimized
molecular architecture of the self-
assembling lipid molecule, with a lipoic
acid anchor group, a short ethylene ox-
ide unit as the spacer, and a lipid ana-
logue with two phytanoyl chains that
improve the fluidic and, hence, sealing
character of the hydrophobic core. He
also emphasized that the mica template
stripping method used to produce
smooth gold films as large as several
square centimeters makes this system
attractive even when considering the
needs for processing tethered mem-
branes in large quantities for commer-
cial biosensor applications.?*

Electrically Insulating Membranes Formed
Across Nanoscale Apertures. Traditionally,
membrane—protein mediated charge
translocation events have been mea-
sured using patch-clamp techniques,
which are ideally suited for studies of
whole cells, or using so-called artificial
(black) lipid membranes typically span-
ning micrometer- to millimeter-scale ap-
ertures, thus providing large liquid reser-
voirs on both sides of the membrane.
With black lipid membranes (BLMs),
single-channel recording is relatively eas-
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ily achieved, but the fragile nature of
BLMs makes them less suited for practi-
cal applications, such as high-throughput
screening of drugs directed against ion
channels, for example. The approach
taken by Knoll and many others? has fo-
cused on tethered membranes for im-
proved stability and robustness. While
promising, this was challenged in an ex-
citing presentation by Claudia Steinem.
Together with her co-workers at Géttin-
gen University in Germany, she has devel-
oped a platform that combines the ad-
vantages of supported lipid membranes
with the need for an even larger second
aqueous compartment to investigate
complex integral membrane proteins
with bulky water-soluble domains. This
was accomplished using porous alumina
substrates with highly ordered pores 60
nm in diameter, functionalized with lipid
bilayers spanning the pores (Figure 4). Ini-
tially, the membranes were deposited by
applying a lipid—solvent droplet on one
side of a porous substrate coated with
gold and modified with a hydrophobic
self-assembled monolayer. In this way,
high membrane resistance compatible
with single-channel recordings of ion
channels was proven for many systems,
including the complex outer membrane
protein OmpF of Escherichia coli.?> Al-
though stable for significantly longer
times than traditional BLMs, they are not
stable indefinitely, but display a slow in-
crease in membrane conductance over
several days and sometimes longer. By in-
vestigating slightly larger pore sizes dis-
playing very similar electrical properties,
fluorescence imaging was used to at-
tribute the slow conductance increase to
independent rupture of single mem-
branes or membrane patches covering
the pores.?® However, in contrast to the

B w

80

,EGD

40

light 0"l

S
0
-20

tls

Figure 4. (A) Solvent-free lipid membranes formed on porous alumina through vesicle
rupture. (B) Proton pump activity of bacteriorhodopsin upon light illumination. During il-
lumination, a stationary current is detected, which drops to zero after switching off the
light source. Reproduced with permission from ref 27. Copyright 2008 The Royal Society

of Chemistry.
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Figure 5. (A) Topographical images taken 10 min apart of an area of a cell membrane (area exhibiting aggregation is marked with dashed
lines). To facilitate visualization of temporal changes, artificial color was applied to both images, the earlier image in red and the subse-
quent image in green. (B) In the overlay image, yellow indicates those places where the position and shape of the proteins did not change.
Reproduced with permission from ref 31. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA.

tethered lipid membranes, but analo-
gous to traditional BLMs, the nanoscale
BLMs contain solvent traces, which may
influence the function of the analyzed
systems. Steinem and her team also over-
came this limitation recently by succeed-
ing in self-assembly of pore-spanning
membranes via vesicle adsorption and
subsequent rupture into a continuous
planar membrane covering the majority
of holes, as schematically illustrated in
Figure 5.%

This was accomplished by adjusting
the sizes of the vesicles to be sufficiently
larger than the pore diameter of 60 nm
and by modifying the gold film on top of
the alumina substrate with (choles-
terylpolyethylenoxy)thiols. As shown in
Figure 4B, the proton pump bacteriorho-
dopsin could also be functionally incor-
porated into these pore-suspended
membranes. However, it should be noted
that there is still room for further im-
provement. For instance, in this case, the
membrane resistance and long-time sta-
bility are lower than those obtained with
the lipid—solvent painting method, and
the membrane formation process is sig-
nificantly slower than on silicon dioxide,
for example (see above). In addition to
the smoothness of the gold film, the ac-
tual curvature at the edge of the pore
must be taken into consideration, and
new means to assemble planar mem-
branes across nanoscale features may be
needed.

In this context, the presentation by
Curtis Frank and Nam Joon Cho of Stan-
ford University deserves attention; they
have succeeded in transforming non-
ruptured vesicles adsorbed on both
pure gold and titanium dioxide into a
homogeneous supported lipid bilayer
by the addition of an amphipathic viral

www.acsnano.org

peptide.?® Equally important for the fu-
ture progress in the field are improved
nanoscale fabrication schemes as well
as new tools to investigate the chemi-
cal and topographical composition of
both modified and unmodified
substrates.

Non-Invasive Imaging of Proteins in
Membranes of Living Cells by High-Resolution
Scanning lon Conductance Microscopy. In the
context of unraveling structural features
of these types of soft matter, a significant
contribution to the development of scan-
ning probe techniques was presented by
David Klenerman of Cambridge Univer-
sity in the UK. He presented how his team
has used scanning ion conductance mi-
crosopy (SICM)?® for noncontact imaging
of the temporal dynamics of protein com-
plexes in the plasma membrane of living
cells with a resolution on the order of 10
nm. Even though the most developed
version of liquid-phase AFM can image
proteins on hard substrates and has also
been applied successfully for imaging liv-
ing cells, it has thus far not been pos-
sible to achieve molecular resolution on
the surface of living cells. This is due to
difficulties in controlling the probe-
sample separation over the soft cell sur-
faces. The SICM technique provides non-
contact imaging of native cell surfaces by
maintaining the distance at the pipet in-
ner radius (~10 nm) by controlling the
ion current flow between an electrode in
the pipet and a bath electrode for feed-
back control. Figure 5A illustrates the dy-
namics observed of protein clusters at the
surface of a spermatozoon taken at 10
min intervals.>° In Figure 5B, red and
green areas correspond to mobility
changes, while yellow areas correspond
to immobile protein clusters. Note that
the majority of proteins remained largely
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unchanged (yellow color in the overlay
images), a result indicating that the ob-
served dynamics are not a measurement
artifact.

Klenerman also presented how the
same nanopipette-based method can
be used to control delivery of individual
fluorophore-labeled probes reliably to
a defined position on the cell surface,
followed by single-molecule fluores-
cence tracking." In this way, Klener-
man and co-workers were able to re-
lease one probe to predefined regions
on the membrane, which, when com-
bined with total internal reflection fluo-
rescence (TIRF) microscopy, enabled
analysis of the diffusional properties of
different subregions of both the cell
membrane and probe for the presence
of diffusion barriers. Andreas Janshoff of
Gottingen University also demonstrated
how this invasive technique was appli-
cable to analyzing the topography of
pore-suspended membranes described
by Steinem (see above).

Label-Free, Single-Protein Detection. Al-
though the work from Klenerman's
group constitutes a major contribution
to the field and illustrates nicely how ad-
vancements in nanotechnology already
contribute to unraveling of central bio-
logical questions, real-time detection of
protein—protein interactions on the
level of single molecules without the in-
troduction of fluorescent dyes re-
mained, until recently, a dream. A break-
through in this respect was achieved
by Andrea Armani while completing her
postdoctoral research at Caltech.> Ar-
mani, now a professor at The University
of Southern California, described the de-
velopment of a highly sensitive optical
sensor based on an ultrahigh quality (Q)
factor (Q > 10%) whispering-gallery mi-
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Figure 6. (Left) Schematic illustration of silica microtoroids (diameter ~80 pum) to which light is coupled via a tapered optical fiber. (Right)
The position of the resonance wavelength as a function of time at three different interleukin-2 concentrations in (A) buffer and (B) fetal se-
rum. Also shown in (B) is the case of pure serum (light blue trace). As protein molecules bind to the surface, the resonant wavelength po-
sition shifts, creating the steps seen. Left panel courtesy of Andrea Armani/The University of Southern California. Right panels reproduced
with permission from ref 32. Copyright 2007 AAAS.

crocavity. Typically, the sensitivity of op-
tical microcavities of this type depends
linearly on Q. In this case, the wave-
length shifts of the light coupled with
the whispering-gallery mode produced
by protein binding events are several
orders of magnitude too small to sense
the contrast in interfacial refractive in-
dex induced by single protein-binding
events. Verified through a series of mea-
surements, Armani and her team dem-
onstrate how microcavities with suffi-
ciently high Q factors can be utilized to
produce a sensitivity that scales with the
square of Q, and in this way, they show
that single-molecule sensitivities of un-
labeled protein molecules can indeed be
accomplished.

In addition to the direct effect on
the optical path length of the microcav-
ity upon a local change in refractive in-
dex, the high circulating intensities
within the resonator locally heat mol-
ecules adsorbed to the whispering gal-
lery. This thermo-optic detection mech-
anism was verified by performing a
series of single-molecule detection ex-
periments using molecules of varying
absorption cross sections. Furthermore,
by modifying the microcavities with an-
tibodies against interleukin-2 (IL-2), de-
tection of IL-2 (a cytokine released in re-
sponse to immune system activation to
extrinsic and intrinsic stimuli) at subat-
tomolar concentrations in serum was
demonstrated (Figure 6B), thereby es-
tablishing the microcavity as a sensitive
and versatile transducer, which is key to
future quantitative biological surface
science and also has potential within di-
agnostics. Although data recorded over
short (10 s) intervals were presented, it

is interesting to note that no nonspe-
cific binding was detected (Figure 6B).
In single-molecule studies, this is par-
ticularly important and highlights again
the need for inert surfaces for these
types of techniques to be broadly
applicable.

It should be noted that TIRF micros-
copy, utilized by Klenerman in analyz-
ing the diffusivity of fluorescent probes
bound to the cell membrane,' can also
be used to detect unlabeled targets us-
ing lipid vesicles as enhancer ele-
ments,® as presented in a contributed
talk by Anders Gunnarsson from Chalm-
ers University in Sweden (one of the
young investigator award winners). In
combination with fluctuation analysis,>*
this enables the complete determina-
tion of kinetic constants from an analy-
sis in equilibrium. It also circumvents
the need for following the rate of bind-
ing and dissociation upon rinsing, which
has thus far been the dominant method
for determining binding constants us-
ing label-free surface analytical tools,
such as SPR, QCM, etc. Combining analy-
sis in imaging mode with single-protein
sensitivity in the complete absence of
labels as presented by Armani points to-
ward a new era in the analysis of biomo-
lecular interactions, in general, and for
protein—protein interaction analysis
and diagnostics, in particular. Another
field of great relevance is nanoplasmon-
ics, where recent progress in the under-
standing of plasmon coupling was pre-
sented by Anne Lazarides (Duke
University), using DNA hybridization
controlled assembly of nanoscale silver
and gold nanoparticles.
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Biological surface science is a rap-
idly developing area, accelerated by
progress in nanoscience and nanotech-
nology. As complex problems are iden-
tified and become more distinct and so-
phisticated, experimental tools become
more readily available, quantitative de-
scriptions of processes at biological sur-
faces and interfaces at the nanoscale
can be realized. This development in
biological surface science goes hand-in-
hand with advances in theory and simu-
lation, ranging from first principles cal-
culations of model systems and

Combining analysis in
imaging mode with single-
protein sensitivity in the
complete absence of labels
as presented by Armani
points toward a new era in
the analysis of
biomolecular interactions,
in general, and for
protein—protein
interaction analysis and

diagnostics, in particular.
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molecular dynamics simulations to
more phenomenological Monte Carlo
simulations. As illustrated above,
progress in the field is driven by both
basic science research and by applica-
tions. In the former, the focus is the de-
sire to understand the details of, for ex-
ample, protein interactions with
surfaces, lipid—surface and lipid—lipid
interactions, and the structure, dynam-
ics, and role of water and solvated ions
in these interactions. Application-driven
developments arise from the need to
create new products and the desire to
improve existing materials, where bio-
interfaces play important roles. Ex-
amples include medical implants, sen-
sors, and biochips for medical diagnos-
tics and drug discovery, smart nanodrug
encapsulations, and scaffolds for stem
cell and tissue engineering.

There is a strong and robust feed-
back loop between the fundamental
and the application-driven develop-
ment of the field as evident in the ex-
amples above, and by the many talks in
the Biomaterial Interfaces Division sym-
posium at the Fall 2008 AVS technical
meeting in Boston. It is noteworthy that
this development is truly interdiscipli-
nary and occurs in parallel, with cross-
fertilization and contributions from
many other fields ranging from surface
science and nanoscience and nanotech-
nology, to organic chemistry, biochem-
istry, molecular biology, and medicine.
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